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We describe noninvasive techniques to optimize reflectometry measurements, particularly retinal
densitometry, which measures the photopigment density difference. With these techniques unwanted
scattered light is greatly reduced, and the retina is visualized during measurements. Thus results may
be compared for each retinal location, and visible artifacts are minimized. The density difference
measurements of the cone photopigment depend on the optical configuration of the apparatus. The cone
photopigment density difference is greatest near the fovea and for most observers decreases rapidly with
eccentricity. A research version for reflectometry and psychophysics of the scanning laser ophthalmo-
scope is described.
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1. Introduction

A. Problems with Reflectometry for Clinical Use

Techniques that measure the light returning from
the ocular fundus (reflectometry) have been used in
many laboratories to assess visual function in normal
observers and in patients with eye and metabolic
diseases (for a partial review see Refs. 1-4). In
theory modern reflectometry also could be an efficient
way to obtain objective, quantitative, and clinically
useful information about the structure and function
of the eye from fundus reflectance measurements.
In practice reflectometry results are scarce compared
with other techniques that are in widespread clinical
use, e.g., electroretinography. New reflectometry
techniques5 -'3 may make reflectometry more clini-
cally applicable. Reflectometry data concerning the
bleaching and regeneration of photopigments are
reported for comparatively few patient groups and
laboratories3-32 and rarely with a large sample of
patients despite more than 30 yr of scientific study.
In addition many new techniques give a clearer
picture of the interaction of light with ocular tis-
sues,3341 and these provide a clearer picture of what
is needed for further study of pathology with reflec-
tometry.

Two types of recent technical advance have made
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reflectometry possible in clinical populations. One is
the use of more sensitive detection systems,5-7 17 18 2531

which allow better measurements from the very
limited amount of light returning to the detector
through the pupil of the eye. The other is the use of
imaging of the fundus during measurements.5 -7 1718 25

This allows more precise control of the measurement
area and the minimization of visible artifacts such as
reflections. Media problems such as cataracts, vitre-
ous strands, and floaters are apparent.

The problems with the techniques of reflectometry
are summarized in Table I. Some of these are
inherent in reflectometry, such as eye movements
during testing and a low signal-to-noise ratio of the
light returning from the eye to the detector. Others
are relevant only in certain patient groups such as
highly reflective retinal pathology. Many problems,
such as scattered light from the lens of the eye or low
contrast in longer wavelength images, can be mini-
mized by improved equipment and technique. We
describe the techniques in terms of optimizing reflec-
tometry measurements for use with patients.

B. Reflectometry Techniques with the Scanning Laser
Ophthalmoscope

We are using reflectometry with the scanning laser
ophthalmoscope (SLO) to investigate disease and
aging mechanisms. 15 6'8' 2 The SLO4244 can be used
for several reflectometry techniques, 5' 711"12 as well as
psychophysics.10 45 46 The SLO provides an image of
the retina that is the basis of the reflectometry
measurements. Results can then be compared with
pathology as seen clinically. Monochromatic imag-
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Table I. Potential Problems with Reflectometry

(1) Changes in measurement site with
(a) eye movements
(b) head movements

(2) Changes in the amount of light reaching the detector
with

(a) eye movements, including pupil vignetting and angle
of incidence of illumination and detection pathways

(b) blinks

(3) Selection of the measurement site from
(a) visual fields or angiography
(b) pathological tissue with unknown reflectance proper-

ties

(4) Scattered light from
(a) anterior segment-cornea, lens, lens capsule
(b) vitreous
(c) inner limiting membrane and nerve fiber layer
(d) highly reflective retinal pathology

(5) Low signal-to-noise ratio from
(a) low reflectance of the tissues of interest
(b) the small sampling angle of the pupil of the eye

(6) Low contrast or defocused images from
(a) poor contrast of longer wavelength stimuli
(b) focus at one wavelength, imaging at another

(7) Lack of adequate models for
(a) distribution of pigments across the fundus
(b) scattering from and absorbing in eye structure

(8) storage and processing of large amounts of data (at least
1/4 Mbytes/present image)

ing, fluorescein angiography, and other SLO views all
provide different information about the same struc-
ture. In this paper we describe optimizing an SLO
for reflectometry, some limitations of reflectometry,
techniques to obtain the spatial distribution of the
cone photopigments, using an SLO, and reflectom-
etry results. The goal is to assess the health of the
outer retina and retinal pigment epithelium, as well
as the cones and their metabolic support, and to do
this noninvasively, quickly, and objectively.

II. Method

The present SLO is similar to other confocal instru-
ments with laser scanning.42 -44 A laser beam scans
the eye at video rates. The horizontal scanner is a
rotating polygon; the vertical scanner is a galvanome-
ter. Light returning from the eye travels back
through the same scanners to a beam separator at a
pupil conjugate plane on the source side of the
scanners. The reflected light is diverted there to the
detector pathway. This light forms an image in a
plane conjugate to the retinal plane, where there are a
series of apertures. The detector (following such an
aperture) is in the plane of the pupil of the eye where
the retinal image is defocused. The detector, which
integrates the light at this pupil plane, is sampled at
video rates. This produces the video-rate raster that
is seen by the subject and an image of the eye that is
seen by the experimenter. Because the illumination

beam is moved continuously, only one retinal location
at a time is illuminated. The light returning to the
detector is not spatially separated, as it would be in a
CCD camera. Instead the light returning is sepa-
rated temporally because only light returning when a
given point is illuminated is coded as light from that
point. Optical cross talk, which is unwanted light, is
eliminated further in that the SLO is confocal; the
series of apertures in a plane conjugate to the retina
eliminate light scattered from objects that are outside
the focal volume. Movable optics to compensate for
the subject's refractive error can also be used to focus
in different depth planes at the retina. This also
allows compensation of the eye's and the instru-
ment's chromatic defocus.

