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Abstract: We examined the spectral reflectance of fundus structures in the visible and near-
infrared (400–1300 nm) range for contributing to the medical diagnosis of fundus diseases.
Spectral images of healthy eye fundus and other ocular diseases were acquired using a novel
multispectral fundus camera. Reflectance metrics were computed based on contrast to analyze
the spectral features. Significant differences were observed among the structures in healthy
and diseased eye fundus. Specifically, near-infrared analysis allows imaging of deeper layers,
such as the choroid, which, to date, has not been retrieved using traditional color fundus
cameras. Pathological structures, which were hardly observable in color fundus images owing to
metamerism, were also revealed by the developed multispectral fundus camera.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The study of the ocular fundus aids in the investigation and earlier diagnosis of many retinal
diseases, which lead to changes in the concentration of particular substances and location and
thickness of retinal structures, eventually leading to different fundus reflectance values [1]. For
instance, an increase in intraocular pressure (IOP) in patients with glaucoma affects the nerve
fiber layer (NFL), causing changes in its reflectance that can be detected by fundus imaging [2].
Age-related macular degeneration (ARMD) can be diagnosed by examining the accumulation
of drusen and autofluorescent pigments, such as lipofuscin and carotenoids, or by studying the
reflectance of melanin [3]. The choroid might be affected in different retinal disorders, such
as ARMD, but also in primary conditions, such as choroidal tumors, which are difficult to
distinguish via conventional color retinography [4].

The spectral properties of the eye are mainly determined by those of the water, proteins, and
chromophores. Wavelengths below 400 nm and above 1400 nm are strongly absorbed by the
cornea, aqueous humor, lens, and vitreous. Hence, only wavelengths in the range of 420–920
nm, where the ocular transmittance is higher than 0.4, are available for better detection of the
eye fundus [2]. Accordingly, only light within the visible (VIS) and near-infrared (NIR) ranges
reaches the retina. The most superficial reflecting structure in the ocular fundus is the inner retinal
membrane, which presents flat spectral reflection [5]. The NFL is located immediately after the
inner retinal membrane, showing higher reflectance values at 460 nm that decrease towards 560
nm, with just slight changes between 560 nm and 680 nm [6]. The retinal pigment epithelium
(RPE) and choroid exhibit high melanin concentration, and they absorb wavelengths especially in
the ultraviolet (UV) and blue range. This is further supplemented by the absorption of macular
carotenoids (e.g., lutein and zeaxanthin) between 390 nm and 540 nm with a maximum at 460
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nm [7]. Lipofuscin is a yellow-brown pigment located at the RPE, and it has A2E as a major
fluorophore, with absorbance peaks at 285, 340, and 420 nm, and emission at approximately 600
nm [8,9]. Conversely, hemoglobin can be used for direct measurements of the ocular metabolism.
Oxygenated blood shows spectral absorption maxima at 416, 540, and 575 nm and minima at
510 and 560 nm, whereas de-oxygenated blood shows a local minimum at 470 nm and local
maximum at approximately 560 nm. Furthermore, in the NIR (around 800 nm), there is a shift in
their spectral absorption curves that is used to differentiate between them in pulsioximetry [8,10].

Quantitative assessments of the ocular fundus were initially performed using fundus reflec-
tometry [8], which applies densitometry to conventional ophthalmoscopy and spectrography, to
study the visual pigment [11] and oxygen concentration [12]. In the 90s, charge-coupled-device
(CCD) cameras were used to obtain quantitative measurements of the integrated reflectance over
the entire pupil plane for the first time [13]. Simultaneously, scanning laser ophthalmoscopes
(SLOs) were introduced as instruments with enhanced signal-to-noise ratios even though they are
more restricted in terms of spectral sampling because they only use a single monochromatic laser
as a light source [14].

Recently, multispectral imaging (MSI) has been considered as a technology with significant
potential for eye fundus diagnosis because it exhibits a good compromise between spatial and
spectral sampling. Nevertheless, most of the MSI devices consist of traditional fundus cameras
with the original illumination or detection systems replaced, they have low spatial resolution
and require spatial scanning [12], or they exhibit slow spectral sampling owing to the use of
interferential [15,16] or tunable filters [17,18]; hence, they were non-optimal solutions. Other
studies include broadband light-emitting diodes (LEDs) and narrow-band filters that allow good
and faster spectral sampling without compromising spatial resolution [19–21]. The fact that
the acquisition time of these devices is above 1 s can lead to artifacts due to eye movements; to
avoid this, some of them only include few spectral bands. Snapshot MSI posed a solution to this
problem, but at the expense of spatial resolution (< 350× 350 pixels) and computational cost
[22–24].

