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The purpose of this study was to assess the utility and validity of using customized heterochromatic
flicker photometry (cHFP) to measure macular pigment optical density (MPOD) in patients with inter-
mediate stages of age-related macular degeneration (AMD). The measurement procedure was optimized
to accommodate individual differences in temporal vision related to age, disease, or other factors. The
validity criteria were based on the similarity of the spectral absorption curves to ex vivo curves of lutein
and zeaxanthin and the similarity of spatial density profiles to those measured in subjects without retinal
disease. Macular pigment optical density (MPOD) spatial profiles were measured with an LED-based
macular densitometer; spectral absorption curves were measured with a 3-channel Maxwellian view
system including a monochromator. All patients were characterized via clinical exams and all but 2
subjects from whom data were obtained had masked grading of color fundus photographs using the
Wisconsin Age-Related Maculopathy Grading System. Most of the patients were in AREDS category 2
(27%) or 3 (57%). Patients with visual acuity as poor as 20/80 were included, and could perform the task
as long as they could see the stimulus. Eighty-one percent of the patients screened were able to perform
the cHFP task, and data were obtained from 30 AMD patients. Spatial profiles of MPOD were measured in
19 subjects who could see the stimulus at all tested loci. These profiles were highly similar to those that
have been measured with HFP in subjects without retinal disease. The average shape of the spectral
absorption curves for the AMD subjects corresponded well to an ex vivo template. These data support
both the utility and validity of the cHFP method for measuring MPOD in subjects with intermediate
stages of AMD. The ability to measure the retinal response to nutritional intervention is of practical
importance for monitoring patients being supplemented with lutein and zeaxanthin in hopes of
retarding visual loss and/or disease progression.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Age-related macular degeneration (AMD) is caused by slow
degeneration of the retina and retinal pigment epithelium (RPE).
Although a number of factors contribute to the progression of this
degeneration, a central theme appears to be oxidative stress (e.g.,
Cai et al., 2000; Beatty et al., 2000). The role of oxidative stress is of
particular interest because of its potential modifiability. By making
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healthy life style choices, oxidative stress to the retina and RPE may
be lowered, and the probability that an individual will develop
AMD could be reduced. One approach to combating oxidative
stress, examined in the Age-Related Eye Disease Study (AREDS,
2001), is increasing the dietary intake of antioxidants. For subjects
with intermediate stages of AMD, AREDS found that high-dose
antioxidant supplementation (including zinc) reduced the risk of
disease progression by 25% and the loss of visual acuity by 19%.
However, the AREDS supplement did not include lutein (L) and
zeaxanthin (Z), the components of the macular pigment, as part of
their intervention. A growing body of evidence (e.g., Nolan et al.,
2007; Whitehead et al., 2006) has suggested a role for retinal L and
Z (L&Z) in protecting the retina and RPE from oxidative damage
both by absorbing actinic short-wave light and through antioxidant
mechanisms. Moreover, there is evidence that supplementing L&Z
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can improve visual performance for subjects with atrophic AMD
(Richer, 1999; Richer et al., 2004). Based on current evidence, one
arm of the follow-up AREDS II trial will test whether supplemen-
tation with L&Z, along with other nutrients, can retard vision loss
and disease progression in subjects with intermediate stages of
AMD.

Because subjects vary greatly in the ease with which L&Z is
accumulated in the retina as macular pigment (e.g., Hammond
et al., 1997a,b, Aleman et al., 2007; Bhosale et al., 2007; Richer et al.,
2007) interpreting the outcome of supplementation trials in
patients with AMD would be greatly facilitated by measuring the
amount of the supplement that accumulates in the retina. If
patients benefit from supplementation, one could gain insight into
how much macular pigment is needed to derive a benefit. If
patients fail to benefit from supplementation, it would be possible
to distinguish whether (1) the lack of benefit was due to the failure
of L&Z to be incorporated into the tissue, or (2) L&Z were incor-
porated into the retina but they were not effective in modifying the
course of the disease at this stage. If supplementation did not
increase macular pigment, it would be appropriate to study ways to
improve L&Z uptake in the digestive system and L&Z accumulation
in the retina, perhaps by modifying fat intake or lipoprotein profiles
(e.g., Wang et al., 2007; Snodderly et al., 2004b). If outcome 2
occurred, effort could be concentrated on other stages of the
disease or on evaluation of alternative therapies. Obviously, there
could be individual differences, with some patients benefiting and
others not. Knowing their macular pigment status might help to
determine why individuals differed in their response to the
intervention.

