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Abstract. Simplified measurement of macular pigment optical density (MPOD) is important because of the ocular
health benefits that are attributed to these retinal carotenoids. Here, we describe a novel instrument designed for this
purpose, based on heterochromatic flicker photometry (HFP), which removes a number of difficulties that subjects
often experience with traditional HFP. The instrument generates 1.5- and 15-deg diameter, centrally viewed stimuli
that alternate between blue and green colors generated by light emitting diodes (LED). The 15 deg stimulus replaces
the small, eccentrically viewed stimulus used in traditional HFP. Subjects adjust the blue LED intensity until flicker
is eliminated in the case of the 1.5 deg stimulus and eliminated around the periphery in the case of the 15 deg
stimulus. A microprocessor computes the subject’'s MPOD, in addition to the lens OD, and uses the latter to correct
the MPOD. Good repeatability was confirmed through test-retest measurements on 52 subjects. The overwhelming
majority of them stated that they found the test easy. The importance of the lens correction on MPOD measurements
was confirmed in a simulation study. The study showed that, without the correction, MPOD would show an ap-
parent age-related decline in a population for whom there was no real age dependence. © 2013 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.10.107003]

Keywords: macular pigment; lens density; heterochromatic flicker photometry; age-related macular degeneration; cataract; lutein; zea-
xanthin; meso-zeaxanthin.

Paper 130561R received Aug. 5, 2013; revised manuscript received Sep. 20, 2013; accepted for publication Sep. 23, 2013; published

online Oct. 10, 2013.

1 Introduction

The aging population, in particular, is becoming educated about
the potential benefits of those dietary components that are asso-
ciated with a reduced risk for advanced age-related macular
degeneration (AMD)"? and cataracts.>* Among the dietary com-
ponents are the carotenoids lutein and zeaxanthin and the less
common meso-zeaxanthin. These carotenoids together form the
macular pigment, or yellow spot, in the center of the human
retina. They are also found in the lens and other eye tissues®
where their antioxidant activity may be important in providing
tissue protection. Concern about the two common age-related
eye diseases, AMD and cataracts, will increasingly prompt indi-
viduals to assess their risk and modify their diet, if necessary, to
increase their intake of carotenoid-rich foods or supplements.
While several methods for noninvasively measuring macular
pigment optical density (MPOD) exist, no such methods, includ-
ing what we describe here, are currently available for assessing
carotenoid content in the lens. However, one might argue that
MPOD is probably a surrogate measure of carotenoid content in
the lens since both will be dependent on carotenoid concentra-
tions in the blood serum. Thus, a person with a high MPOD
might have a lower risk of both AMD and cataracts.
Psychophysical and physical methods are used to measure
MPOD, and proponents of the latter argue that they do not
incur a reliance on subject skill, other than perhaps steady fix-
ation, that psychophysical methods require. This is not to say
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that physical methods are without their own characteristic prob-
lems. Raman spectrometry has been criticized based upon a con-
cern that MPOD measurements (actually Raman counts) will be
affected by lens absorption and intraocular light scatter.” The
lens may also be responsible for significant differences in
MPOD before and after cataract surgery when this is measured
by autofluorescence spectrometry,® raising concerns about the
validity of this technique. Fundus reflectometry either requires
complex modeling of the optical properties of the eye resulting
in many adjustable parameters,”'? or it is based on such rudi-
mentary modeling that the MPOD thus obtained is probably
only an estimate.'!!?

Among the few psychophysical techniques, heterochromatic
flicker photometry (HFP) is by far the most widely used. (For a
thorough review of both physical and psychophysical methods,
see Howells et al.'®) In a typical HFP device, a circular stimulus
of around 1- to 2-deg diameter alternates between two wave-
lengths, one of which is strongly absorbed by the macular pig-
ment (blue) and another which is minimally absorbed (green).
While directly viewing the resulting flickering turquoise stimu-
lus, the subject adjusts the relative intensity of the blue and green
components in order to achieve equiluminance between them as
evidenced by minimization, or elimination, of flicker. The pro-
cedure is repeated while imaging the stimulus in the parafoveal
or perifoveal retina by having the subject fixate on an eccentric
reference mark. Herein lie the major difficulties experienced by
many subjects. While performing this part of the procedure, sub-
jects will often admit to the difficulty of restraining themselves
from surreptitiously glancing back at the stimulus “to see if it’s
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still flickering.” Of course, if they do so, they are merely repeat-
ing the first part of the test and the resulting MPOD, obtained
from the log ratio of intensity settings, will be zero. Adding to
the difficulty is the phenomenon of Troxler fading of peripheral
stimuli which can mimic the flicker null even if this has not been
achieved.

