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PURPOSE. To improve the ability to detect and quantify the early
retinal changes associated with aging, age-related maculopathy, and age-related macular degeneration.
METHODS. A computational approach was implemented for
analyzing images using a readily available polarimeter that is
used for glaucoma diagnosis. This device, the GDx Nerve Fiber
Analyzer (Laser Diagnostic Technologies, Inc., San Diego, CA),
takes a series of images as a function of the polarization angle
of the illuminating light. For each of 20 input polarizations,
pairs of retinal images are digitized. One image is made of the
light returning from the eye that is polarized parallel to the
input light, and the other image is made of the light that is
rotated by 90° from the input polarization. Using the raw data
from these 40 images, and a simplified model of the polarization properties of the eye, we calculated the amount of light
that returns in a parallel polarized state, and the amount of light
that is depolarized by multiple scattering. Measurements were
made in seven subjects with small drusen.
RESULTS. The depolarized light image produced a 3.4 times
higher contrast of drusen and subretinal changes than the
parallel polarized light images.
CONCLUSIONS. Polarization-sensitive imaging combined with a
simple computational approach allows the measurement of the
retinal distribution of multiply scattered light. With this technique, retinal imaging of age-related changes in retinal and
subretinal tissue can be improved. (Invest Ophthalmol Vis Sci.
2003;44:4061– 4068) DOI:10.1167/iovs.03-0124
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the development of drusen too small to be detected clinically.6 –10 Widespread or diffuse subretinal changes have been
conclusively shown to occur long before donors have reached
the age associated with clinical disease.6,9 These findings, together with the extremely gradual progression of early stages,
suggest that age-related maculopathy (ARM) and AMD may
begin during middle age, if not sooner. Accurate assessment
and improved quantification of early stages of the disease is of
growing importance for studies of affected family members
and evaluating the effectiveness of proposed earlier treatments, such as vitamin supplementation.11
In ARM, direct measurement of these early changes to the
RPE and Bruch’s membrane is difficult because of the relatively
low contrast of small drusen and other subretinal deposits,
especially in the presence of age-related decreases in lens
transparency and pupil size. In recent years, infrared imaging
has been used to improve the visibility of subretinal changes
such as drusen and hyperpigmentation in both middle-aged
and elderly subjects without clinical signs of disease.12,13
There is excellent spatial correspondence of drusen appearing
on infrared images with the drusen that appeared in images
produced by other methods.14 These advanced digital imaging
techniques have been used successfully, with large numbers of
patients in a clinical setting.15,16 Thus, although infrared confocal imaging has been shown to be superior to color fundus
imaging (Miura M, et al. IOVS 2001;42:ARVO Abstract 3800),17
the standard method for most clinical studies remains color
fundus photography because of the lack of reliable commercial
instrumentation.
Detection of disease by imaging is a problem of determining
the most relevant properties of the tissue of interest and then
optimizing the technique. A simple model of the optical properties of the healthy human retina and RPE consists of a stack
of layers containing well-ordered and contiguous cells and
their processes,18 but this model fails to describe a retina with
ARM or AMD. As the disease progresses, Bruch’s membrane
thickens.4,7,17–21 It becomes less ordered, and as a result there
is an overall increase in light scattering from this layer.12 On a
finer scale there are features such as drusen, hyperpigmentation, pigment clumping, and eventually atrophy or exudation.
These changes occur beneath the brighter neural layers of the
retina, which return a high proportion of light, which has been
either specularly reflected or singly scattered. Thus, in the early
stages of the disease, the total amount of scattered light returned to the detector is relatively low, and standard imaging
modalities do not provide a high-contrast image of early
changes, even with near infrared light and confocal imaging.
Sampling multiply scattered light and eliminating the directly
backscattered light causes the deeper layers and pathologic
tissues to be viewed in increased contrast.12–14,16,22–23
To form an image using multiply scattered light, the primary
method has been to minimize the directly backscattered light
in a confocal scanning laser ophthalmoscope (SLO)25 by the
use of an annular aperture and infrared illumination.12,26 Other
techniques have also been developed to form an image from
multiply scattered light—for instance, by displacing the light
source out of alignment with the confocal aperture, as in
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ge-related macular degeneration (AMD) is the leading
cause of blindness in the adult population of the United
States.1 In AMD, the diseased tissues lie beneath the highly
reflective vitreoretinal interface, plus many layers of other
retinal cells, making it difficult to visualize the early changes in
this disease. As a result, the reported incidence of subretinal
changes both in patients with AMD and in aged normal subjects is much higher in histologic studies than in clinical and
epidemiologic studies. Histology has been used to show that
the early stages of AMD are marked by thickening of Bruch’s
membrane, the development of basal linear deposits,2–5 and
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TABLE 1. Summary of Clinical Data from the Subjects Included in the Analysis
Patient