A. Apparatus

Recent technological advances in confocal imaging
and electro-optics have led to the development of
different types of imaging instruments, each suited
for different purposes. The SLO that is described
here (Fig. 1) has several advantages for reflectometry,
which make it different from other laser scanning and
reflectometry instruments.

1. Optics

Five light sources are combined by dichroic mirrors:
a 633 nm He-Ne laser, an 830-nm diode laser, a
594-nm He-Ne laser, a 543-nm He-Ne laser, and a
multiline (514, 488, . . . nm) Ar-ion laser. External
neutral-density wedges and filters control the irradi-
ance of each laser. Interference filters select the
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Fig. 1. Schematic diagram of the SLO that is used in these
experiments. Light from five lasers is combined by dichroic
mirrors: a 633-nm He-Ne laser, a 830-nm diode laser, a 594-nm
He-Ne laser, a 543-nm He-Ne laser, and a multiline (514, 488,....
nm) Ar-ion laser. Neutral density wedges and filters control the
irradiance. AOM's provide graphics and blanking of the retrace
lines independently for all four visible wavelength lasers. The
combined light passes through the circular port of the beam
separator of the Rodenstock optical head. The Eye Research
Institute custom-built electronics include circuits for motor control
of the Rodenstock scanning and focus compensation system,
cooling of the avalanche photodiode detector (APD), and the
generation of video synchronization. They also amplify and condi-
tion the video signal for data collection.
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wavelength of the Ar laser. The maximum available
power at the cornea from each laser is at least 100 pW
for all lasers except the 543-nm He-Ne lasers, which
is only 40 jLW. An acousto-optic modulator (AOM)4 7

is placed in the beam path of each of the four visible
wavelength lasers. These AOM's modulate the inten-
sity of each beam to provide graphics and blanking of
retrace lines. The attenuation is controlled either
by computer or manually for precise control of beam
power. All laser beams pass through the circular
port of the beam separator on input. This aperture
is at a plane that is nearly conjugate to the eye's pupil.
Since the aperture is of fixed size and the laser beams
are generally collimated here, both the size and focal
plane of the raster and image are similar across
wavelengths.

From this beam separator to the eye, and then to
the detector, the optics are the new refraction and
scanning system from Rodenstock Instruments (Ro-
denstock 101).43 Detection apertures are mounted
on a rotatable wheel for ease of changing.

2. Electronics and Computer Interface
The electronic and computer control of the SLO is
customized to allow quantitative calibration or adjust-
ment of the following: the control voltage applied to
each AOM, the focusing optics, the height of the
raster, the detection aperture selector, and the detec-
tor bias voltage. All these operate independently
from image acquisition. The detection aperture se-
lector and the lens components of the focusing optics
are controlled by an IBM compatible computer and
stepper motors.

The detector, an APD,4248 is held at a constant
temperature for greater stability. For silicon the
quantum efficiency, and therefore the signal-to-noise
ratio, increases with wavelength in the range of
wavelengths used. Thus a Si detector is a good
choice for cone photopigment measurements and
infrared imaging. In addition this detector has an
advantage over the photomultiplier tube for the
practical reason that it is not readily damaged during
accidental exposure to bright light. We use an RCA
30950E,48 which is a hybrid unit containing an APD,
an amplifier, and a temperature-measuring diode in
its case. Our units are modified by the manufac-
turer (Spec. 710) for approximately twice the ampli-
fier gain and a bandwidth of 25 MHz, which is half of
their standard.

a. Video chain
The video chain is schematized in Fig. 2. It has been
designed to be stable, to represent small changes over
several minutes accurately, and to prevent corruption
of the video signal or synchronization by bright or
dark regions of the image (high or low voltages). We
amplify a voltage representation of the reflectance
variations that are encountered by the moving illumi-
nation beam, place it on a voltage pedestal, combine it
with synchronization waveforms (the synch signal),
and finally distribute it as composite video to low-

THERMOELECTRIC COOLER
AND TEMPERATURE REGULATION
CIRCUIT

Fig. 2. SLO video system. The APD output signal is placed on a
pedestal (A) and combined with the composite synch (B) to produce
a composite video (C). The maximum system gain at a 600-nm
incident light wavelength is 200 mV/nW at C. The gain is
controlled over a useful range of 10:1 by varying the APD bias
voltage. See Subsection II.A.2.a for a discussion of composite
synch generation. To stabilize the gain of the APD, its case is held
at 10'C (50'F) by a thermoelectric cooler.

impedance monitoring, storage, or processing de-
vices. The purpose of the pedestal is to restore a
base-line or black level to the ac-coupled video signal.

