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Abstract. Fundus reflectometry is a common in-vivo, noninvasive method to estimate the macular pigment opti-
cal density (MPOD). The measured density, however, can be affected by the individual’s intraocular scattering.
Scattering causes a reduction in the contrast of the fundus image, which in turn leads to an underestimation of
the measured density. Intraocular scattering was measured optically in a group of seven young, healthy subjects
using the method of optical integration and was subsequently used to correctly estimate the MPOD from fundus
images. It was shown that when scattering is not considered, the measured optical density using fundus reflec-
tometry can be underestimated by as high as 16% for our group of subjects. © The Authors. Published by SPIE under a
Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JBO.23.5.056001]
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1 Introduction methods, fundus reflectance and fundus autofluorescence

Intraocular scattering has a large spatial range, extending well
beyond 2 deg'™ and causing an overall contrast decrease in
recorded fundus images. This decrease depends on three factors:
the wavelength, with the decrease being is stronger at the edges
of the visible spectrum,>® the quality of the ocular optics, and
finally the dynamic range of the fundus image.

Scattering in fundus images is manifested in a similar manner
as in vision: light originating from the brighter components of
the fundus image creates a veil of light over the darker parts of
the image. Scattering increases with age in cuartic manner,* but
elevated scattering can also be the result of specific ocular dis-
eases, such as corneal edemas and swelling’”*® or cataracts affect-
ing the crystalline lens.*'°

Macular pigment (MP) is a collective term for the carote-
noids lutein, zeaxanthin and mesozeaxanthin, and, as its name
suggests, is located mainly, but not exclusively,-at the macula,
with its higher concentration observed at the fovea. Its yellow
color and the fact that it is located prior to the outer segments of
the photoreceptors suggest that MP acts as a short wavelength
filter.'! Moreover, carotenoids are well known for their antioxi-
dant activity12 and, therefore, MP is thought to also act as an
antioxidant protective agent in the retina.'*>~'> The lack of it has
been correlated to degenerative macular diseases, such as age-
related macular degeneration.m‘18 In other studies, MP has been
related to improved visual function, particularly acuity and
visibility.'**

In the recent years, several in-vivo methods for the measure-
ment of the optical density of the MP have been developed,
classified in two categories: the optical, or objective, methods
and the psychophysical, or subjective, ones. From the optical
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are the most commonly used, with good repeatability and coher-
ent results. Among the psychophysical methods, heterochro-
matic flicker photometry?*? is the most commonly used, with
several commercial devices available. Each of the above meth-
ods may suffer from scattering to a different extent,”® which
depends on the specifics of the setup and the nature of the
measurement.

The objective of this work was to evaluate the effect of intra-
ocular scattering in macular pigment optical density (MPOD)
measurements using reflectance values from fundus images,
recorded using a flood illumination system. In addition, a
method for compensation of the effect for more accurate MPOD
measurements is proposed.

2 Methods

A complete measurement consisted of essentially three distinct
steps: (a) the objective reconstruction of the individual’s wide
angle point spread function (PSF), (b) the acquisition of foveal
images at 450 and 550 nm and their “correction” using the cor-
responding PSF (calculated previously), and (c) the calculation
of the MPOD, through the appropriate formulae. Each step is
described in more detail in Secs. 1, 2.2, and 2.3 below.

The instrument used for the reconstruction of the PSF and to
capture the fundus images for the measurement of the MPOD is
shown in Fig. 1. The setup consisted of an arc lamp backillu-
minating a mechanical iris (I), which was conjugated to the
retina through lenses L1, L2, and L3. For the imaging, light
from the fundus was directed to an EMCCD camera with the use
of a half mirror, conjugated to the retinal plane through lenses
L2, L3, and L4. The wavelength could rapidly switch between
450 and 550 nm using an interference filter wheel (1) and the
appropriate illumination time was achieved with the use of a
mechanical shutter (Sh) controlled by a microcontroller. Two
appropriately positioned diaphragms (D1, D2) were used to
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Fig. 1 Optical system for the reconstruction of the wide angle PSF and the recording of the images used

in the MPOD measurement.

avoid corneal and lens reflections, ensuring that the captured
light originates exclusively from the fundus. The latter is par-
ticularly important in scattering measurements. A target located
at the retinal plane through beam splitter was used for eye fix-
ation. Finally, a stereo camera system was used for the precise
alignment of the pupil. Details on the alignment system can be
found in authors’ previous works.?”*® A more thorough descrip-
tion of the optical system can be found in previous work by
Christaras et al.'