Age
(y)

Eye

Sex

RE (sph eq)

IOP (mm Hg)

1
2
3
4
5
6
7

61
59
54
61
59
61
46

OD ⫹ OS
OD ⫹ OS
OD
OD ⫹ OS
OD ⫹ OS
OD ⫹ OS
OD

F
F
F
M
F
M
F

⫹1.00/pl
⫹1.00/⫹0.75
⫺0.75
pl/pl
pl/pl
⫹1.25/⫹1.25
pl

16/14
20/18
17
14/17
10/10
20/16
12

Clinical
Diagnosis
Glaucoma
Glaucoma
Glaucoma OD
Normal
Glaucoma
Normal
Normal

HVF (OD/OS)
Nasal step/paracentral scotoma
superior nasal step ⫹ sup defects OU
Double arcuate scotoma
Inferior nonspecific defects
Superior arcuate/double arcuate scotoma
Normal
Normal

RE, refractive error; pl, plano; IOP, intraocular pressure; HVF, Humphrey visual field; OD, right eye; OS, left eye.

multiply scattered light tomography.16 The current work tests
the use of polarimetry for forming a retinal image from predominantly multiply scattered light and compares the resultant
contrast to images formed from directly backscattered light.
Light that is singly scattered off superficial layers retains polarization, whereas light that has been scattered multiple times
becomes depolarized.27,28 By removing the polarization-preserving component of the light returning from the ocular
fundus, regardless of the source, it is possible to calculate the
spatial distribution of the multiply scattered (i.e., depolarized)
light on a pixel-by-pixel basis29 –33 (Burns, et al. IOVS 2001;42:
ARVO Abstract 3808; Mellem-Kairala M, et al., IOVS 2002;43:
ARVO E-Abstract 245), to test the hypothesis that contrast of
subretinal features is increased for depolarized light imaging.

METHODS

one from a detector that collects the linearly polarized light at 90° to
the illumination light (the perpendicularly polarized light). In each
image series, 20 pairs of images are generated in less than 1 second,
where image pairs differ in the angle of the illumination polarization.
Each image in the series is saved as 256 ⫻ 256 pixels with 8 bits of gray
scale, using a linear detection system.
The instrument also includes a corneal compensator placed between the eye and the half-wave plate. The corneal compensator is a
birefringent element, designed to counter the average birefringence of
the cornea.36 – 40 Our analysis technique differs from existing approaches. We use the polarization information to obtain a map of the
multiply scattered light returning from the retina to enhance detection
of pathologic features, rather than performing measurements to determine nerve fiber layer thickness using the retardance at a given fundus
location.41,42 The display of the latter renders nearly invisible the
fundus features from the deeper layers.

Subjects

Procedures

We selected 7 patients who had subretinal features of interest, 5
women and 2 men, aged 46 to 61 years (Table 1), from 13 patients who
were undergoing polarimetry testing for peripapillary changes. Patients had glaucoma or suspected glaucoma, with IOP less than 25 mm
Hg controlled by topical medicines. Visual acuity was 20/60 or better,
with ametropia less than 6 D. We excluded patients with previous eye
trauma or surgery in one or both eyes, except for cataract extraction
and other eye diseases such as diabetic retinopathy or AMD. We chose
to sample subjects with primary open-angle glaucoma because they
had been thoroughly screened and were age appropriate for development of small drusen and other signs of the small, early changes
preceding AMD.
All patients underwent a complete ophthalmic examination by two
glaucoma specialists, including visual acuity, slit lamp biomicroscopy,
and indirect ophthalmoscopy. The intraocular pressure was measured
in all patients in a standardized manner by trained technicians using a
slit lamp–mounted applanation tonometer. Automated perimetry and
30° color fundus photography were performed as indicated clinically.
After a detailed oral explanation of the study procedure, informed
consent was obtained from all participants in a protocol approved by
the Institutional Review Board of the Schepens Eye Research Institute.
The research conformed to the tenets of the Declaration of Helsinki.