The SLO composite video waveform is shown in
Fig. 3 for a single horizontal line of video. The
timing information for the entire system is contained
in the synch signal, which itself is derived from the
spinning 25-facet polygon that is used to produce the
horizontal raster scan. A small infrared emitter/
detector placed near the polygon determines the
instant at which a scan begins, producing a horizontal
synch pulse. These pulses are counted to create
vertical beam deflection and synchronization informa-
tion. This dependence of video signal synchroniza-
tion on a mechanical (rotating) device is one of the
distinguishing features of the SLO system and must
be taken into consideration when attaching ancillary
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Fig. 3. Composite video output from the SLO during part of a
horizontal scan line that is approximately in the middle of the
raster. The target was made by putting a thin, vertical strip of
white paper across a hole cut in matte gray paper (Ce oxide). The
beam scan begins on gray (c), then encounters black (b) (the hole),
white (a), and again black (b), and finishes on gray (c). The light
level is adjusted so that there is saturation of the video signal at the
white stripes. The detector bias voltage is set as in a retinal
densitometry experiment. Data were collected with a logic ana-
lyzer (HP 1631D) using 50-ns samples. The signal is 0 V during
the horizontal blanking interval B, except when it is interrupted by
the negative horizontal synch pulse S. An adjustment raises the
base line b to a pedestal level P of 5% of the saturation.
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video equipment. A minor difference from the Na-
tional Television Standards Committee (NTSC) syn-
chronization standard is the absence of serrating and
equalizing pulses, which have been added on occasion
by processing with a time base corrector. Other-
wise, for the acquisition or presentation of images,
the computer boards for graphics and data acquisi-
tion must synchronize with the SLO.

Composite video from separate channels is fed to
three devices: an analog monitor, a computer board
for both imaging and graphics (Imaging Technology
FG100AT in a 386-based computer), and the lumi-
nance input to an S-VHS tape recorder. A separate
signal with synchronization only is fed to the imaging
board, since synchronization could be lost when the
video signal is too large and corrupts the synchroniza-
tion signal. As can be seen in Fig. 3 this is usually
not the case. At the composite video signal prior to
input to the computer there is a low-pass, antialiasing
filter (TTE Inc. LVD945-3.60M-75-720B). This filter
has a sharp cutoff at 5 MHz.

b. Raster graphics
The SLO has several advantages for experiments
with visual stimuli. While the experimental method
and data1 04546 are better described elsewhere, this
complete description of the current apparatus in-
cludes the generation of spatial patterns such as
graphics. To produce graphics in the raster the
AOM is driven by a computer graphics board in exact
synchronization with the SLO at a 30-Hz frame rate
(60-Hz field rate). This rise/fall time (trough to
peak) of each AOM is generally the duration of a pixel
(100 ns). The faster AOM function used for graph-
ics pattern generation drives the device to its cali-
brated minimum, which may be 10-3 times the
maximum light but not zero. Our graphics are
controlled with the same computer as image acquisi-
tion, which is independent of all instrument control.
There are 8 bits of pixel intensity available plus
overlay planes. The raster is 512 x 480 pixels,
although the outside edges of the raster are turned off
on the SLO (see the discussion of uniformity below).

The SLO raster differs from familiar video display
rasters in that there is no persistence or temporal
averaging. Thus the duration of the light falling on
each retinal location is very brief. In each field there
are 17 ms between the end of the illumination in
the upper portion and the beginning of the illumina-
tion in the lower portion.

c. Image acquisition
The overall layout is shown in Fig. 1. The imaging
board digitizes input to 256 levels of gray (8 bits of
image gray level) and stores a video frame. We
acquire images while viewing a monitor that presents
what has been digitized and stored on the computer.
During data storage there is no real-time representa-
tion on the acquisition monitor of the image of the
retina. The live monitor allows continuous viewing
of the unfiltered input. Up to four 512- x 480-pixel

images may be taken in sequence at a 30-Hz frame
rate before storage to disk. The images that are
acquired by the computer include pixels outside the
edges of the raster, which may be used for calibration.

3. Calibration
We aligned and calibrated with a model eye (Fig. 4)
and a choice of targets in the retinal plane: a
uniform reflector (MgO, Kodak white, 6080), dif-
fusers to align the detection apertures, or 1-mm grid
graph paper. Calibration of the image gray level and
uniformity as well as absolute reflectance is done with
the model eye and the uniform target. We use this
target also to eliminate scattered light. We set the
633-nm laser to full power, protect the detector from
light, and align with the light reaching the apertures,
which is visible on a white surface in these conditions.
Scattered light that does not originate from an image
of the model eye is baffled. For further alignment of
the detection apertures, we use a selection of diffusing
papers and ground glass in front of patterned targets.
We view them with selected detection apertures and
then rotate the aperture selector under computer
control to position the light on the aperture. We use
the grid target for alignment and the size calibration
of the image and raster. Raster size, shape, and
uniformity as well as image uniformity require both
electronic and optical adjustments. The size of the
raster and the imaged area is chosen to be a 28.6 x
23.0 deg (large field) or 15.2 x 13.6 deg (small field)
visual angle. The large field size is larger than that
of previous confocal SLO's, which is an advantage for
testing the peripheral retina. This also allows more
vessels or fundus features to be included in the image
during alignment. We adjusted the raster so that
the vertical and horizontal pixel dimensions are iden-
tical in the raster: circles look round. The visual
angle is computed by projecting a known pattern on
the grid paper at a known distance from the nodal
point. There are 3.5 or 1.9 arcmin/pixel for the
large field and small field, respectively, which cover
0.59 or 0.18 cm2 on a typical retina.