The high sensitivity of the EMCCD camera allowed us to use
low light power for the imaging of the fundus; maximum light
power at the corneal plane was measured using a Newport 1815-
C Power Meter (Newport Corporation, United States) and was
found to be 0.135 mW, well below the ISO 15004-2:2007 maxi-
mum permissible exposure limits.

2.1 PSF Calculation

The scatter estimation was based on the method of optical inte-
gration, and it is explained in detail elsewhere.” In short, the
method consists of the projection of a set of disks of increasing
diameter on the retina and the subsequent recording of the dou-
ble pass image. The double-pass PSF at a specific angle is then
calculated by differentiating the intensity value at the center of a
recorded disk extending up to that angle.” Therefore, by projec-
ting an adequate number of disks of different size and measuring
their reflectance intensity at the center, one can reconstruct the
double-pass PSF to the desired spatial extent and resolution. The
single-pass PSF can then be calculated by taking the square-root
of the Fourier transform of the double-pass PSF. In practice, for
a less noisy PSF reconstruction, a monoparametric PSF based on
the CIE glare function* was used. A family of PSFs and sub-
sequently of intensity values was simulated for the different
parameter values, and the curve that best fitted the intensity
data was determined. The corresponding modulation transfer
function (MTF) could then be calculated by taking the absolute
value of the Fourier transform of the PSF.

Several fundus images were taken prior to the actual meas-
urement, to find the best focus and an appropriate vein-free
retinal site for the scattering measurement. Intensity analysis
of the images showed no significant reflectance fluctuations,
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suggesting that photoreceptor reflectance did not change
throughout the measurement.

The actual reconstruction of the PSFs for the set of subjects
was carried out in a previous study.'

2.2 Acquisition, Registration, and Correction
of the Foveal Images

For the measurement of the MPOD, the procedure consisted of
the intensity analysis of two fundus foveal images of 12 deg
diameter, taken at 550 nm, where the MP absorption is insig-
nificant, and at 450 nm, where the absorption is close to its
maximum.”**° The exposure time was kept below 10 ms to
avoid motion blur and ensure that the recorded intensity range
is similar for all subjects and below camera saturation.

In total, five fundus images were acquired at each wave-
length and were registered and averaged to increase the sig-
nal-to-noise ratio. Subsequently, the images at 550 and 450 nm
were again spatially registered with respect to one another so
that each pixel depicted the exact same retinal region. An appro-
priate filter function was applied in the Fourier domain to all
images in order to eliminate irrelevant structures mostly visible
in blue*!*2 and blood vessels absorbing at both blue and green.*
The low-pass filter was chosen such that frequencies higher than
about 2 cycles/deg would be eliminated, leaving the lower
frequencies almost intact. This was done by multiplying the
MTF with the function:

G(f) = e,
where a is ter related to the frequency cut-off limit and
fis f = 1/f%+ f3. The effect of this filter function on a fundus

image is shown in Fig. 2.

Subsequently, the images were corrected for intraocular scat-
tering following our compensation method.! Briefly, for the cor-
rection of a fundus image, a deconvolution-based technique was
used; according to this technique, the appropriate diffraction-
limited MTF was divided by the reconstructed “scattering” MTF
and the result was multiplied with the image in the Fourier
domain. The resulting image was then compensated for the mea-
sured scattering effects.
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(a) (b)

Fig. 2 Example of a 12-deg fundus image (a) before and (b) after
applying the spatial filtering.

2.3 MPOD Estimation

For the estimation of the MPOD, a simplified four-layer fundus
model was assumed and the method described by Delori et al.>
was followed. In their work, Delori et al.> observed a good cor-
relation between this method and other methods for the meas-
urement of the MP.

The fundus layers, following the direction of light, were:
inner limiting membrane (ILM), MP, photoreceptor layer (Ph),
retinal pigment epithelium (RPE), Bruch’s membrane (BM),
and choroid. Assuming that no light is attenuated or reflected
before the MP, then the reflectance measured at the camera is
related with the MPOD through the relation:

R(x,y,4) = R*(x,y, A)1072Pxy4) (1)

where R* is the reflectance of all layers posterior to the MP, D is
the MP optical density, and the factor 2 expresses the double
pass of the light through the MP. Let (x, y) and (x’,y’) be two
different retinal sites, then applying Eq. (1) at each site, dividing
the two equations and with a little bit of algebra, one obtains

R(x,y,4) R*(x.y,4)
R(x',y', 1) R*(x',y",2)
+2[D(x',y",A) = D(x,y,4)]. 2)