The reason for the two-part test is to eliminate the contribu-
tion of lens yellowing. The blue intensity required for the null
point in the central test will depend on absorption by both the
macular pigment and lens, whereas for the perifoveal test, only
the lens will be the significant absorber. By a subtraction proc-
ess, the lens can be eliminated leaving only the contribution by
the macular pigment. However, this is correct only for mono-
chromatic lights. Nowadays many instruments are employing
broad-band light emitting diodes (LEDs) and failing to make
the necessary corrections.'*!

In this article, we will describe a novel, LED-based HFP
(mapcat SF™) that removes the difficulties associated with
the perifoveal part of the test. In addition, the perifoveal test
provides a means of calculating lens optical density (LOD)
and this is used to automatically correct the measured MPOD
for the effects of the broad-band LEDs.

1.1 Instrument Design

The starting point for the design was inspired in Fig. 3(5.7.2) in
the book, Color Science.'® This graph, reproduced in Fig. 1,
shows the luminous efficiency functions for 2- and 10-deg
fields, and clearly shows the influence of macular pigment on
the 2 deg function. We therefore designed a HFP that would
provide centrally fixated small (1.5 deg) and large (15 deg)
stimuli, the latter to replace the small stimulus that is viewed
parafoveally/perifoveally in traditional HFP.

The instrument prototype is shown in Fig. 2 and the optical
component layout is shown schematically in Fig. 3. The stimuli
are generated by a 3 W blue LED (peak 455 nm, half-width
20 nm) and a 1 W green LED (peak 515 nm, half-width
33 nm) mounted with their active elements on the inner surface
of the 4 in. integrating sphere, S;. The intensities of the LED
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Fig. 1 Luminous efficiency functions for 10 deg (solid line) and 2 deg
(dashed line) centrally viewed fields.
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Fig. 2 mapcat SF™ prototype heterochromatic flicker photometer.

outputs are controlled by frequency modulation in the kilohertz
range of fixed amplitude pulses supplied to the LEDs. This sys-
tem of control was found to produce no change in the relative
energy spectrum of the LED as the intensity was adjusted. This
was also the case with pulse width modulation; however, we
could not achieve the necessary range of blue LED intensities
with this method. A third alternative, adjusting the direct current
to an LED, was found to produce unacceptable changes in
peak wavelength of the order of 10 nm as the LED was adjusted
from full intensity to ~25% of full intensity. (This is the system
of LED intensity control in the “Maculometer.”'*) Electronic
gating is used to switch the blue and green LEDs on and off
to produce alternating square wave outputs in antiphase with
each other. The frequency of alternation (“flicker frequency”)
is adjustable in the range 10 to 40 Hz. A photodiode detector,
PD, is mounted just above the aperture in sphere S; and samples
the light scattered from the rear surface opposite the aperture,
i.e., the same light that is viewed by the subject. A sample-
and-hold procedure is used to take multiple samples of the
intensities of both the blue and green lights. The averaged
results are represented by the symbols ¢ that first appear in
Egs. (1)—-(3) below.