The study of L&Z as a potential nutritional therapy represents an
unusual opportunity. Unlike most nutrients in tissues, L&Z can be
measured as macular pigment using non-invasive in vivo methods.
In this study, we evaluate whether heterochromatic flicker
photometry (HFP), the most common non-invasive means of
measuring macular pigment, is useful for patients with interme-
diate stages of AMD. For this method, the subject must judge the
presence or absence of flicker when a properly configured stimulus
alternates between a wavelength that is absorbed by MP and one
that is not. An eccentric location outside the fovea, where MP levels
are generally considered to be optically undetectable, serves as
a reference (see Snodderly and Hammond, 1999). The validity of the
HFP method in both young and older subjects has been the subject
of several recent papers (Snodderly et al., 2004a; Hammond et al.,
2005; Wooten and Hammond, 2005; Gallaher et al., 2007). These
papers have provided strong evidence that the technique is both
highly reliable and valid in normal subjects across the lifespan.
Although HFP and a number of other methods have been used to
measure MP in AMD patients, until now none of the MP
measurement methods have been validated on patients, who have
altered retinas and often have cloudy ocular media.

The advantages of HFP (when customized to provide optimal
accuracy) include the following: (1) Pupil dilation is not required.
(2) High light levels are not required. (3) The results are relatively
insensitive to the state of the ocular media (e.g., Wooten et al., 1999;
Ciulla et al., 2001; Gallaher et al., 2007; Ciulla and Hammond,
2004). (4) The results are not confounded by head movements (e.g.,
Wooten et al., 1999). (5) Testing can be optimized to control for
individual differences in temporal vision. Optimization of temporal
parameters is especially important in AMD patients, who tend to
have decreased sensitivity to higher temporal frequencies (e.g.,
Falsini et al., 2000; Phipps et al., 2004). (6) Measurements can be
integrated with other tasks in a single study visit. Elderly partici-
pants can complete a standard measurement at one eccentricity in
20–30 min (e.g., Snodderly et al., 2004a; Gallaher et al., 2007) and
this location (0.5� eccentricity) captures most of the variance
between subjects (e.g., Snodderly et al., 2004a; Mares et al., 2006).
The most serious limitation of HFP is that it requires the active
participation of the subject, who must make accurate perceptual
judgments of the presence or absence of flicker. For normal older
subjects tested with optimized protocols, more than 80% of naı̈ve
subjects can perform the procedure (e.g., Snodderly et al., 2004b;
Iannaccone et al., 2007). In the largest study on naı̈ve subjects to
date (n ¼ 1158), comparison of data collected at two wavelengths
confirmed that the values were consistent with the spectral
absorption curve of MP (Snodderly et al., 2004b). In the present
paper, we evaluate the utility of a particular implementation of HFP
for measuring MP in patients with AMD. To distinguish our
approach from other variants of HFP we refer to it as ‘‘customized
HFP (cHFP)’’ because, among other refinements, the flicker
frequency is individually customized to the visual capabilities of
each subject. Using cHFP, we find that patients with AMD are about
as proficient as normal elderly subjects in performing the flicker
task, as long as the stimulus is clearly visible to them. Furthermore,
their data are consistent with spectral and spatial criteria for a valid
measurement of macular pigment (e.g., Snodderly, et al., 2004a;
Hammond et al., 2005).

2. Methods

2.1. Subjects

MPOD data were obtained from 28 subjects who were recruited
in and around Augusta, GA, USA, and tested at the Medical College
of Georgia. Two additional subjects were recruited at other sites,
one at the Schepens Eye Research Institute in Boston, MA, and one
at Brown University in Providence, RI, USA, making a total of 30
patients from whom data were obtained. The study followed the
Tenets of the Declaration of Helsinki. All procedures were approved
by the institutional review boards at the respective sites and
informed consent was obtained from each subject.