Replacing the optical density difference between the two
sites Dyp(4) = D(x',y’,4) — D(x,y,4) and, subsequently,
expressing that density difference as a function of the extinction
coefficient Dyp(4) = Dyp(460) K yip(4) from Brown and Wald,?
Eq. (2) becomes

Rp(4) Rp(2)

= log R () + 2Dyp(460)Kyip(4), 3)

where site (x, y) lies at the perifovea (P) and site (x’,y’) at the
fovea (F). Applying it for two different wavelengths 4, and 4, and
subtracting one equation from the other, one obtains

Rp(di) (o Re(h) _\  Rp(h) | Rp(%)
log Rg(4;) log R (4,) log Ry (A1) tog Ri(42)
+ 2Dy\p(460) [Kyp(41) — Knp(42)]- 4

Assuming now that the reflection spectrum at the perifovea is
proportional to the reflection spectrum at the fovea, then that the
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ratio 2"8; is constant for all wavelengths, and therefore, Eq. (4)
F

is simplified to

Rp(41) Rp(4:) _
108 Rea) ™ %% Ryl — 20460 Kun()
- Kvp(42)]- ®

Finally, solving Eq. (5) for Dy;p(460), one obtains
0.5 Rp(4) RF(ﬂz)}
log +log ,
Kyp(41) = Kwp(2) { Rp(42) Re(41)
(6)

where in our experiment 4; = 550 nm and 4, = 450 nm.

The values for the extinction coefficients were extracted from
Brown’s data® after integrating over the spectrum of each inter-
ference filter and they were calculated to be Kyp(450) =
0.9038 and Kjp(550) = 0.0089.

There are a number of different metrics used for the meas-
urement of the MPOD like the median, the peak value, the
weighted average, etc. However, no golden standard exists and
different devices use different metrics. We used the average
value for an area of 1 deg around the center of the fovea as the
value for the MPOD. This is similar to the field size used in
some commercial psychophysical devices.**

We performed the series of measurements in seven healthy
volunteers, two females and five males, all Caucasians, with
normal vision and no known ocular diseases. The younger sub-
ject was 23 years old and the older 34 years old and the average
age was 29 years old. Four subjects had light iris pigmentation
(blue or green) and three subjects had heavy iris pigmentation
(brown). All the research and measurements followed the tenets
of the Declaration of Helsinki and were approved by the local
ethics committee. Informed consent was obtained from the sub-
jects after they were fully informed about the nature of the
measurements.

In order to see the effect of scattering in the MPOD meas-
urement, the scattering compensation technique' was applied for
both the original images without any enhancement and the
images after the scattering compensation. The resulted MPOD
was then compared, and the relative effect of the correction was
estimated.

3 Results

For each subject, two PSFs, one at each wavelength, were cal-
culated in our previous work.! The computed scatter parameter
is shown in Table 1. The reconstructed PSFs at 450 and 550 nm
for two subjects are shown in Fig. 3.

The profile of the MPOD spatial distributions for all seven
subjects is presented graphically in Fig. 4 for both cases, i.e.,
with scattering compensation (red line) and without scattering
compensation (blue line). Table 1 shows the values for the aver-
age MPOD for 1 deg before (fifth column) and after (sixth col-
umn) scattering compensation, as well as the relative change
(last column). As seen in the table, the underestimation of the
MP when scattering is not considered ranges between 5.2% and
16%, with an average of 9.4%. The average MPOD before the
compensation was found to be 0.176 + 0.058 and 0.192 +
0.064 after compensation. The importance of the effect depends
on the amount of intraocular scattering at blue and green, their
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Table1 MPOD values before and after scattering compensation as well as the relative change between the two measurements for seven subjects.

Scattering parameters  Scattering parameters

Subject  Age (blue) (green) MPOD (no comp.; D.U.) MPOD (comp.; D.U.) Relative increase (%)
S1 31 1.21 0.98 0.151 0.160 6.0
S2 31 1.35 0.96 0.219 0.254 16.0
S3 34 1.29 1.01 0.123 0.137 11.4
S4 23 1.32 1.32 0.200 0.216 8.0
S5 29 1.15 1.05 0.211 0.222 5.2
S6 25 1.20 0.96 0.243 0.263 8.2
S7 30 1.31 1.15 0.082 0.091 11.0
(a) 108 T T T T T (b) 108 T T T r T
108 1 108 F 4
W 10°h 1 o 10*F 1
&, B,
TR LUL) '
& 107F N\ 1 o 10%f .
10°F e 1 10°F \“\\___\_ 1
10.2 " 1 1 1 1 10.2 1 " " 1 "
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Visual angle [°]

Visual angle [°]

Fig. 3 (a) and (b) Reconstructed PSFs at 450 nm blue/dashed and 550 nm (green) for two different

subjects.

difference, specular reflections in the image, as well as the spa-
tial characteristics of the MP itself.