Light from the LEDs, rendered spatially uniform by S,
emerges through an aperture in the front of the sphere. The
stimuli diameters, 1.5 and 15 deg, are defined by additional
apertures in a thin opaque disk, D, that can be turned by a rotary
solenoid to bring either aperture into position. Each aperture can
be viewed through a low-powered telescope consisting of an
objective lens L; and an eyepiece lens L,. The apertures contain
cross-hair reticles to aid with central fixation. A field stop, F,
located at the position of the real image of the aperture formed
by L, limits the overall field size to 24 deg. Disk D is located
just in front of an aperture in a second sphere, S,, and has the
same matte white finish as the interior of the left hemispherical
half of S,. Two 1 W green LEDs mounted in S,, having the same
peak wavelength and half-width as the green LED in S, provide
uniform illumination of the front surface of D. The right half of
S, is coated on its interior with a matte black finish to prevent
light generated in either sphere from reaching the white scatter-
ing surface inside the other sphere. The output of the green
LEDs in S, is adjusted until there is a luminance match between
the green component of the stimulus and the green-illuminated
front surface of D. Thus, when a subject achieves a flicker null,
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Fig. 3 Optical component layout. Blue and green LEDs illuminate the interior of integrating sphere S; . Intensities are measured by photodiode, PD. The
aperture disk, D, provides 1.5 and 15 deg stimuli when viewed through the telescope which comprises lenses L; (objective) and L, (eyepiece), field stop
F, and viewing aperture A. Green LEDs in sphere S, provide uniform illumination of the front surface of D.

i.e., equiluminance of the blue and green components of the
stimulus, the entire field—stimulus and surround—will be of
uniform luminance, approximately 20 cd/m?.

All of the components shown in Fig. 3, except the eyepiece
lens, L,, and viewing aperture, A, are mounted on a translation
slide driven by a stepper motor. A focusing control allows the
subject to move the slide back and forth in order to bring the
apertures and cross-hairs in disk D into sharp focus. An impor-
tant feature of this instrument is maintenance of the angular size
of the stimulus on the retina regardless of the individual focusing
necessary to produce a sharply defined image on the retina. This
is achieved by ensuring, through the position of the viewing
aperture, A, that the object nodal point of the eye is located
at a distance from the eyepiece lens, L,, equal to its focal length.
(In practice, without precise eye positioning, this distance will,
of course, involve some variability.)

1.2 Subject Testing

The subject is seated in front of the instrument with the nontest
eye occluded with an eye patch. An adjustable chin rest helps to
immobilize the subject’s head. At the start of the test, and to
facilitate focusing, both the blue LED and flicker are turned
off, providing a steady green stimulus in a green background.
Turning an optical encoder knob on a hand-held control allows
the subject to bring the 1.5 deg stimulus and cross-hairs into
sharp focus. The blue LED and flicker are turned on with the
latter set to a default frequency of 24 Hz. The knob on the
hand-held control now controls the intensity of the blue LED.
The subject is instructed to turn the knob fully clockwise, then
fully counter-clockwise, and note that the stimulus appearance
changes from one of bright flicker (relative to the green back-
ground) to dark flicker. The subject then adjusts the intensity to
produce a minimization or elimination of flicker having been
advised that this will occur when the stimulus appears neither
brighter nor darker than the background. After recording the
intensity, the microprocessor introduces a small offset prior
to the subject making a second null setting. The procedure
can be repeated up to 10 times, but is usually limited to five
or less. If the subject is uncomfortable with the frequency, it
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can be adjusted at any point during the test. If the subject
perceives a wide range of no-flicker, the frequency is lowered;
if he or she cannot eliminate flicker, the frequency is raised.
[This procedure has been termed “customized HFP” (cHFP) by
Stringham et al.'’]

Upon completion of this foveal test, the 1.5 deg stimulus is
replaced by the 15 deg stimulus and the flicker frequency is set
to a default of 31 Hz. While maintaining central fixation, the
subject adjusts the blue LED intensity to the point where the
peripheral region appears steady but flicker persists in the center.
The subject is instructed to continue making adjustments until
the area of central flicker is as small as possible, and this is typ-
ically ~5 to 8 deg in diameter. A very small offset in either direc-
tion results in the entire stimulus flickering, i.e., the flicker null
point is very sharply defined. As with the foveal test, up to 10
repeat measurements can be made as well as frequency adjust-
ments if necessary. Accurate fixation is not important because
the small area of flicker is always centered at the fixation point,
and Troxler fading is totally absent (see Sec. 4). By comparison,
accurate central fixation would be important for the annular, par-
afoveal stimulus in the “Maculometer.”'* In addition, subjects
using this instrument might be tempted to glance toward
a point on an annular stimulus just as they might inadvertently
glance at a small stimulus that is supposed to remain in their
peripheral vision.

