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Abstract. In this study, spectral images of 66 human retinas were col-
lected. These spectral images were measured in vivo from 54 voluntary
diabetic patients and 12 control subjects using a modified ophthalmic
fundus camera system. This system incorporates the optics of a stan-
dard fundus microscope, 30 narrow bandpass interference filters ranging
from 400 to 700 nanometers at 10 nm intervals, a steady-state broadband
lightsource and a monochrome digital charge-coupled device camera. The
introduced spectral fundus image database will be expanded in the future
with professional annotations and will be made public.

Keywords: Spectral image, human retina, ocular fundus camera, inter-
ference filter, retinopathy, diabetes mellitus.

1 Introduction

Retinal image databases have been important for scientists developing improved
pattern recognition methods and algorithms for the detection of retinal struc-
tures — such as vascular tree and optic disk — and retinal abnormalities (e.g.
microaneurysms, exudates, drusens, etc.). Examples of such publicly available
databases are DRIVE [I2] and STARE [3]. Also, retinal image databases in-
cluding markings made by eye care professionals exist: e.g. DiaRetDB1 [4].
Traditionally, these databases contain only three-channel RGB-images. Unfor-
tunately, the amount of information in images with only three channels is very lim-
ited (red, green and blue channel). In an RGB-image, each channel is an integrated
sum over a broad spectral band. Thus, depending on application, an RGB-image
can contain useless information that obscures the actual desired data. Better alter-
native is to take multi-channel spectral images of the retina, because with differ-
ent wavelengths, different objects of the retina can be emphasized and researchers
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have indeed started to show growing interest in applications based on spectral color
information. Fundus reflectance information can be used in various applications:
e.g. in non-invasive study of the ocular media and retina [56/7], retinal pigments
[RI9IT0], oxygen saturation in the retina [TTIT2/T3IT4TH], etc.

For example, Styles et al. measured multi-spectral images of the human ocular
fundus using an ophthalmic fundus camera equipped with a liquid crystal tunable
filter (LCTF) [16]. In their approach, the LCTF-based spectral camera measured
spectral color channels from 400 to 700 nm at 10 nm intervals. The constant
unvoluntary eye movement is problematic, since the LCTF requires separate
lengthy non-stop procedures to acquire exposure times for the color channels
and to perform the actual measurement. In general, human ocular fundus is a
difficult target to measure in vivo due to the constant eye movements, optical
aberrations and reflections from the cornea and optical media (aqueous humor,
crystalline lens, and vitreous body), possible medical conditions (e.g. cataract),
and the fact that the fundus must be illuminated and measured through a dilated
pupil.

To overcome the problems of non-stop measurements, Johnson et al. intro-
duced a snapshot spectral imaging apparatus which used a diffractive optical
element to separate a white light image into several spectral channel images [17].
However, this method required complicated calibration and data post-processing
to produce the actual spectral image.

In this study, an ophthalmic fundus camera system was modified to use 30
narrow bandpass interference filters, an external steady-state broadband light-
source and a monochrome digital charge-coupled device (CCD) camera. Using
this system, spectral images of 66 human ocular fundi were recorded. The volun-
tary human subjects included 54 persons with abnormal retinal changes caused
by diabetes mellitus (diabetic retinopathy) and 12 non-diabetic control subjects.
Subject’s fundus was illuminated with light filtered through an interference fil-
ter and an 8-bit digital image was captured from the light reflected from the
retina. This procedure was repeated using each of the 30 filters one by one. Re-
sulting images were normalized to a unit exposure time and registered using an
automatic GDB-ICP algorithm by Stewart et al. [I8[T9)]. The registered spectral
channel images were then “stacked” into a spectral image. The final 66 spectral
retinal images were gathered in a database which will be further expanded in the
future. In the database, the 12 control spectral images are necessary for identi-
fying normal and abnormal retinal features. Spectra from these images could be
used, for example, as a part of a test set for an automatic detection algorithm.

The ultimate goal of the study was to create a spectral image database of di-
abetic ocular fundi with additional annotations made by eye care professionals.
The database will be made public for all researchers, and it can be used e.g.
for teaching, or for creating and testing new and improved methods for manual
and automatic detection of diabetic retinopathy. To authors’ knowledge, simi-
lar public spectral image database with professional annotations does not yet
exist.
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2 Equipment and Methods

2.1 Spectral Fundus Camera

An ophthalmic fundus camera system is a standard tool in health care systems for
the inspection and documentation of the ocular fundus. Normally, such system
consists of xenon flash light source, microscope optics for guiding the light into
the eye, and optics for guiding the reflected light to a standard RGB-camera.
For focusing, there usually exists a separate aiming-light and a video camera.