Infrared scanning laser polarimetry was performed without pupil dilation at the Ophthalmic Consultants of Boston. Six image series were
acquired from each eye: three using a standard gain setting for the
instrument and three with varying gain (one lower gain and two higher
gains than the standard). The raw data, which are not typically available, were saved to hard disc and then transferred to a laboratory
computer at the Schepens Eye Research Institute for further analysis.

Equipment
We used data from a commercially available ellipsometer, a type of
polarimeter, the GDx Nerve Fiber Analyzer (Laser Diagnostic Technologies, Inc., San Diego, CA), which was originally developed for measuring the thickness of the nerve fiber layer.35,36 This instrument is a
confocal SLO that also analyzes the effect of the traversal of light
through the eye on the polarization state of the light. Linearly polarized
laser light at 780 nm scans the retina in a raster pattern covering 15°
visual angle. The angle of polarization is controlled by a rotating
half-wave plate. Light returning from the eye is then used to form two
sets of images: one from a detector that collects light of the same
polarization as the illumination light (the parallel polarized light) and

Polarization Computations
We processed the raw data from the GDx image series to generate
images representing the principle optical properties of the returning
light29,33 (Burns SA, et al. IOVS 2001;42:ARVO Abstract 3808; MellemKairala M, et al. IOVS 2002;43:ARVO E-Abstract 245). We developed a
set of routines in commercial software (MatLab; The Mathworks,
Natick, MA) to use with the 20 pairs of raw images (Burns SA, et al.
IOVS 2001;42:ARVO Abstract 3808).29 For simplicity the analysis assumes that the major factor altering polarization properties in the
retina is the linear birefringence of the nerve fiber layer. As the cornea
of the eye is also birefringent, we used the average corneal compensation provided by the commercially available GDx, although future
work could benefit from the individual compensation recently developed40,43 (see the Discussion section). The other major factor altering
the polarization properties of light in the retina is then assumed to be
multiple scattering, which depolarizes light.27,28 Thus, light returning
through the pupil from the retina can be classified along a continuum
that depends on how polarized the sampled light is. This can be
quantified by separating the light into two components. One component is light that has been specularly reflected, or at most scattered
only a few times, and thus retains its polarization. The second component is light that has been multiply scattered and thus has lost its
polarization.
Because the retina is birefringent,34,44,45 separating these components requires the application of polarimetric analysis (Dreher AW, et
al. IOVS 1992;33:ARVO Abstract 968).30,32,37,38,46 – 48 Although a full
description of the polarization properties requires the measurement of
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FIGURE 1. Two sets of raw images of eyes with suspected glaucoma in a 46-year-old woman. Images were
selected at equal intervals from the two sets of 20 images to show the effect of changing the polarization
angle of the illumination on the image. (A) Four raw images from the crossed detector, showing the
variation in the image for different input polarization angles. The features normally associated with
specular reflections, such as the striped appearance of blood vessels, are not readily visible in these images.
(B) Four raw images from the parallel polarized detector show that the variation in the image for different
input polarization angles was less when compared with the overall intensity of the images. Features
associated with specular reflections are readily visible.
sufficient independent conditions to specify all possible parameters of
polarization, detailed analyses of partial polarimetry in the eye, such as
that performed by the GDx, have been described that allow comparison to the full model.31,38
Figure 1 shows the difference across images obtained for each of
the two detectors of the GDx, for 4 of the 20 input polarization angles.
On the left of Figure 2 is shown one image pair, with a region of
interest indicated on the images. On the right, the average grayscale
value within this 3 ⫻ 3-pixel region of interest is plotted as a function
of input polarization. As expected30,31 the intensity of the pixel varied
approximately sinusoidally as the input angle of polarization was rotated. The angle of the retinal birefringence is represented by the
phase of this curve. This phase varied with retinal position, because
the nerve fiber layer varies in orientation across the retina. The minimum in the crossed detector intensity function represents the angle for
which the incoming light is aligned with either the fast or slow axis of
the retinal birefringence. At this location the only light that gets to the
crossed detector is light that has undergone an alteration of the polarization properties, such as having been depolarized by multiple scattering or otherwise changed in its polarization state. To determine the
retinal distribution of the multiple retinal scattering in a system that