At the conclusion of the test, a tablet display shows the
subject’s MPOD (+SEM), LOD at 425 nm (£SEM), lens
equivalent age [LEA (=SEM)], and the average percentage of
blue-light blocking by the macular pigment. These results can
be transferred via a USB port to a printer.

2 Theory

The instrument’s photodetector measures the blue intensities at
the null point for the foveal and perifoveal parts of the test and
also the fixed green intensity. The photodetector outputs are,
respectively

Por = ke / Io(1)S(A)dA, ()
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Pup = ke / I5(1)S()dA, @)

do = / I6(1)S(1)d2. 3)

Here, Iz and I are the blue and green LED intensity spectra,
respectively, the former normalized. kg and kp represent the
adjustment factors for the blue intensity when the subject per-
forms the foveal and perifoveal parts of the test, respectively.
S(1) is the spectral response of the photodetector. From
Egs. (1) and (2)

ke _ ¢r

ke ¢gp

For the foveal test, equiluminance of the blue and green
lights can be expressed by

kg / I5(A)107PPAV (4, a)dA = / I(A)107PPAV (1, a)dA
&)

“)

and for the perifoveal test
kp / Iz(A)V(4,a)dA = /IG(A)V(/I, a)da, ©6)

where V (2, a) is the eye’s luminous efficiency function adjusted
for lens yellowing, which is dependent on age, a, but excluding
macular pigment absorption. D(1) is the MPOD spectrum, nor-
malized to unity at its peak and P is the peak MPOD. Note that
for the foveal test [Eq. (5)], the green (as well as the blue) lumi-
nance is affected by the macular pigment due to the overlap
between the emission spectrum of the green LED and the
absorption spectrum of the macular pigment. For the perifoveal
test [Eq. (6)], we are assuming that the MPOD has a negligible
effect on the luminance in the peripheral part of the 15 deg
stimulus.'® Also any change in the eye’s pupil diameter
would have an equal effect on the retinal illuminances produced
by the blue and green lights, i.e., each side of Eqgs. (5) and (6)
would be equally affected.
Dividing Eq. (5) by Eq. (6), and incorporating Eq. (4)

dpr  [16(A)107PPAV(2, a)d fIBAV a)dl
drp  [I5(2)107FPC >v(/1,ad,1 fIGAV/Ia)/l

)

Note that for monochromatic blue and green lights, this

equation reduces to
(l"BF)
=log ( 3
¢z

provided the wavelengths are those for which D (1) is maximum
(blue) and zero (green).

To obtain P from Eq. (7), the only unknown is V(4,a),
a function that should include the effects of lens yellowing but
not macular pigment. We therefore adopted the 10 deg photopic
luminosity function, Vlo(l),l(’ which was obtained from mea-
surements on 26 observers of average age 32.!° We assumed that
this function could be used to represent our function V (4, a) for
a subject with age a = 32, i.e., we assumed that there would
be negligible differences between V(1) and a corresponding
15 deg luminosity function for someone of the same age. To
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Fig.4 Lensequivalentage (LEA) as a function of the blue/green intensity
ratio, pBP, at the perifoveal flicker null point.

obtain V(4,a) at any age, we used a model by Sagawa and
Takahashi.”’ The model, based on flicker measurements of lumi-
nous efficiency, provides the change per year of age in log lumi-
nous efficiency as a function, a(4), of wavelength. Thus,

log V(4,a)

=1log V(4.32) + (a=32)a(d). (9

From Egs. (2), (3), and (6)

ter _ JIcAV(ha)dd [ 15(2)S(A)dd
b [Ig(A)V(Aa)dd™ [I16(A)S(A)dr’

We incorporated Eq. (9) in Eq. (10), and solved it numeri-
cally to produce a graph of age, a, as function of the ratio of
photodetector outputs, see Fig. 4. Sagawa and Takahashi attrib-
ute a(1) mainly to the age-related change in lens absorption, at
least for the shorter wavelengths relevant to this study; thus, we
will refer to a as the “lens equivalent age (LEA).” The instru-
ment’s microprocessor essentially uses the graph in Fig. 4 to
generate the subject’s LEA from the photodetector outputs,
¢pp and ¢, obtained in the perifoveal part of the test. In addi-
tion, it generates the LOD at 425 nm, a wavelength chosen
somewhat arbitrarily. To do so, we used the model of van de
Kraats and van Norren?' to generate the LOD spectrum for
a 32-year old, and then modified it using a(4) to obtain the
LOD spectrum for any age.