In this study, a Canon CR5-45NM fundus camera system (Canon, Inc.) was
modified for spectral imaging (see Figs. [[l and ). All unneeded components of
the system (including the internal light source) were removed — only the basic
fundus microscope optics were left inside the device body — and appropriate
openings were cut for the filter holders and the fiber optic cable. Four filter
holders and a rail for them were fabricated from acrylic glass, and the rail was
installed inside the fundus camera body. Each of the four filter holders could
hold up to eight filters and the 30 narrow bandpass interference filters (Edmund
Optics, Inc.) were attached to them in a sequence from 400 to 700 nm leaving the
two last of the 32 positions empty. The transmittances of the filters are shown
in Fig. B

Fig. 1. The modified fundus camera system used in this study

The rail and the identical openings on both sides of the fundus camera al-
lowed the filter holders to be slided through the device manually. A spring-based
mechanical stopper locked the holder (and a filter) always in the correct place on
the optical path of the system. As a broadband light source, an external Schott
Fostec DCR IIT lightbox (SCHOTT North America, Inc.) with a 150 W OSRAM
halogen lamp (OSRAM Corp.) and a daylight-simulating filter was used. Light
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Fig. 2. Simplified structure and operation of the modified ophthalmic fundus camera
in Fig. I} a light box (LB), a fiber optic cable (FOC), a filter rail (FR), a mirror (M), a
mirror with a central aperture (MCA), a CCD camera (C), a personal computer (PC),
and lenses (ellipses)
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Fig. 3. The spectral transmittances of the 30 narrow bandpass interference filters

was guided into the fundus camera system via a fiber optic cable of the Schott
lightbox. In the same piece as the rail was also a mount for the optical cable,
which held the end of the cable tightly in place. The light source was allowed to
warm up and stabilize for 30 minutes before the beginning of the measurements.

The light exiting the cable was immediately filtered by narrow bandpass fil-
ter and the filtered light was guided inside the subject’s eye through a dilated
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pupil. Light reflecting back from the retina was captured with a QImaging Retiga-
4000RV digital monochrome CCD camera (QImaging Corp.), which had a 2048 x
2048 pixel detector array and was attached to the fundus camera with a C-mount
adapter. The camera was controlled via a Firewire port with a standard desktop
PC running QImaging’s QCapture Pro 6.0 software. The live preview function of
the software allowed the camera-operator to monitor the subject’s ocular fundus
in real time, which was important for positioning and focusing of the fundus cam-
era, and also for determining the exposure time. Exposure times were calculated
from a small area in the retina with the highest reflectivity (typically the optic
disk). The typical camera parameters — gain, offset and gamma — were set to 6, 0
and 1, respectively. Gain-value was increased to shorten the exposure time.

The camera was programmed to capture five images as fast as possible and
to save the resulting images to the PC’s harddrive automatically. Five images
per filter were needed because of the constant involuntary movements of the
eye: usually at least one of the images was acceptable; if not, a new new set of
five images was taken. Image acquisition produced 8-bit grayscale TIFF-images
sized 1024x1024 pixels (using 2x2 binning). For each of the 30 filters, a set of
five images were captured, and from each set only one image was selected for
spectral image formation.

The selected images were co-aligned using the efficient automatic image regis-
tration algorithm by Stewart et al. called the generalized dual-bootstrap iterative
closest point (GDB-ICP) algorithm [I8/T9]. Some difficult image pairs had to be
registered manually with MATLAB’s Control Point Selection Tool [20]. The reg-
istered spectral channel images were then normalized to unit exposure time, i.e.
1 second, and stacked in wavelength-order into a 1024 x 1024 x 30 spectral image.

2.2 Spectral Image Corrections

Let us derive a formula for the reflectance spectrum rg,,1 at point (z,y) in the
final registered and white-corrected reflectance spectral image: The digital signal
output v; for the interference filter ¢, i = 1,...,30, from one pixel (z,y) of the
one-sensor CCD detector array is of the form

V; :/}\S(A)ti()\)tFC(A)t%M(A)Tretina()\)hCCD(A)d)\+ni s (].)

where s(A) is the spectral power distribution of the light coming out of the
fiber optic cable, A is the wavelength of the electromagnetic radiation, ¢;(\) is
the spectral transmittance of the ith interference filter, tpc(A) is the spectral
transmittance of the fundus camera optics, tom(A) is the spectral transmittance
of the ocular media of the eye, Tretina(A) is the spectral reflectance of the retina,
hceop(A) is the spectral sensitivity of the detector, and n; is noise. In Eq. (),
the second power of tom(A) is used, because reflected light goes through these
media twice.

Let us write the above spectra for pixel (z,y) as discrete m-dimensional vec-
tors (in this application m = 30) s, t;, trc, toM, Tretina, Rcep and n. Now,
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from (IJ) one gets the spectrum v for each pixel (z,y) in the non-white-corrected
spectral image as a matrix-equation

v = WTQOMTretina +n, (2)
where W = diag(w),

w = STrcH cepTiters130 (3)

and Toum = diag (tom), S = diag (s), Trc = diag (trc), Hceop = diag (hcep),
and T'gters is @ matrix that has the spectra t; on its columns. Finally, 139 denotes
a 30-vector of ones.