contains chiefly linear birefringent elements, it is therefore necessary
only to find the minimum intensity for each pixel.
The grayscale value of each image in the image series was corrected
by using the spatially resolved offset and gain calibrations provided
with each instrument. Next, all images were aligned to correct for eye
movements. We then calculated image types representing a particular
aspect of the reflectance of the retina.
First, we computed the distribution of depolarized light (the depolarized light image), which is the minimum value of light detected for
the crossed detector and all input polarization angles.
I DP ⫽ min[F(␣)]

(1)

where IDP is the depolarized light intensity at that pixel, F is the
intensity function of the crossed detector for all images in a set, ␣ is the
angle of input polarization, and min is the minimum of the function.
Note that this value represents the estimate of half the amount of
depolarized light returning from the retina at a given location.
Second, we computed the parallel polarized light image as the
average intensity for the parallel polarized light minus the depolarized
light contribution at each pixel (IDP).
I PP ⫽ 共⌺共PPDi ))/20 ⫺ IDP

(2)

where IPP is the parallel polarized light intensity at that pixel, PPD (i ⫽
1,20) is the total intensity for the parallel polarized detector and IDP is
as just described. This value represents the average amount of light that
retains its original polarization, independent of input polarization.
Third, we calculated the grand mean of the light returning to both
detectors for all input polarization states.
I M ⫽ 共⌺共PPDi ⫹ DPDi ))/40

FIGURE 2. Schematic diagram of the algorithm for computation of
depolarized image. Two raw images from the patient in Figure 2, for
the parallel detector (top) and the crossed polarized detector (bottom),
showing the location of a region of interest. Intensity within the region
of interest as a function of the input polarization.

(3)

where IM is the light intensity at each pixel averaged across images,
PPD is the light intensity for the parallel polarized detector, and DPD
the intensity distribution for the perpendicularly polarized detector
(i ⫽ 1,20). This value represents the average relative reflectance of the
retina, or conversely the relative reflectance that would be measured
with a polarization insensitive detection channel and a randomly po-
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FIGURE 3. A comparison of retinal
images of a patient in the study. The
druse in each image is indicated by
an arrow. (A) Color fundus photograph. (B) A standard pseudocolor
image of the retina from the standard
GDx analysis. (C) The nerve fiber
layer thickness map of the same region. (D) Depolarized light image. In
addition to the druse, other nearby
structures are evident. (E) Average
grayscale image. (F) Polarization
modulation image. Note that images
(B) and (E), and (C) and (F), are
essentially the same information, but
the top row contains two images
computed by the GDx software, and
the bottom row shows the corresponding images computed with our
analysis routines.

larized light source. This image is what is obtained with a typical
confocal SLO.
Finally, for comparison to the GDx output, we calculated the
polarization modulation amplitude image, or IPMA, which represents
input polarization dependent change in intensity, as
I PMA ⫽ max[F(␣)] ⫺ min[F(␣)].

(4)

This image represents, as high-intensity, regions of the retina where
the polarization of the returning light is most dependent on the
polarization of the illumination light.
For these images, although the intensities vary markedly, with IDP
typically being the smallest, the expected proportion of multiply scattered light from most to least is IDP ⬎ IM ⬎ IPP. All the images to be
shown are scaled for visibility of small features in a print format. Thus,
the actual intensities, although used in all computations, are not shown
in the figures, because IDP is small in comparison to IPP in relatively
normal eyes.