In our construction and alignment of this SLO we
produced as spatially uniform a raster49 and image as

ReLina
can e
chnnged

Iris

Fig. 4. Schematic diagram of the model eye. A sapphire lens (of
24.5-mm focal length) is centered in a 12-mm circular hole with an
adjustable iris diaphragm. A selected retina is placed in a slide
holder, which is adjustable in distance from the lens with a Vernier
scale.
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we could, even when that objective conflicts with
others, such as maximizing raster size and intensity
or minimizing the amount of light that is used to
obtain an image. For example, the extremes, or
edges, of a raster often exhibit many kinds of nonuni-
formity because of both system optics and the mechan-
ical behavior of large, rotating mirrors. Our solu-
tion to this problem is to turn off (blank) the incoming
laser beam by turning off the AOM at the raster edges
completely. This process eliminates all except a
small amount of scattered light from outside the
(sharp) raster boundary and, equally important, elim-
inates flyback lines as the beam rapidly returns from
right to left and from bottom to top. Turning off the
AOM is somewhat slower electronically than the
normal modulation (attenuation) system that can be
used to impress graphic patterns on the raster, but it
attenuates the light at least 3 log units more.

To calibrate the raster we measure the total power
at the entrance pupil to the eye regardless of the
portion of the field being calibrated, since the SLO is a
Maxwellian view device. The intensity is uniform in
the raster and the image. The measured intensity
across the central 80% of the raster varies by 10%
(worst case). The SLO raster differs from most
graphics monitor rasters in this uniformity. Moni-
tor rasters lose intensity toward the outside edges.50

In the SLO raster horizontal lines are perceived as
separate, while video monitors blur this feature.
Over time total laser power at the cornea (measured
with an EG&G 2550 radiometer with the flat energy
filter) varies little after the warm-up period (from

2% for Ar and the 543- and 633-nm He-Ne laser
and 5% for the 594-nm He-Ne laser and the
830-nm diode). The image gray level varies over
time by an amount that is similar to laser power, so
that the variability seems not to be in the imaging
pathway. Image uniformity is adjusted by using an
oscilloscope as well as by quantifying the gray level in
selected parts of digitized images by using a model
eye. Image uniformity in experiments is highly de-
pendent on the optics of the subject's eye.

4. Image Signal-to-Noise Ratio
We have investigated several standard ways of improv-
ing the signal-to-noise ratio in images. Spatial aver-
aging within an image has been used for quantitative
comparisons among conditions.56 Averaging succes-
sive images (temporal averaging) gives the expected
square root of the sample size improvement for noisy
images.6 In contrast in the data that we refer to
here the noise is low enough that the digitized images
show less than the square-root improvement.

Two images of a fixed target that included all levels
of gray were taken several minutes apart, then aver-
aged (gray level, 82.0 + 55.1, 82.2 - 51.3). When
subtracted, the resulting gray level is minimal
(2.5 ± 2.6 for a 512- x 480-pixel image; pixel values
of less than zero are set to zero). This is reflected as
an uncertainty in density difference measurements as
0.03.

We do not try to improve the perceived contrast in
the image by increasing light levels or the detector
bias voltage. Most reflectometry experiments are
performed at a fixed gain and light level (which are
chosen from pilot studies) to permit quantitative
comparisons across time or wavelength.

111. Reflectometry Studies: Distribution of Cone
Photopigment Optical Density

A. Optimizing the Reflectometry Technique

Retinal densitometry is a reflectometry technique
that measures the amount of photopigment in the
retina. The cone photopigment amount is described
as optical density, which is the logarithm of the
amount of light absorbed. Optical density usually
refers to a transmission measure. Retinal densitom-
etry measures the ratio of the amounts of light
reflected between two conditions or locations; this
quantity is expressed as a density difference. This
quantity is proportional to the volume of photopig-
ment across the retinal surface that is available to
absorb photons of the appropriate wavelength. Im-
portant factors are photoreceptor coverage (the per-
cent of retinal area that is covered by cones), light lost
between cones, the photopigment extinction spectra,
path length (including photoreceptor orientation),
and photopigment concentration within a cone. We
assume that only the photopigment that is un-
bleached can absorb light. Cones that are not ori-
ented along the optical path will have a lower density
difference.14 Photoreceptors that do not have a func-
tioning neural pathway may still absorb light.