Here w is a 30-vector that describes the effect of the entire fundus imaging
system, and it was measured by using a diffuse non-fluorescent Spectralon white
reflectance standard (Labsphere, Inc.) as a imaging target instead of an eye. In
this case

Vwhite = W'rwhite + Nwhite - (4)

Spectralon-coating reflects > 99% of all the wavelengths in the visual range (380—
780 nm). Hence, by assuming the reflectance rynite(A) &= 1, YA € [380, 780] nm
in (), and that the backround noise is minimal, i.e. n & Nyhite ~ 030, One gets

B). Now, @) and (@) yield

2 —1
Tfinal = TOMrretina =W v . (5)

As usual, the superscript —1 denotes matrix (pseudo)inverse. In Eq. (), 7final
describes the “pseudo-reflectance” of the retina at point (x,y) of the spectral
image, because, in practice, it is not possible to measure the transmittance of
the ocular media tom(A) in vivo. One gets W and v by measuring the white
reflectance sample and the actual retina with the spectral fundus camera, re-
spectively. Another thing to consider is that a fundus camera is designed to take
images of a curved surface, but no appropriate curved white reflectance stan-
dards exist. The Labsphere standard used in this study was flat, so the light
was unevenly distributed on its surface. Because of this, using the 30 spectral
channel images taken from the standard to make the corrections directly would
have resulted in unrealistic results. Instead, a mean-spectrum from a 100x100
pixel spatial area in the middle of the white standard’s spectral image was used
as w.

3 Voluntary Human Subjects

Using the spectral fundus camera system described above, spectral images of
66 human ocular fundi were recorded in vivo from 54 diabetic patients and 12
healthy volunteers. This study was approved by the local ethical committee of
the University of Kuopio and was designed and performed in accordance with
the ethical standards of the Declaration of Helsinki. Fully informed consent was
obtained from each participant prior to his or her inclusion into the study.
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Fig. 4. RGB-images calculated from three of the 66 spectral fundus images for the CIE
1931 standard observer and D65 illumination (left column), and three-channel images
the same fundi using specified registered spectral color channels (right column). No
image processing (e.g. contrast enhancement) was applied to any of the images.
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Imaging of the diabetic subjects was conducted in the Department of Oph-
thalmology in the Kuopio University Hospital (Kuopio, Finland). The control
subjects were imaged in the color research laboratory of the University of Joen-
suu (Joensuu, Finland). The subjects’ pupils were dilated using tropicamide eye
drops (Oftan Tropicamid, Santen Oy, Finland), and only one eye was imaged
from each subject. The database doesn’t yet contain any follow-up spectral im-
ages of individual patients.

Subject’s fundus was illuminated with 30 different filtered lights and images
were captured in each case. Usually, due to the light source’s poor emission
of violet light, the very first spectral channels contained no useful information
and were thus omitted from the spectral images. Also, the age-related yellowing
of the crystalline lens of the eye [2I] and other obstructions (mostly cataract)
played a significant role in this.

4 Results and Discussion

Total of 66 spectral fundus images were collected using equipment and methods
descriped above. These spectral images were then saved with MATLAB to a
custom file format called “spectral binary”, which stores the spectral data and
their wavelength range is a lossless, uncompressed form. In this study, a typical
size for one spectral binary file with 27 spectral channels (the first three channels
contained no information) was approx. 108 MB, and the total size of the database
was approx. 7 GB.

From the spectral images, normal RGB-images were calculated for visualiza-
tion (see three example images in Fig. M left column). Spectral-to-RGB cal-
culations were performed for the CIE 1931 standard colorimetric observer and
illuminant D65 [22]. The 54 diabetes images showed typical findings for back-
ground and proliferative diabetic retinopathy, such as microaneurysms, small
hemorrhages, hard lipid exudates, soft exudates (microinfarcts), intra-retinal mi-
crovascular abnormalities (IRMA), preretinal bleeding, neovascularization, and
fibrosis. Due to the spectral channel image registration process, the colors on the
outer edges of the images were distorted. On the right column of Fig. @ some
preliminary results of using specified spectral color channels are shown.

5 Conclusions

A database of spectral images of 66 human ocular fundi were presented. Also
the methods of image acquisition and post-processing were described. A modified
version of a standard ophthalmic fundus camera system was used with 30 narrow
bandpass interference filters (400-700 nm at 10 nm intervals), a steady-state
broadband light source and a monochrome digital CCD camera. Final spectral
images had a 1024 x 1024 pixel spatial resolution and a varying number of spectral
color channels (usually 27, since the first three channels beginning from 400
nm contained practically no information). Spectral images were saved in an
uncompressed “spectral binary” format.
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The database consists of fundus spectral images taken from 54 diabetic pa-
tients demonstrating different signs and severities of diabetic retinopathy and
from 12 healthy volunteers. In the future we aim to establish a full spectral
benchmarking database including both spectral images and manually annotated
ground truth similarly to DiaRetDB1 [4]. Due to the special attention and solu-
tions needed in capturing and processing the spectral data, the image acquisition
and data post-processing were described in detail in this study. The augmenta-
tion of the database with annotations and additional data will be future work.
The database will be made public for all researchers.
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