Finally, solutions to Eq. (7) were obtained numerically and
are shown in Fig. 5. Here, the peak MPOD, P, is plotted as a

(10)

1.6
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Fig. 5 Peak MPOD as a function of the log ratio of blue LED intensity
settings, log(¢gr/¢dsp), at the foveal and perifoveal flicker null points.
Curves are shown for different LEAs between 20 and 90 years (5-
year intervals).
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function of log(¢pg/¢pp), one curve for each value of a
between 20 and 90 years. The instrument’s microprocessor, hav-
ing already determined a for a subject, is able to generate the
corresponding curve and use this to calculate P from the sub-
ject’s photodetector outputs, ¢pr and ¢gp.

To provide the subjects with a more meaningful measure of
the effectiveness of their macular pigment, the microprocessor
calculates the average percentage of blue-light blocking (400 to
500 nm) by the macular pigment. This is given by the average
value of (1 — 107"PW) in that wavelength range.

2.1 Test—Retest

Fifty-two naive subjects ranging in age from 19 to 79 years
(average += SD = 36 £ 18 years) participated in a study to
assess the repeatability of the instrument. Four subjects had pre-
viously undergone cataract surgery and, of these, one was diag-
nosed with dry AMD in the test eye but retained 20/20 visual
acuity. None of the other subjects reported any ocular disorder.
The study conformed to the requirements of the Institutional
Review Board and to the tenets of the Declaration of
Helsinki. Each subject received instructions, described earlier,
on how to perform the test and then proceeded to make five set-
tings with the 1.5 deg stimulus followed by five settings with
the 15 deg stimulus. Only the right eye was selected for testing
purposes. Subjects were asked how easy they found the test gen-
erally, and which part of the test, “small circle” or “large circle,”
they found easier. Retesting of the subject was conducted usu-
ally on the same day under identical conditions.

2.2 Simulation of Age Effect on MPOD

As far as we are aware, the mapcat SF™ is the first LED-based
HFP that performs an automatic correction to the subject’s
MPOD measurement based upon the equivalent age of the
subject’s lens. Such a correction only becomes significant for
instruments employing nonmonochromatic light sources such
as LEDs. We wished to determine the effect of failing to include
this correction on the MPOD of a group of subjects.

We used a pseudorandom number generator to simulate
a group of 200 subjects reasonably uniformly distributed in
both LEA, a (20 to 90 years) and true MPOD, P (0 to 1.0).
Consequently, for this group of hypothetical subjects, there
was no dependence of MPOD on age. For each value of a,
we determined the appropriate luminous efficiency function,
V(A,a), and then used this together with the corresponding
value of P in Eq. (7) to calculate the ratio of blue intensity set-
tings, ¢pr/Ppp, that this “subject” would ideally provide when
using the mapcat SF™. [The log of this ratio is often reported as
a measure of the MPOD. See Eq. (8).] For this calculation, we
used the spectral characteristics of the blue and green LEDs
employed in the instrument. As a final step, we substituted
the ratio back into Eq. (7) and solved for P, but this time
using the standard 10 deg luminous efficiency function,
V10(4),'® for all subjects. This would represent a partial correc-
tion for the finite bandwidth of the light sources, but would not
include the influence of the aging lens.

3 Results

Subjects responded to questioning that, generally, the test was
easy, that there was no perception of Troxler fading, and, over-
whelmingly, that using the “large circle” (15 deg stimulus) was
the easier part of the test. The standard deviations of the five blue
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Fig. 6 Bland Altman graph for 52 subjects showing the difference
between test and retest measurements of MPOD versus the average
of the two measurements. The mean difference and the limits of agree-
ment (95% confidence intervals) are indicated by the horizontal lines.