Additionally, most of these systems operate in the VIS range, and just a few perform in the
NIR, mainly below 900 nm [16,21,25,26]. Some works proposed approaches exploring longer
wavelengths, such as 940 nm [27] or 970 nm [28], but none of them reported bands beyond 1000
nm. However, this range can provide useful information from often hidden fundus layers, such as
the RPE and choroid, as light penetrates deeper into the tissue at these wavelengths.

Therefore, in this study, we aimed to evaluate the spectral reflectance of fundus structures
in healthy and pathological eye fundus using a novel customized multispectral fundus camera
that overcomes all the limitations described. This device is based on narrow-band LEDs, which
performs fast imaging of the eye fundus in the VIS and NIR regions (400–1300 nm) with high
spectral (15 bands) and spatial resolution [29]. The system is sensitive in the relatively unexplored
range beyond 900 nm, the so-called second NIR window [30], which can potentially be useful for
improving the medical diagnosis of certain ocular diseases, especially those affecting the deeper
fundus layers.

2. Materials and methods

2.1. Patients

In this prospective, observational, cross-sectional, non-consecutive case series study, we analyzed
eyes from two adult population groups: healthy patients (control group) and patients with ocular
diseases exhibiting abnormal fundus structures (diseased group). Trials were conducted from
March 2019 to December 2020 at the Instituto de Microcirugía Ocular (IMO-Miranza Group,
Barcelona, Spain) and Vision University Centre (CUV) of the Universitat Politècnica de Catalunya
(Terrassa, Spain) under the supervision of an ophthalmologist (C. M.). The Declaration of
Helsinki tenets of 1975 (revised in Tokyo in 2004) were followed throughout the study. Ethical
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committee approval was obtained and all patients provided written informed consent before
undergoing any examination.

Table 1 shows patient demographics, number of eyes, average subjective refraction, and
best-corrected visual acuity (BCVA). The inclusion criteria were as follows: subjective spherical
refraction between± 15D and astigmatism ≤ 2D (spherical refraction limited by the multispectral
fundus camera correction range and low astigmatism to obtain acceptable images without high
distortion); for subjects belonging to the control group, BCVA equal to or higher than 0.9 in
decimal units (20/22.2 Snellen), intraocular pressure (IOP) ≤ 21 mmHg, normal fundus, and no
history of any other ocular condition or trauma; for patients in the diseased group, any pathology
affecting the eye fundus, such as glaucoma and ARMD, among others. The exclusion criteria
included the diagnosis of any other ocular or systemic disease affecting the eye differently when
compared to the previous diseases, especially those that alter the transparency of the ocular
media. Nevertheless, healthy eyes or eyes with a retinal disease, which had undergone cataract
surgery with implantation of an intraocular lens (IOL), were included in the study.

Table 1. Patient demographics, subjective refraction (sphere, cylinder), and BCVA of the control
and diseased groups (mean±SD [range]).

Control group Diseased group

Number of patients 137 (8 with IOL) 30 (17 with IOL)

Number of eyes 245 (10 with IOL) 60 (22 with IOL)

Gender (%) 87 F (64%); 50 M (36%) 21 F (70%); 9 M (30%)

Age (years) 41.01± 16.88 [19, 80] 67.60± 15.30 [19, 91]

Sphere (D) -0.45± 2.11 [-8.00, 8.00] 0.04± 2.44 [-10.50, 4.50]

Cylinder (D) -0.74± 0.64 [-2.00, 0.00] -0.87± 0.70 [-2.00, 0.00]

BCVA 1.02± 0.16 [0.9, 1.5] 0.64± 0.30 [0.01, 1.00]

A total of 506 eyes of 253 patients were included in the study. A total of 306 eyes (153 patients)
were included in the control group and 200 eyes (100 patients) were included in the diseased
group. The advanced age and visual impairment caused fixation problems to some patients,
leading to artifacts in the images that cannot be removed; owing to this, 201 eyes were finally
excluded with a final count of 245 healthy and 60 diseased eyes.