The distribution of cone photopigment changes as
the unbleached photopigment is bleached. We mea-
sure the ratio of amounts of light returning from a
given retinal area. First, the eye is dark-adapted to
allow as much photopigment as possible to regener-
ate. Next, the retina is illuminated, and the amount
of light returning to a detector is recorded immedi-
ately. After exposure to light that is bright enough
to bleach most of the photopigment (in the present
paper this is the same as the measurement light), the
amount of returning light is again recorded. It
increases since the photoreceptors do not absorb as
much. The density difference that is computed from
the difference in the logarithms of the images is
0.2-0.45 log unit in the fovea,5-10 depending on
wavelength and the apparatus configuration. The
density difference measurement includes all light
returning to the detector, whether it passes through
the cones once (going in), twice (going both in and
out), or not at all (reflected or scattered back from
structures other than the cones). Retinal densitom-
etry can be confounded by scattered light returning to
the detector. If there is light returning to the detec-
tor from structures that do not change with bleach-
ing, the density difference is lower. Light returning
from between normal photoreceptors, from between
missing photoreceptors, from misaligned photorecep-
tors, from photoreceptors with a decreased concentra-
tion of photopigment, and from similar sources tell us
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about the health of the outer retina. For example,
disruption of the photoreceptor waveguide or the
presence of extensive edema would decrease the
measured density difference. For these reasons it is
important to remove all known sources of unwanted
scattered light. Traditionally these have been
thought to be from the anterior segment and vitreous
(see, for example, Ref. 26). The SLO discriminates
well against these, but layers near the plane of focus
are visible in certain circumstances.

In reflectometry it is important to obtain a high
density difference, since then we can use the parame-
ters producing this condition in techniques with
patients. We must be confident that changes in the
density difference reflect the pathologies being stud-
ied rather than artifact. For a high density differ-
ence measurement it is important to maximize the
capture of the light returning from the deeper retinal
layers, which contain the photopigment, and mini-
mize light from other sources. Sampling the light
returning from various parts of the eye is possible
with the SLO by varying the imaging aperture. In
previous studies we explored this by varying the
imaging mode: open confocal mode (1250-Lm aper-
ture in the retinal plane) or closed confocal mode
(200-V>m aperture in the retinal plane) (Fig. 5).5,6
We found that the open confocal mode gives a larger
photopigment density difference for the central 2 deg
with 514-nm light. The open confocal mode samples
relatively more light from the deeper layers, which
contain the choroidal blood and melanin, the retinal
pigment epithelium, macular pigments, and photopig-
ments. The closed confocal mode samples light from
the plane of focus, since the aperture limits the
out-of-focus light. By selecting the imaging mode
and illumination wavelength to optimize for a given
measurement, blood vessel contrasts and optical den-
sities of photopigment and macular pigment are as
high as, or higher than, those found with other
methods.

In this experiment we compared open confocal
mode imaging with indirect mode imaging in which
there is a central stop optically conjugate to the
retina, which blocks light returning back at a narrow
angle to the detector (Fig. 5). This decreases direct
reflections from the fovea and foveal crest333436 but
also decreases the maximum possible density differ-
ence. 3 3

For cone density difference measurements we chose
a monochromatic technique using 594 nm.31

Although cone photopigments absorb more light at
514 or 543 nm, and thus have higher densities, there
is relatively little rod absorption at these wave-
lengths.51 Thus higher density differences are found
with 5145-8 or 543 nm. However, reflection artifacts
from the inner limiting membrane, the nerve fiber
layer, and the foveal reflex are typical.36 Also, the
rod contribution must be eliminated by a multiwave-
length method; then the density difference distribu-
tion is calculated by assuming (a) the spectral sensitiv-
ities of rods versus cones and (b) the spectral

Inner imiting \t 
Membrane

Photoreceptors X 

Membran 
Choroid 

ScIera

Closed Confocal

Open Confocal

Indirect
Fig 5. Schematic view of the apertures and imaging modes (see
Ref. 5). The lateral spread of light scattered from the structures
of the retina, choroid, and sclera is sampled differently by different
apertures. The structures from the anterior segment and vitre-
ous are not shown, but these layers above the retina would be
blocked or passed by the selection of the aperture analogously to
the retinal, choroidal, and scleral layers. (Top row) Imaging
without an aperture. The light that is scattered from many layers
of the ocular fundus may reach the detector. (Second row) Small
confocal aperture. Only light from nearby structures and layers
can pass through the aperture to reach the detector. (Third row)
large confocal aperture. Light that is more widely scattered or
from deeper layers may return to the detector. (Bottom row)
indirect mode aperture with a circular stop blocking light from
nearby structures and superficial layers of the retina. Only more
widely scattered light or light from deeper layers can pass through
the aperture.

differences in the reflectivity of the fundus.33-35 In
particular, the measurement of the photopigment can
sample light that is scattered from the superficial
layers and also light that is scattered with a wider
lateral distribution, which originates in the deeper
layers. The latter component is thus strongly influ-
enced by the absorption by choroidal blood and
melanin,35 for which there are individual differences.
The larger spectral dependence that was observed
previously in the open confocal mode corresponds to
the spectral signatures of these choroidal pigments,5
conversely the spectral signatures of all pigments in
layers surrounding the photopigment influence the
light returning to the detector including light that is
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returning to the detector from the deeper layers
through the photopigment layers. Although there is
less difference between the confocal and open confo-
cal imaging mode at shorter wavelengths (514 nm)
than at longer wavelengths, there is still high absorp-
tion of a short-wavelength light in the deeper layers.
This decreases the lateral spread of the incident light,
but the extent depends on the amount of choroidal
blood and melanin. Thus the selection of the imag-
ing mode and wavelength interacts, and multiwave-
length techniques using shorter wavelengths must
account for individual differences in these factors.