LED intensity settings for both the foveal and perifoveal parts
of the test were obtained for each subject. For all subjects,
the average standard deviations for the foveal and perifoveal
measurements were 0.0282 and 0.0121 (arb. intensity units),
respectively.

The results of test-retest measurements of MPOD are shown
as a Bland—Altman plot in Fig. 6. The mean difference between
the test and retest values was 1.94 x 1073 and the limits of agree-
ment (mean & 1.96 SD) were 1.94 x 10~3 £ 0.0790. Regression
analysis indicated that the test and retest measurements were
highly correlated, with R?> = 0.95, p < 0.0001, see Fig. 7. The
difference between the test and retest values for the subject with
dry AMD was 0.037, i.e., well within the limits of agreement.
This subject reported no difficulty in performing the test.

Figure 8 is a graph of the subjects’ LEA (average of test and
retest) versus their biological age. Data points lying above the
line of unit slope represent subjects whose LEA exceeded their
biological age whereas the converse is true for subjects whose
data points lie below the line.

In Fig. 9, we present the results of the simulation study. The
open circles were generated using Microsoft Excel’s pseudoran-
dom number generator and represent a uniform distribution of
LEAs as well as MPODs [P in Eq. (7)]. This uniformity was
reflected in the equation of the linear regression line, P =
0.520 — 6.06 X 107, and the value of R? of 1.8 x 107>, The
corresponding values of log (¢pr/Ppp) that these “subjects”

1.0

081 R? =0.95, p<0.0001

0.6

Retest MPOD

0.0 Oj2 Oj4 016 018 1.0
Test MPOD

Fig. 7 Scatter plot with regression line of retest versus test MPOD mea-
surements for 52 subjects.
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Fig. 9 The open circles and associated solid regression line simulate a
group of 200 subjects for whom there is no dependence of MPOD on
age. If tested on the mapcat SF™ and the instrument’s microprocessor
did not apply a correction based on the subjects’ LEA, it would generate
the data indicated by the filled circles and dashed regression line, i.e.,
there would be an apparent age-related decline in MPOD.
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Fig. 10 The log ratio of blue LED intensity settings, log(¢gr/¢sp), at the
foveal and perifoveal flicker null points as a function of LEA for a simu-
lated group of 200 subjects for whom there is no dependence of MPOD
on age.

would provide if tested using the mapcat SF™ are shown in
Fig. 10. The regression line indicates an average decline in
this quantity with LEA of 6.78 x 10™* year~!. Conversion of
log (¢gp/¢dsp) back to P, but this time using the standard
10 deg luminous efficiency function, V4(4), in Eq. (7), yielded
the filled circles in Fig. 9. These only partially corrected P
values also declined with LEA at a rate of 1.11 x 1073 year~!.
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The average (£SD) rate of decline, based on six separate sim-
ulations, was (1.07 4 0.09) x 1073 year~!.

4 Discussion

We have succeeded in our objective of designing an instrument
which removes the difficulties that many subjects experience
when using traditional HFP for MPOD measurements. These
difficulties are associated with the use of a small, eccentrically
viewed stimulus for the perifoveal part of the test, prone as it
is to Troxler fading, and the problem many subjects have in
maintaining fixation away from the stimulus. The latter diffi-
culty was noted by Gallaher et al. in a test-retest study using
a commercially available HFP instrument (Macular Metrics
Corp., Rehoboth, Massachusetts) with older subjects.22 With
the mapcat SF™, the small, eccentrically viewed stimulus is
replaced with a large 15 deg stimulus with the subject task being
that of eliminating the flicker in the periphery. Qualitatively,
subjects reported the use of the 15 deg stimulus to be easier
than using the 1.5 deg stimulus and, quantitatively, the average
standard deviation obtained from sets of five repeat measure-
ments with the larger stimulus was less than half that obtained
with the smaller stimulus. This situation is similar to that
reported by Mellerio et al. who used an annular parafoveal target
with central fixation that subjects found easier than the foveal
test target.'*