Calculation of Contrast
Features consistent with subretinal changes12 were identified by one of
the investigators (SAB) in the depolarized, average, and parallel polarized images. To qualify as a feature of interest, the subretinal feature
had to appear in at least one type of computed image and all three
standard image sets and not be spatially contiguous with other features
that could be confounded, such as blood vessels, hyperpigmentation,
atrophy, or the optic nerve head. This selection was also compared to
the color fundus photographs for the same criteria. The average intensity of a 3 ⫻ 3-pixel region of the retina for each selected feature was
calculated, and the average intensity of the same size region adjacent to
the feature was also calculated. These values were calculated from the
same locations of all images. From these intensities the Michelson
contrast, a metric used to quantify contrast for specific features that
minimizes unrelated grayscale changes, was calculated as
Contrast ⫽ (Ifeature ⫺ Iadjacent)/(Ifeature ⫹ Iadjacent)

(5)

where Ifeature was the average grayscale value on the feature and
Iadjacent was the average grayscale value next to the feature, but avoided
obvious features such as blood vessels. Because the number of features

varied markedly from eye to eye, we chose to score only three locations per eye, allowing parametric statistics with a balanced design.
To control for possible artifacts of image processing that could
cause systematic changes in contrast for each image type we also
computed contrasts for arbitrarily chosen regions in the image. First, a
region without major retinal features was selected by the operator on
the retinal image. Next, a computer processing routine (MatLab; The
MathWorks) picked a series of adjacent pairs of regions (without
further user interaction). The number of regions was dependent on the
size of the region chosen, which was primarily dependent on the
ability to find a region without retinal vessels or other readily visible
features. The brighter region of each pair was designated as a “feature,”
and the adjacent darker region as the “background.” Contrast for each
image type was then automatically calculated as described earlier.

RESULTS
The computed images are distinctly different from one another
and appeared to represent accurately the expected difference
in image qualities. Figure 3 compares computed images to the
standard image computations from the GDx and to the color
fundus photograph for an eye from our sample. Although a
large druse (the yellowish spot indicated by the arrow) was
visible in the color fundus photograph (Fig. 3A), it was more
visible in all the infrared images (Figs. 3B, 3D, 3E) except the
GDx birefringence image (Fig. 3C) and the polarization modulation image (Fig. 3F). The contrast of this spot was highest in
the depolarized light image. This was true for all drusen that
were identifiable in the corresponding color images. Figures 4
and 5 compare the three main calculated image types for two
additional eyes. The polarization modulation images emphasize
only regions of polarization preserving light return and birefringence, and are therefore not shown further.
The depolarized light image IDP (Figs. 4A, 5A) differed
greatly in appearance from any of the raw images from which
each was derived. There were striking grayscale changes
across the retina, corresponding to relatively more and less
preservation of polarized light. The portions of the image that
appeared brighter indicate that more depolarized light is returned at this retinal location compared with other locations.
Conversely, darker portions of the image indicate regions for
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FIGURE 4. Three computed images, centered on the optic nerve head and comparing the visibility of
features, in a 61-year-old man with normal eyes. (A) Depolarized light image, (B) parallel polarized light
image, and (C) average relative reflectance image. Arrows: actual sample locations for the statistical
analysis. The comparison locations for computing contrast are adjacent to the sampled regions, but
positioned to avoid other obvious structures such as blood vessels. These regions are not marked with
arrows, because the arrows would overlap.

which less depolarized light is returned, compared with the
adjacent fundus. Some of the darkest structures were the retinal blood vessels, which appeared fairly wide and darkest in
their central portions. The choroidal rim of the optic nerve
head was also revealed.
In contrast, the parallel polarized light images shows features consistent with specularly reflected light (Figs. 4B, 5B).
Blood vessels show the characteristic brighter central stripes
due to specular reflection from the curved surface of the vessel
and the surface features of the retina, such as nerve fiber
bundles are more visible, than in the depolarized light images.
The average relative reflectance images (Figs. 4C, 5C) were,
as expected, intermediate between the parallel polarized and
depolarized light images. The blood vessels were striped, with
brighter centers and darker edges, as is typical of confocal
images. This is indicative of some portion of the light returning
in a specular manner, but these images represent a mixture of
the depolarized and polarization preserving information.