B. Reflectometry Method

For the comparison of apertures two male subjects
were tested who were 26 and 55 yr of age. Only one
aperture was used per experimental session with a
rest period of at least several hours between session.
Six other observers (five males with normal color
vision who were 21, 25, 39, 40, and 50 yr of age, one
female who is a carrier of anomalous trichromacy
aged 50 yr) were tested with the indirect aperture.
Two subjects (ages 26 and 50 yr) are known to have
photoreceptors that do not point within 2 mm of the
center of the pupil of the eye.41 Informed consent
was obtained after the nature and possible conse-
quences of the studies were fully explained.

The open confocal mode aperture was the largest
circular aperture available that eliminates a visible
corneal reflex; light returns to the detector from the
central 800 [lm of the retinal image plane. The
indirect mode aperture was an annular aperture that
blocked approximately the central 200 Elm of the
retinal image plane but permitted the more laterally
scattered light to pass from a 1250-jim diameter in
the retinal plane.

After pupil dilation the subject was dark-adapted
for 15 min. Alignment to the instrument was per-
formed with 830-nm light that was invisible to the
subject. The plane of focus was determined from the
sharpness of the largest retinal vessels, which were
adjusted in the open confocal mode. The subject
then viewed a bright (5.2-log Td) 594-nm light cover-
ing 28.6 x 23 deg. This retinal illuminance is suffi-
cient to give the maximum difference in optical
density in color matching experiments with an expo-
sure of 2 min or less.52 Four images were digitized in
4/30 s at initial exposure; then additional images
were digitized at 1-min intervals until no further
pigment bleaching was observed.

1. Data Analysis
The density difference was calculated from an aver-
age of two or more selected images for both the
dark-adapted condition (initial exposure) and the
bleached condition (at least 2 min after exposure).
Images were selected by viewing candidate images,
then taking the logarithm of each. For the subtrac-
tion of images that were taken several minutes apart
(dark adapted versus bleached) alignment of images

is necessary. The blood vessels served as registra-
tion landmarks for each image. We increased the
field size from our previous work56 so that the
bifurcation point of vessel branches provides a clear
criterion for registration. One landmark was used
unless there was substantial movement; then the
average displacement from two or more was used.
These landmarks are picked as near to the fovea as
possible. It was rarely necessary to align the four
successive images that were used in the average.
We performed a translation calculation, since our
imaging board has hardware pan and scroll capabili-
ties. The logarithm of the dark-adapted image is
digitally subtracted from the logarithm of the bleached
image. A density map of cone photopigment is calcu-
lated for each pixel without spatial averaging.
Darker indicates less density; lighter indicates more
density. Features that appear black have no den-
sity, such as blood vessels, since there was a minimal
change between the two images.5 Blood vessels not
in alignment will appear as lighter than the back-
ground if they are from the dark-adapted image and
darker if they are from the bleached image. Tor-
sional movements are common, particularly from the
reflexive eye movements following blinks. At the
fovea where data are collected in this paper the
displacement caused by rotation is minimal: 1 deg of
rotation at 2 deg eccentricity (toward the outer edge
of our data) is only 0.6 pixel.

The position of the anatomical fovea is verified in
two ways. First, there is a foveal reflex in the
images, which is more visible in the direct mode.
This is always represented in the data by a slight dip.
Second, in subjects 1, 3, and 4 we compared the
locations of fixation and the peak density difference.
These differed by 1-2 pixels at most, which is within
measurement error of the fixation locus.

2. Hard Copy
Images are converted to a tagged-image-file format,
which may be viewed on the computer monitor.
Commercially available software then allows the con-
catenation of images beyond the resolution of our
previous composite image displays, which reduced the
resolution before the hard copy could be made. Im-
ages, or composites of images, are then photographed
with a Polaroid Digital Palette (Cl 5000).

C. Results

1. Appearance of SLO Fundus Images
The appearance of SLO fundus images acquired in
the open confocal mode5 and indirect mode is dif-
ferent (Figs. 6 and 7). We first note these differ-
ences; then we quantify them. Photographic prints
accurately show neither the dynamic range nor the
contrast in images. In the indirect mode images
have good contrast for large retinal vessels but not
many other superficial structures including the optic
disk. In the open confocal mode the superficial
layers have a higher contrast. Stronger reflections
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Fig. 6. Comparison of open confocal and indirect imaging in 594-nm light for a 26-yr-old male observer. (Top row) dark-adapted images;
(center row) bleached images; (bottom row) distribution of cone photopigment density difference, which is obtained as a density difference
from the dark-adapted and bleached images in the top and middle panels. Whiter indicates higher density difference; blacker indicates
lower density difference. Left column, open confocal mode data; right column, indirect mode data. The photographic prints cannot
reproduce the dynamic range and contrast in the images. The density difference in the lower left panel is shown in pseudo-color in Ref. 1.
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Fig. 7. Comparison of open confocal and indirect mode imaging in 594-nm light for a 55-yr-old male observer. The data are displayed as
in Fig. 6. The large spot is the fovea; the smaller one is a floater, which moved during testing. The density difference in the lower
left-hand panel is shown in pseudo-color in Ref. 1 along with the top and middle panels at the left.
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are seen in the younger observer at the foveal crest
and from the nerve fiber layer in the open confocal
mode. The foveal crest is somewhat apparent in the
images of our youngest observer although minimized
in this mode of imaging (Fig. 8). The foveal reflex is
present but not prominent. Other than these fea-
tures the images at 594 nm have a matte appearance,
in contrast to many other wavelengths. One ob-
server only has readily apparent choroidal vessels,
which appear lighter than the surrounding area (Fig.
9). For our observers there is often better contrast
of the small retinal vessels at wavelengths that are
shorter than 594 nm or choroidal vessels at both
longer and shorter wavelengths than 594 nm (not
shown).