The test—retest results indicate a high level of repeatability of
MPOD measurements. This is crucial, particularly for monitor-
ing sometimes small increases in MPOD resulting from supple-
mentation with any of the macular carotenoids. The mean
difference between test and retest, 1.94 x 1073, indicates that
there was no bias toward the retest measurement being con-
sistently either higher or lower than the test measurement.
The limits of agreement obtained with the instrument compare
favorably with those reported for other techniques for measuring
MPOD, including both psychophysical and physical ones.??2
However, quantitative comparisons should be treated with cau-
tion if, as in the present case, different groups of subjects are
tested on the instruments that are being compared.

For the reference (green) source, we chose an LED with
a peak wavelength of 515 nm. The advantage of this choice
is a smaller chromatic difference between the reference source
and the test source (blue LED) than, say, in other LED-based
instruments.'> An often overlooked temporal problem in HFP
is that different wavelengths presented to the eye require differ-
ent times to reach their maximum luminance. These times
exceed the typical presentation time (~20 ms at a flicker fre-
quency of 24 Hz). However, the effect is reduced if the color
difference between the test and reference sources can be mini-
mized.”” An additional advantage of small color differences in
flicker photometry is that precision of luminance matching is
enhanced.”

Due to the relatively broad bandwidth of LEDs, the energy
spectrum of the green LED overlapped significantly with the
MPOD spectrum. While this would present a problem in the
use of Eq. (8), which assumes no overlap, it is fully accounted
for in Eq. (7) which is programmed into the instrument’s micro-
processor to calculate the peak MPOD. The importance of
Eq. (7), with its age-dependent luminous efficiency function,
V(A,a), is emphasized by the results of the simulation study.
Here, it was found that a sample of “subjects” for whom, on
average, there was no dependence of MPOD, P, on lens age,
nevertheless exhibited a declining log(¢pr/¢dgp) with age.
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Fig. 11 The correction that must be added to log(¢gg/¢gp) in order to
obtain the peak MPOD, P. The surface connects the data points in
the simulation study; the filled circles are for the 52 subjects in the
test—retest study.

Furthermore, if P was recalculated from these log(¢gp/dgp)
values by means of Eq. (7), but with V(4,a) replaced with
the 10 deg luminous efficiency function, Vy(4), then P also
declined with age. While the rate of decline will be dependent
on the energy spectra of the specific blue and green LEDs that
are used, caution may be warranted in studies of the age depend-
ence of MPOD when this quantity has been measured by LED-
based HFP.**! For example, an age-related decline in MPOD
of 0.001 year~! has been reported, virtually identical to the
apparent decline that we found in the simulation study.” In
three other HFP instruments, a single correction factor has
been applied to log(¢gr/¢gp) in order to obtain the peak
MPOD. #2632 Figure 11 emphasizes the fact that this method
may not be adequate. This three-dimensional plot shows the
age-dependent correction (calculated for the actual LEDs
used in the mapcat SF™) that must be added to
log(¢pr/¢rp) in order to obtain the peak MPOD, P. The curved
surface was generated from the data used in the simulation
study, and the filled circles represent the data (average of test
and retest) obtained from the 52 subjects in the test-retest
study. The correction can be seen to be particularly large for
older subjects with high MPOD. The single correction factor
that was used in other instruments'**3* would result in a
plane surface sloping up to the left, i.e., not a function of age.

In conclusion, we have produced a compact, user-friendly,
HFP with a number of novel features. Not only does it provide
a measurement of MPOD but also LOD. Since optical density is
not a familiar term to many subjects or patients, the instrument
generates the related and more comprehensible quantities,
percentage of blue light blocking by the macular pigment
and LEA, respectively. It also incorporates a correction to the
MPOD measurement based upon the subject’s LOD. Failure
to incorporate this correction in LED-based instruments can
lead to erroneous results, particularly for older subjects with
high MPOD.

While the instrument test posed no difficulty for the one
subject with dry AMD, an additional study would be needed
to determine its value in testing subjects with different stages
of AMD.
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