2.2. Instruments and procedures

In addition to regular ophthalmic and optometric examinations including tonometry, slit-
lamp biomicroscopy, retinoscopy, and manifest subjective refraction, participants underwent
conventional color retinography and optical coherence tomography (OCT). Images were acquired
using a mydriatic color fundus camera TRC-50DX (Topcon Corp., Itabashi, Japan) and CIRRUS
HD-OCT (Carl Zeiss AG, Oberkochen, Germany) at IMO. Furthermore, when the patient’s pupil
was not dilated, images were acquire using an Optomap fundus camera (Optos Inc., Dunfermline,
United Kingdom). At CUV, the 3D OCT-1 Maestro (Topcon Corp., Itabashi, Japan) was used to
obtain OCT records and acquire color fundus images.

Moreover, fundus images were acquired with a customized non-mydriatic multispectral fundus
camera [29], which consists of two detection arms, one for the spectral range from 400 nm to
950 nm (VIS–NIR detection arm; CMOS camera: 2048× 2048 pixels, pixel size 6.5 µm, and
16-bit depth) and another for the range from 960 nm to 1300 nm (NIR detection arm; InGaAs
camera: 640× 512 pixels, pixel size 20 µm, and 14-bit depth). It also includes a LED-based an
illumination system with 15 spectral bands, with peak wavelengths of 416, 450, 471, 494, 524,
595, 598, 624, 660, 732, 865, 955, 1025, 1096, and 1213 nm. The exposure time was set to 11
ms for the VIS-NIR bands (416–955 nm) and to 100, 120, and 100 ms for the other NIR bands
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(1025, 1096, and 1223 nm). The complete acquisition lasts 612 ms (264 ms for the VIS-NIR
arm and 348 ms for the NIR arm), synchronizing the LEDs emission and the cameras shuttering
through signal triggering. This fast measurement is one of the main advantages of this prototype,
and so patient’s discomfort is minimized and artifacts due to eye movements are avoided. This
acquisition time approaches those of snapshot multispectral systems; in fact, the required time is
even much below most multispectral systems with sequential acquisition (requiring times above
1-3 s while evaluating less bands) [16,17,25,28]. The fundus camera features an angular field of
view (FOV) of 30° and allows compensating patient’s spherical refraction up to± 15 D.

2.3. Image processing and spectral reflectance retrieval

Once the raw spectral images were acquired, they were first processed (e.g., dark-image subtraction
and shadow correction) to obtain reflectance data that were free from artifacts (mainly due to
back-reflections and non-uniformities of the illumination on the fundus). Then, reflectance was
computed at each wavelength as shown in Eq. (1) to compensate for the spectral response of the
system, which differs in each spectral band owing to differences in the quantum efficiency (QE)
of the cameras and radiant power of the LEDs that are included.

R(λ) = RW (λ)
I(λ)

IW (λ)
(1)

Specifically, R(λ), I(λ), and IW (λ) denote the reflectance image, raw image, and image of a
calibrated reference white (BN-R98-SQC, Gigahertz-Optik GmbH, Germany), respectively; the
calibration of the reference white is included in RW (λ). The formula applies for each pixel (i, j)
in the images.

For each structure, its reflectance was then assessed by computing the mean value over the
pixels of three different regions of interest (ROIs) with a predefined size depending on the
structure type: nerve fibers= 0.01°, retinal and choroidal vessels= 0.1°, optic disc and fundus
without structures= 0.2°, and fovea= 0.4°. Because of the large variability among pathological
structures, the ROIs were adjusted between 0.01° and 0.4° to ensure the retrieval of meaningful
spectral information. In each case, the center of the ROI was manually selected.

Given that the light coming from the ocular fundus is affected by the transmittance of
the preceding ocular media, which might differ slightly for each patient even in the absence
of pathologies and also due to small misalignments between the eye and camera, absolute
comparisons in terms of reflectance among subjects can potentially lead to some discrepancies.
To mitigate this, a contrast parameter, termed as global contrast (GC; Eq. (2)), was calculated
by dividing the reflectance of any ocular structure under study, R(λ), by the mean reflectance
value obtained by averaging the entire fundus image, i.e., the entire FOV of the camera, RFOV (λ).
A more local quantification, termed as local contrast (LC; Eq. (3)), was additionally used to
compare data extracted from two close areas, x and y, by computing the ratio between their
reflectance values, Rx(λ) and Ry(λ), respectively. This evaluation, in which residual illumination
inhomogeneities are even more minimized than those in the GC analysis, can be particularly
helpful when small lesions, such as RPE alterations and healthy surrounding tissues are compared.
Figure 1 exemplifies the used ROIs for GC (Fig. 1(A)) and LC (Fig. 1(B)) computations. A
self-standing software application developed in MATLAB R2018b (The MathWorks, Inc., Natick,
United States) was implemented to perform the aforementioned computational procedures.