For 594-nm images in both imaging modes, the
foveal area appears dark in the initial (dark-adapted)
image and lighter after the bleaching of the photopig-
ment. In Fig. 8 the reproduction of the bleached

Fig. 8. Images that are used in obtaining a photopigment density
difference. They are acquired at 594 nm for a 21-yr-old male
observer. (a) comparison of dark-adapted images (left) that were
acquired with 594-nm light at 5.2 log Td with indirect mode
imaging. (b) a bleached fundus image that is acquired in the
same way. (c) distribution of the photopigment density differ-
ence that is obtained as a density difference from the dark-adapted
and bleached images in the top panels. Lighter indicates high
density; black indicates a density of zero. (Bottom right) control
calculation of the density difference between two light-adapted
images. This image more adequately represents the lack of
density difference at peripheral locations and also the low contrast
at the fovea in bleached images.

image shows the foveal lightening best. The top and
middle panels of Figs. 6 and 7 show the comparison of
dark-adapted versus bleached images for both aper-
ture modes, while the (a) and (b) panels of Fig. 8 and
the top and middle panels of Fig. 9 show indirect
mode imaging only. In previous results with 514-nm
images the difference in the gray scale of the fovea
between dark-adapted and bleached images is large
(yielding a high density difference), but the difference
is perceptually less noticeable in the raw image data
for two reasons. First, at 514 (and 543) nm there is
more absorption by macular pigments, which leaves a
dark patch that is centered at the fovea in the
light-adapted image. Second, there is a lightening of
the rod-dominated retina that surrounds the fovea.
Thus the whole 514-nm image becomes lighter with
exposure to bright light; for 594 nm, which is selec-
tive for both long-wavelength cone photopigments,
only the area inside the central 8 deg changes reliably.
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Fig. 9. Images that are used in obtaining the photopigment
density difference for a 50-yr-old female observer. They are
unusual in that the choroidal vessels are seen, yet a density
difference is obtained. The data are displayed as in Fig. 8.

2. Cone Density Difference Measurements
The cone photopigment density difference, as mea-
sured by reflectometry, is highest in the central
region and decreases with increasing retinal eccentric-
ity. The images of the cone photopigment density
difference distribution are shown (Figs. 5-9). The
amount of density difference varies with the imaging
mode. With the open confocal mode and the 10- x
10-pixel sample near the center of the fovea, the
density difference is 0.36 0.040 for the younger
observer and 0.25 0.033 for the older observer.
With indirect mode imaging the density differences
are lower: 0.18 ± 0.030 for the younger observer
(clearly lower) and 0.21 ± 0.031 for the older observer
(which is not statistically different). Although more
density is found for the younger observer with the
open confocal mode, also more artifactual variation in
the density difference is found, which is related to
reflection artifacts (Fig. 6). For the worst reflection
artifacts the apparent density differences are 0.28
and 0.098 in the open confocal mode and 0.098 and
0.11 for the indirect mode for the older and younger
observers, respectively. No large or consistent nasal-
temporal or inferior-superior differences are obvious
in the images. The average differences are 1 stan-
dard deviation less than the peak difference for each
observer. A contour plot for subject 1 shows the
density difference in graphic form. There is a clear
artifactual decrease in the density difference near the
foveal reflex (Fig. 11).

D. Discussion

Reflectometry measurements are potentially con-
founded by unwanted scattered light, which has
many sources. The SLO minimizes scattered light
since the illumination beam and detection pathways
are synchronously moved, illuminating only one point
at a time and detecting light from one illumination
point at a time. In past studies one major concern
has been to eliminate artifacts from light returning
from the anterior segment, such as reflections from
the cornea, lens, and vitreous. These artifacts are
reduced in the SLO, which minimizes the light re-
flecting directly back from the cornea, lens, and other
structures in the anterior segment of the eye. The
part of this unwanted light that remains in the image
is further minimized by the choice of aperture. An
open confocal aperture minimizes the scattered light
from other planes of focus. An indirect aperture still
passes through some light from the anterior segment
of the eye, but this light can be minimized by position-
ing the subject carefully. The indirect aperture min-
imizes light reflecting back from focal planes near the
photoreceptors, which include such highly reflective
surfaces as the inner limiting membrane and nerve
fiber layer and the foveal reflex in normal subjects.
In patients there is the possibility of reflections from
the refractive-index differences at adhesions of the
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Fig. 10. Cone photopigment density distribution in the central 15
deg for the seven male observers in order of increasing age in years:
top row, left (21) and right (25); second row, left (26) and right (39),
third row, left (40) and right (50); fourth row, left (55) and right the
density scale. All data were collected in indirect mode with the
large field size. Lighter indicates a higher density difference;
darker indicates a lower density difference.