4 Discussion

In this work, the effect of intraocular scattering on MPOD mea-
surements was quantified and, subsequently, compensated using
an image processing technique. When the corrected images were
used for the measurement of the MPOD, a mean increase of
9.4% in the value was observed for a set of seven young and
healthy subjects. Regardless of the possible errors in the reflec-
tometric estimation of MPOD, the incorporation of straylight in
the calculation will result in an increase of the estimated value
by a factor on the order of 16%. This increase may be higher in
eyes with elevated straylight such as in eyes with cataract.
Several assumptions were made for the MPOD extraction
from the fundus images. The most important was treating the
fundus posterior to the MP as a uniform reflecting surface.
For short and middle wavelengths below 580 nm, reflections
occur mostly at the RPE and at BM*>*® and, therefore, melanin
density at the RPE affects the amount of reflected light. RPE
melanin is not constant throughout the fundus but exhibits a
higher density at the fovea and, therefore, it has some effect in
MPOD from reflectometry measurements. Nevertheless, Delori
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et al.” found a contribution to the MPOD measurement of 0.03
D.U., concluding thus that the melanin difference across the fun-
dus has a limited effect on the estimation of the MPOD using
the reflectometry method. Reflections occurring prior to the
RPE at the Ph, on the other hand, would not be affected by mela-
nin density changes. Another possible scenario is that part of
reflected light, however, originates from scattering by the Henle
fibers, i.e., where the MP is believed to lie,>’ and hence leading
to a reduced double-pass through the MP and consequently an
additional cause to further underestimate the MPOD.

On the reconstruction of the PSF, it is important to note that
in our PSF manipulations throughout the method of optical inte-
gration, the phase transfer function is assumed to be 0. This is
attributed to the fact that the PSF resulting from scattering is
considered as rotationally symmetric, and therefore its Fourier
transform will be a real function.

Regarding the directionality of the photoreceptors, because
of the pupil configuration used in the system, illuminating and
imaging angles are relatively large (about 5 deg) and wave-guid-
ing is relatively low at those angles and, therefore, the SC effect
is negligible.*® Tests prior to the experiment supported this fact.

There is yet another important factor that could lead to a
wrong estimation of the MPOD using the reflectometry method:
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Fig. 4 MPOD nasal-temporal profile before blue/dashed and after (red) scattering compensation for the
seven subjects. All profiles were centered at the fovea.

Journal of Biomedical Optics 056001-5 May 2018 « Vol. 23(5)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 09 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Christaras et al.: Effect of intraocular scattering in macular pigment. ..

specular reflections, mainly taking place at the interface between
the aqueous humor and the ILM.** Those specular reflections
depend on the parameters of the system, such as the incident
angle of the rays and the curvature of the fundus. Moreover,
they are known to be consistently higher in younger sub-
jects.”>3? They are observed in several foveal images in flood
illumination systems with unpolarized light, especially at
middle and short wavelengths at about 3 deg at the perifovea
(see Fig. 2). Those reflections may affect the measurement to
some extent, since they act as a glare source, significantly
increasing the dynamic range of the image. This was dealt with
by ensuring that the image pixels at the sites where the specular
reflections occur, were not saturated, though they were kept
close to saturation in order to achieve the best possible dynamic
range for the rest of the image. The use of cross polarizers could
efficiently deal with specular reflections, but it was avoided
because it would significantly reduce the available light at
the camera and it could potentially have an effect on the meas-
urement of the MP since MP is known to have a polarization
preference.*’

Finally, it needs to be noted that not all MPOD measurement
techniques suffer at the same degree from scattering. In this
study, only the effect of scattering for a flood illumination sys-
tem is examined. For a rough estimate on how scattering affects
different methods see Table 2 in the work of Leung.”® As a rule
of thumb, one can expect the higher impact to be observed in
flood illumination systems, a medium to low impact in psycho-
physical methods, and no significant impact in systems with
confocality.

5 Conclusions

Intraocular scattering was found to affect the estimations of MP
optical density when using fundus reflectometry. We showed
that, even for a group of young subjects with low amounts of
straylight, the effect of scattering in the measurement of the
MPOD using this method could be up to 16%. Our method can
compensate for this effect and provide scatter-free values for
the MPOD.
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