GC(λ) =
R(λ)

RFOV (λ)
(2)

LC(λ) =
Rx(λ)

Ry(λ)
(3)
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Fig. 1. (A) Spectral image depicting the ROI used for the computation of the GC of the
fovea (red circle) and the entire FOV (blue circle). (B) Spectral image depicting two of the
ROIs used for the computation of the LC between arteries (red circle) and veins (blue circle).

3. Results and discussion

3.1. Control group

Figure 2 shows 15 spectral images acquired using the multispectral fundus camera for a healthy
eye. The images acquired beyond 900 nm, which have been relatively unexplored with traditional
retinography or former spectral imaging systems adapted for fundus photography, revealed deep
layers and vasculature, especially the choroid. When compared to previous systems, the system
used in this study includes more spectral bands with a higher spatial resolution [29]. Furthermore,
the system expands the spectral sensitivity in the NIR range. Acquisition of images beyond 1300
nm was not possible due to water absorption in the preceding ocular media and low QE of the
InGaAs camera. Additionally, the image at 416 nm was of poor quality because of the strong
lens absorption at UV wavelengths.

Fig. 2. Complete sequence of spectral images of a healthy eye acquired with the multispectral
fundus camera.
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The mean spectral curves of several fundus structures, considering that all healthy eyes are
analyzed in terms of reflectance, are depicted in Fig. 3. Although no significant differences were
observed as a function of age, patients undergoing cataract surgery with an implanted IOL (all
of them ≥ 70 years old) showed absolute reflectance values that were significantly higher than
the rest (dashed lines in Fig. 3) except below 550 nm, where lower values were observed due
to the stronger UV-blue protection offered by IOLs. With the exception of the optic disk, only
subtle differences among structures can be observed in terms of reflectance as they are not only
influenced by the reflectance of the retina itself, but also by transmission through the preceding
ocular media. Hence, the dominance of water-like absorbance in the reflectance curves is evident
as previously reported by other authors [2,8]. Fundus reflectance was observed to gradually
increase with wavelength in the VIS range (as absorption of hemoglobin and melanin becomes
lower). The maximum value of fundus reflectance is observed at 850 nm, and then, it starts
decreasing as the water absorbance increases. Specifically, the valley at 1025 nm coincides with
a water absorption peak, whereas the local maximum recorded at 1096 nm corresponds to a lower
water absorbance (between 1000 and 1150 nm). Nevertheless, analysis with GC values allows
us to eliminate the influence of ocular transmission, and thereby, making it easier to identify
individual spectral signatures of different structures.

Fig. 3. Mean± standard error of the reflectance (Eq. (1)) for different healthy eye fundus
structures. Solid lines denote patients below 70 years while dashed lines denote patients
above 70 years (all of them with IOL). The reflectance from the fundus refers to reflectance
of those regions where neither retinal structures, such as arteries, veins, and fovea, nor
choroidal vessels are present.

A detailed analysis of the fundus structures was conducted for specific cases. Specifically,
nerve fibers can be clearly observed as whitish threads in spectral images, travelling towards the
optic disk along with the retinal vessels (Fig. 4). Conversely, in the RGB image, they are hardly
recognizable. Several authors have proven that NFL is especially visible in red-free images,
with maximum reflectance at the blue–green part of the spectrum, particularly below 560 nm
[6,10,31]. A similar behavior is observed in terms of GC (Fig. 4(B)) for which maximum values
are reached below 500 nm and decrease towards 550 nm with a very flat spectra along the rest of
the spectral range [6]. This increased reflectance at short wavelengths is due to the fact that nerve
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fibers are superficially located in the retina in addition to their chemical composition. Hence, it
should be noted that unlike confocal SLOs, light coming from different depths is simultaneously
recorded in MSI systems. In this case, the LC curve is similar to the GC curve of nerve fibers
(dashed black and solid red curves in Fig. 4(B), respectively) because the surrounding tissue and
the mean reflectance of the entire fundus are similar. Furthermore, this leads to the similarity
between the LC and GC for other structures as shown in the subsequent figures. The optic disk is
visible from 400 nm to 1000 nm (Fig. 2) because nerve fibers are covered by myelin and merge
with collagen fibers as a multilayer network structure when leaving the eye through the optic disk
as a dense and thick bundle. This leads to the formation of the lamina cribrosa, which has high
reflectivity in this range [6]. Furthermore, this is due to the absence of other retinal layers, which
prevent higher absorption [32], particularly at the center of the optic disk.