vitreo-retinal interface, retinal scars, edematous tis-
sues, and subretinal deposits, all of which are in the
layers near the photoreceptors. Thus, although us-
ing this technique (594 nm, an indirect aperture)
gives a density difference that is less than the theoret-
ical maximum, it is high enough to quantify whether
the cone photopigment is within normal Jimits and is
less affected by artifacts that are regularly encoun-
tered in clinical populations.

Fig. 11. Contour plot of cone photopigment density distribution
for subject 1 superimposed on a smooth gray scale image. Density
increments are 0.05. The highest density difference enclosed
within a contour is 0.25, although the peak density is higher within
this region.

The distribution of the cone photopigment density
difference at 594 nm does not show measurable
density that is indistinguishable from an artifact that
is beyond 3 deg (Figs. 6-9, bottom; Fig. 10 for most
subjects; Fig. 11). In previous studies retinal areas
that are more peripheral to the fovea were measured
by using short-wavelength or multispectral tech-
niques5 that can include rod optical density as well
(for example, Refs. 18, 20, 25). However, these
require more assumptions (see Section III.B), suffer
from reflection artifacts, and require more data collec-
tion, storage, and processing. Thus, for studies in
which foveal cone pigment optical density is of inter-
est, as in studies of aging or disease that affect the
retinal pigment epithelium, a single-wavelength tech-
nique is better.

The cone photopigment density distribution is sim-
ilar in shape to the anatomical description of the areal
coverage of cones across the human retina.53 There
is a maximum of cone coverage, and thus photopig-
ment density difference, in the fovea and a decrease
with eccentricity. There are so few rods in most
subjects that measurement by reflectometry of the
central 2 deg is infeasible, particularly with 594 nm.
The low density differences that we find for cone
photopigments at more than 5 deg eccentricity
correspond well with the rapid decrease in cone
coverage. We find individual differences in the steep-
ness of the decrease (Fig. 10). While individual
differences are found for cone coverage, these are
usually confined to the central 1 deg. Large individ-
ual differences have been reported previously when
both rod and cones were measured.32 The source of
our individual differences is left for a future paper.

Photopigment measurements are highly dependent
on wavelength and technique as well as on the
observer. As expected our density differences for
594 nm are lower than reported previously by using
an SLO and 514 nm by us5'6 or van Norren and van
Norren and van de Krats,7 since there is less optical
density at this wavelength for normal observers.
They compare favorably with measurements that
were made with other techniques and wavelengths.
Recent measurements made with reflectometers that
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do not incorporate laser scanning include 0.084-
0.317 at the maximum spectral sensitiity, 32 an aver-
age of 0.32 at 554 nm,3 0 0.3 at 560 nm,2 7 and 0.2 at
589 nm, which is referred to the infrared.3 '

Our technique addresses many of the problems of
reflectometry as described in Section I.B. There is a
sensitive but stable detector. There is typically no
saturation of the detector following a large signal,
such as from a blink, the optic disk, or a highly
reflective scar (electronics example in Fig. 3).
Visualization of the retinal position during measure-
ment 5 -91 7 18 25 helps to minimize artifacts during
testing. For example, the artifact in Fig. 7 was
identified as a floater during testing, and images were
digitized only when the position was away from the
fovea. These provide at least partial solutions to
limitations that are inherent in reflectometry concern-
ing eye and head movements with respect to either
the instrument or the detector. However, despite
head stabilization, patients often do not have stable
fixation, even if a fixation target is present, and
images must be aligned. Even in normally sighted
observers fixation is rarely stable enough to avoid the
registration of images.

It is equally important that there is also improve-
ment in reducing scattered light and improving the
sampling of the light returning from the photorecep-
tor layer by the use of sampling apertures and
scanning. There is good contrast at all wavelengths
including long wavelengths that often have poor
contrast in the fundus camera-based systems,5 and all
wavelengths are in focus. Although we have not
developed a new model of fundus reflectometry we
use a technique that requires as few assumptions as
possible. The processing of large amounts of data,
currently one quarter of a megabyte per image, is
simpler and quicker with a single-wavelength tech-
nique. From these and other experiments5 11 12 we
are now beginning to understand more of the scatter-
ing/absorbing properties of the ocular fundus by
reflectometry with different illumination wavelengths
and imaging modes and may incorporate these find-
ings in new techniques. For the present and possi-
ble future techniques the use of commercial software
for personal computers eliminates some of the time-
consuming and tedious steps in data analysis, making
clinical reflectometry feasible.

These reflectometry techniques have been devel-
oped to examine visual function in patients with
pathology that makes testing with previous methods
difficult, such as patients with retinal detachment,
media opacities, loss of central visual acuity, or poor
fixation.
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