Contrast of Subretinal Features
Because the relative proportion of multiply scattered light is
expected to vary across images, our initial hypothesis was that
the depolarized light images would have the highest contrast,
the average images next, and the parallel polarized light images
the least contrast. The average contrast of the features were
0.142 (depolarized light), 0.051 (average relative reflectance),
and 0.031 (parallel polarized light). The control regions did not
show this significant change in contrast. The average contrast
of the control regions was 0.019 (depolarized light), 0.004
(average relative reflectance), and ⫺0.015 (parallel polarized
light). The difference between the depolarized light contrast
and the other two conditions was significant (P ⬍ 0.0033,
ANOVA), but differences for control conditions were not significant (P ⬎ 0.05).

FIGURE 5. Three computed images,
as in Figure 4, for a 61-year-old
woman with glaucoma. (A) Depolarized light image, (B) parallel polarized light image, and (C) average relative reflectance image. Arrows:
actual sample locations for the statistical analysis.

Figure 6 shows the contrast of subretinal features in the
images. Figure 6A compares the measured Michelson contrast
of subretinal features for depolarized light and the average
relative reflectance images for each eye in the study. Increased
contrast for the depolarized light image is represented by
points lying above the diagonal line; all points lie well above
the line. Figure 6B shows the average contrast in each of the
three selected features in all three calculated images, summarizing the data for all patients, with each patient having equal
weight whether one or two eyes were tested. Again, the
increased contrast for the depolarized light images is readily
apparent.

DISCUSSION
The identification and quantification of early changes in ARM
and AMD is difficult, and limits clinical trials and research
studies. Although there are a number of both functional (Klein
R, et al. IOVS 1997;38:ARVO Abstract 2186). 49 –55 and imaging
modalities12,56 –59 that can show reliable early changes in ARM,
they have been limited by either long testing times or lack of
availability. The technique we presented uses a standard clinical instrument and produces marked increases in the detectability of small subretinal changes in eyes without AMD, providing a potential methodology that is more widely available
for larger patient sets.
Polarization has been used to improve contrast in biological
imaging, and crossed polarizers have been used widely to
increase contrast in the presence of scattering.28,60 – 62 The
scanning laser polarimeter was designed to extract more information than a fixed set of polarization generation and analysis
components, because the nerve fiber bundles are well known
to exhibit different thicknesses and orientations across the
macula.35,41,46,63,64 Although in principle the GDx, because it
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type of information, although these retinal imaging modalities
are not as widely available as the GDx. However, these studies
have also shown that scattered light imaging is an excellent
technique for looking at other pathologic changes in the retina,
including neovascularization,12,14,65,66 macular cysts,67 pigment epithelial detachments,21 and retinal edema.68,69 Thus,
the applicability of the proposed technique may extend beyond imaging of early AMD.
One potential problem with the simple calculations we
have presented is that the cornea of the human eye is also
birefringent.36,39,44,62,70 –73 It has recently been shown that
marked improvements in the reliability of nerve fiber layer
thickness estimates across a population are obtained by
using individualized compensation of corneal birefringence.40,43,40,74 The present study did not individually compensate the corneal polarization. Because the GDx is an incomplete polarimeter, it can overestimate the distribution of
depolarized light.31 The potential improvement of using individualized compensation remains to be investigated, but we
expect it to be relatively small. In addition to improved control
of the polarization of the system, other technical improvements could be made to further increase the accuracy of the
measurements. The dynamic range of the instrument must
accommodate a large range of intensities returning from the
retina. Because the amount of depolarized light in healthy eyes
is relatively low, it is important to obtain images that are bright,
without saturating the detectors. For this reason, it may be
desirable to digitize the retinal images with a wider dynamic
range.
In conclusion, we have shown that using a widely available
clinical imaging device the GDx Nerve Fiber Analyzer and
relatively simple software, it is possible to improve markedly
the imaging of subretinal changes. The use of this technique
holds promise for improved quantification of the early changes
in aging, ARM, and AMD.
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