Fig. 4. (A) RGB fundus image, (B) mean± standard error of the global contrast (GC) and
local contrast (LC) (Nerve Fibers, NF/Surrounding Fundus, SF) and (C) spectral images
showing nerve fibers. The statistics plotted in (B) consider the spectral reflectance of different
regions within this eye, which was specifically selected to show this fundus structure. The
plots contained in the following figures are also based on the evaluation of different regions
of one single eye fundus.

The spectral images of the arteries and veins are shown in Fig. 5. The different absorption
features of oxygenated and deoxygenated blood are evident in terms of GC and LC as well as in
the images. Arteries are brighter than veins (and also linked to larger GC values), especially
between 524 nm and 732 nm, because of the lower absorption of oxygenated blood in this
range [8,33]. They exhibit a similar appearance for shorter and longer wavelengths. The lowest
reflectance for arteries and veins, in accordance with previous studies [8,10,22], was recorded for
wavelengths between 525 and 600 nm, where absorption peaks of hemoglobin have been reported.
In conventional retinography, the wavelength range below 600 nm corresponds to the range where
red-free images are usually acquired because the contrast of retinal vessels is maximized with
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respect to the surrounding tissue owing to the higher absorption of oxygenated and deoxygenated
hemoglobin. However, it is difficult to differentiate between veins and arteries in this range.

Fig. 5. (A) RGB fundus image, (B) mean± standard error of the global contrast (GC) and
local contrast (LC) (Arteries, Art./Veins, Vei.), and (C) spectral images showing arteries and
veins.

In pulsioximetry [34], differences in the absorption of oxyhemoglobin and deoxyhemoglobin
within the spectral range of 700–900 nm are traditionally used to measure oxygen saturation. Some
attempts have been made to use fundus imaging for the characterization of retinal metabolism
using VIS wavelengths (between 520 and 600 nm). Nevertheless, a thorough preliminary
calibration must be conducted to account for scattering and absorption effects and variation
in melanin pigment [35–37]. For example, a precise fit to a linear combination of reference
curves obtained from fully saturated and desaturated red cell suspensions has been used [22].
The spectral information measured with the developed fundus camera beyond 700 nm can be
extremely valuable for mimicking traditional pulsioximetry in terms of wavelengths, and thereby,
improving the accuracy of oxygen saturation measurements using fundus imaging. Additionally,
the use of this spectral range can be advantageous because glare, which is present in the VIS
range, does not affect patients’ comfort, leading to a more dynamic measurement.

The fovea can be clearly identified in spectral images acquired at short wavelengths (Fig. 6)
as it acts as a blue filter (with a sharp valley around 450 nm in terms of GC) because of the
presence of macular carotenoids with strong absorption between 460 nm and 480 nm [7–8]. The
enhanced contrast at blue wavelengths no longer exists beyond 524 nm (Fig. 6(C)). Given that
the tissue surrounding the fovea exhibits spectral reflectance features that are highly similar to
those obtained when averaging the entire FOV (as performed in the GC), the GC curve for the
fovea and LC are very similar in this case. Although lipofuscin (A2E fluorophore) is distributed
throughout the RPE, it can contribute to the absorption peak at 450 nm because the RPE is more
exposed in the fovea [8,9]. Additionally, the foveal capillaries can partially explain the reduced
reflectance between 500 and 600 nm because the absorbance of hemoglobin is maximal here.
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Fig. 6. (A) RGB fundus image, (B) mean± standard error of the global contrast (GC) and
local contrast (LC) (Fovea, Fov./Surrounding Fundus, SF), and (C) spectral images showing
the fovea.

Choroidal layers cannot be observed at shorter wavelengths because of the strong absorption
of melanin, which decreases beyond 595 nm and allows light to penetrate at a deeper level
[8]. Therefore, choroidal vessels can be distinguished beyond this wavelength. Figure 7
shows that choroidal vessels exhibit a slightly higher reflectance when compared to the overall
fundus between 595 nm and 732 nm (positive contrast), whereas a contrast shift is recorded at
wavelengths exceeding 865 nm (see Fig. 7(C)). The GC values obtained for choroidal vessels
correlated with those reported in previous studies, which relate their absorption spectrum to
that of oxyhemoglobin [10]. Additionally, they appear darker in the NIR region because light
penetrates deeper inside the tissue and is reflected back at the sclera (Fig. 7(C) at 1025 nm
and 1096 nm). Therefore, choroidal vessels shade a portion of the reflected light. Hence, NIR
imaging can be used to diagnose disorders that can affect the deep layers of the fundus such as
the choroid.

3.2. Diseased group

Figure 8 shows fundus images and spectral curves from a retina with hard and soft drusen, the
last being the first signs of ARMD. In RGB images, drusen are less distinguishable because
of metamerism, whereas they can be better observed in spectral images acquired at specific
wavelengths. Soft drusen were linked to higher values of GC (Fig. 8(B)) at wavelengths shorter
than 600 nm. At longer wavelengths, the contrast switches and hard drusen become more
reflective (see Figs. 7(C) and 7(D)). This is highlighted in terms of LC, which corresponds to the
ratio between the hard and soft drusen reflectance values.

The drusen location (depth) is not considered to influence their spectral properties because it
is rather specific. They are placed at Bruch’s membrane. The evaluated soft and hard drusen
exhibited reflectance peaks in the range of 500–600 nm as reported in the literature [23]. The
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Fig. 7. (A) RGB fundus image, (B) mean± standard error of the global contrast (GC)
and local contrast (LC) (Choroidal Vessels, CV/Surrounding Fundus, SF) and (C) spectral
images showing choroidal vessels.

higher reflectance of soft drusen at short wavelengths can be due to the autofluorescent emission
of substances, such as lipofuscin, which is relevant up to 600 nm [8,9]. Conversely, hard drusen
show a higher reflectance at longer wavelengths probably because they are usually associated
with RPE degeneration and depigmentation.

Advanced stage ARMD can lead to signs other than drusen such as scars and hemorrhages. In
the RGB image shown in Fig. 9, the macular scar appears as a black, poorly demarcated region,
whereas the spectral images and curves reveal a strong absorption between 500 nm and 950
nm. As reported in a previous study, this is due to the composition of the lesion consisting of
coagulated blood (absorption below 600 nm) and fibrotic tissue (absorption below 1000 nm) [38].
Scars are still visible at red and NIR wavelengths because they are typically located at the interface
between the retina and choroid, i.e., deeper than other fundus structures. The hemorrhage near
the scar also absorbs light from 500 nm to 950 nm, but to a lesser extent. It gradually disappears
towards the NIR region because it is still fluidic (non-oxygenated blood) and does not exhibit a
compact fibrotic structure such as scars. Hence, the degree of absorption in the NIR for this type
of lesion can be considered an important biomarker for evaluating the progression of degeneration
and promptly intervening to reduce the risk of scar formation. Additionally, the contrast at the
longest NIR wavelengths (1000–1300 nm) becomes a good indicator of the actual depth of the
lesions. For instance, the decrease in contrast in the scar depicted in Fig. 9(B) suggests that the
lesion has not significantly extended towards the choroid, but it is just affecting retinal tissue.
However, the scar and RPE degeneration shown in Fig. 9(E) are still highly contrasted at 1096
nm, indicating the deeper location in this case.

Conversely, at the early stages of a disease, the detection of any alteration is more difficult and
critical because the earlier it is treated, the less damage it causes. Figure 10 depicts the records
of an eye with subtle drusen-induced RPE degeneration, which is hardly observable in the RGB
image (arrow in Fig. 10(A)), whereas in the spectral images it appears with enhanced contrast.
As mentioned above, this is mainly due to the intrinsic metamerism of RGB images, which is
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Fig. 8. Eye with drusen. (A) RGB fundus image, (B) mean± standard error of the global
contrast (GC) and local contrast (LC) (Hard Drusen, HD)/Soft Drusen, SD) and spectral
images showing regions with (C) soft and (D) hard drusen.

overcome in spectral analysis. When comparing the GC (Fig. 10(C)) of the fundus (without
structures) and that of the RPE degeneration, the latter showed higher values approximately from
500 nm to 1000 nm. The LC follows a similar pattern. Specifically, it is above one even at the
longest NIR wavelengths owing to the deep location of the lesion.

In contrast, glaucoma mainly affects the optic disc by altering the relationship between the size
of its central and peripheral regions. A common approach involves quantifying the morphological
changes by the cup-to-disk ratio using OCT. However, the spectral analysis performed on an
eye with glaucoma (Fig. 11) showed that changes can be translated into reflectance values. The
LC values, when dividing the reflectance of the center and periphery of the optic disc, were
determined as higher, particularly at wavelengths below 700 nm, for glaucomatous eyes when
compared to those for healthy eyes. This indicated that the diseased eyes are linked to a higher
intensity of the center (Fig. 11(C)) as reported in previous studies [39].

A hypothesis for the increased reflectance at the center of the optic disc in eyes with glaucoma
can correspond to the higher exposure of the lamina cribrosa due to enlargement of the optic disc
cup. It is likely that light at shorter wavelengths (more influenced by scattering and absorption
at the first retinal layers) experiences less scattering and absorption. Hence, the GC and LC
differences are higher in this spectral region when comparing healthy and glaucomatous eyes.
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Fig. 9. Two eyes suffering from exudative ARMD. (A, D) RGB fundus images, spectral
images showing a region with (B) soft drusen, a scar and hemorrhage, and with (E) an RPE
degeneration and a scar, and (C, F) mean± standard error of the global contrast (GC) for
these structures.

Fig. 10. Eye suffering from a dry ARMD. (A) RGB fundus image, (B) spectral images
showing the RPE degeneration, and (C) mean± standard error of the global contrast (GC)
and local contrast (LC) (RPE degeneration, RPED/Surrounding Fundus, SF).

Owing to the enhanced penetration of longer wavelengths, segmentation of the damaged portion
and cup-to-disk assessment can be performed more precisely in NIR images obtained with the
developed multispectral fundus camera.

In the eye fundus, other anomalous structures can be observed, representing no risk of disease,
such as choroidal nevi, which rarely evolve into malignant melanomas. They are flat, benign
areas in the choroid due to the accumulation of pigmented cells. The nevus in Fig. 12 shows good
contrast at red-NIR wavelengths (600–1000 nm), where it has a low reflectance. For wavelengths
beyond 1000 nm, there is a reflectance shift and it becomes brighter and similar to that of the
fundus (Fig. 12(B)). As nevi are located beyond the retina, they exhibit the highest reflectance at
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Fig. 11. RGB fundus images of (A) a glaucomatous and (B) healthy eye, (C) mean± standard
error of the global contrast (GC) of a glaucomatous (G) and healthy (H) eye of the optic disk
at the center (ODc) and at periphery (ODp), and local contrast (LC) (ODc/ODp) for both
eyes, and spectral images showing the optic disk for (D) a glaucomatous and (E) healthy eye.

longer wavelengths (1000–1300 nm). The data acquired below 624 nm are not relevant because
these wavelengths do not penetrate deep into the tissue.

It should be noted that the contrast transition of the nevus analyzed from dark to bright between
955 nm and 1025 nm can be related to the etiology and state of the nevus as well as the state
of the RPE tissue in its near surroundings. Hence, some authors concluded that pigmented
choroidal nevi surrounded by a halo or circular band of depigmentation exhibits a low probability
of turning into melanoma, while nevi without halo can reach a value of 7% [40]. Therefore, the
use of spectral information can potentially aid in distinguishing between benign and malignant
nevi owing to the increased information on the pigmentation state of the nevus in addition to
morphological information provided by OCT records [4,41].
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Fig. 12. Eye fundus with a choroidal nevus. (A) RGB fundus image, (B) spectral images,
and (C) mean± standard error of the global contrast (GC) and local contrast (LC) (Choroidal
Nevus, CN/Surrounding Fundus, SF) curves for this structure.

4. Conclusions

The spectral and spatial information obtained with the multispectral fundus camera further
advances the qualitative and quantitative interpretation of fundus images and can aid in the
diagnosis of retinal diseases. Conversely, it avoids the metamerism of color cameras, and thereby,
enhances the visualization of particular structures that usually remain unnoticed. Furthermore, the
increased sensitivity in the NIR region is particularly promising because it allows the evaluation
of deeper layers and structures, such as lesions affecting the RPE and the choroid, which can be
ignored in traditional retinography and can be relevant for early diagnosis of fundus diseases.
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