All subjects underwent careful ophthalmic examination prior to
testing. The most detailed information was collected for the GA
subjects. Personal and clinical data for them are provided in
Tables 1 and 2. Information about the 2 subjects from the other sites
are provided in the legends for Figs. 3 and 4 where their spectral
data are presented. The GA subjects were clinically characterized
using masked grading of color stereo fundus photographs based on
the Wisconsin Age-Related Maculopathy Grading System (Age-
Related Eye Disease Study Research Group, 1994). Intraocular
pressure was measured by Goldman tonometry. Subjects were
excluded if they had diabetic retinopathy or advanced cataract (3þ
or above on a scale of 1 to 4). Best corrected visual acuity after
standardized refraction was determined with ETDRS charts, using
logMAR distance visual acuity as the criterion. Subjects were
excluded if ETDRS acuity was worse than 20/80. Subjects with
localized scotomas that did not include the center of the macula, or
with glaucoma but no visual field defects, were included. Based on
the inclusion criteria, 37 GA subjects were screened as potential
participants. Six of the subjects had difficulty seeing the small (50

diameter) fixation point, and had to be removed from the subject
pool. One subject was excluded from the study due to cognitive
impairment, resulting in a sample of 28 GA subjects available for
our study.

All of the subjects tested in GA completed a personal data
questionnaire about health and personal history, including
smoking. Iris and skin color were assessed by questionnaire. A
crude indicator of dietary intake and bioavailability of L and Z was
computed, based on the frequency of consumption of 5 food items
(dark green leafy vegetables, colored fruits and vegetables, eggs,
fish, and overall fat intake) with examples given. The frequency of
consumption was scored as follows: 0, less than once a week; 1;
once a week; 2, 2–3 times per week; 3, 4–6 times per week; 4, once



Table 1
Personal characteristics of GA subjects

Subject number Sex Age Smoking frequency (pack years)a Iris color Diet scoreb Supplement use

1 Male 74 0 Blue 5 No
2 Male 81 0 Light-hazel 12 O (no L)
3 Female 65 0 Blue-green 6 No
4 Male 74 0 Blue 10 No
5 Male 71 0 Blue 11 No
6 Male 70 w50 Green 2 O, L (5–6 years)
7 Female 80 w55 Green 8 O, L
8 Male 77 w30 Gray 2 L (w2 years)
9 Female 69 w51 Brown 7 O, L (w 2 years)
10 Female 68 w10 Blue 11 P (no L) (7 years)
11 Female 63 0 Hazel 8 No
12 Female 71 0 Brown 13 L, P (2 years)
13 Female 73 w40 Hazel 9 P (no L) (10 years)
14 Female 71 w20 Gray 7 O, L (2–3 years)
15 Female 73 0 Black 13 No
16 Female 57 0 Green 7 L (2 years)
17 Male 72 w10 Hazel 10 O, L (1.5 years)
18 Male 71 w50 Brown 2 No
19 Female 70 w12.5 Brown 7 O, L (>5 years)
20 Male 68 w4 Blue 5 O, L (3 years)
21 Female 65 w36 Blue 8 No
22 Female 82 0 Gray 11 No
23 Male 75 w20 Hazel 3 No
24 Female 55 0 Green 3 No
25 Female 60 w12 Brown 8 No
26 Female 64 w32 Hazel 3 L (2 months)
27 Female 67 w25 Brown 6 No
28 Female 61 w82 Brown 7 No
29 Male 72 0 Brown 6 P (no L) (3 years)
30 Female 81 w20 Blue 8 O (no L) (1–1.5 years)

L, Lutein; O, Ocuvite; P, Preservision.
a Pack years: calculated by multiplying the number of packs of cigarettes smoked per day by the number of years the person has smoked.
b Diet score: determined by frequency of consumption of 5 food items (dark green leafy vegetables, colored fruits, eggs, fish, and overall fat intake).

Table 2
Clinical description of GA subjects

Subject Snellen acuity IOP PG Cataract status AREDS category

1a 20/60 �2 9 Yes 2þ NS 3
2 20/60 þ1 14 No Pseudophakic 3
3 20/30 11 No Pseudophakic 2
4 20/30 �2 15 Yes – 2
5 20/30 16 No Pseudophakic 3
6 20/40 �1 16 Yes 1þ NS 3
7 20/50 �1 14 Yes 1þ NS 3
8 20/50 11 Yes Pseudophakic 2
9 20/50 23 No 1þ NSC 2
10a 20/30 �1 12 Yes Pseudophakic 1
11 20/30 12 No – 1
12 20/60 �2 9 No Pseudophakic 4
13 20/80 þ1 18 Yes 2þ NS 3
14 20/50 �1 13 No 1þ NS 3
15 20/30 �2 19 Yes 2þ NSC 3
16a 20/40 15 No – 3
17 20/25 11 Yes Pseudophakic 2
18 20/50 þ1 11 No 1þ NS 2
19 20/30 �2 17 No Pseudophakic 3
20 20/25 �2 10 Yes 2þ NS 1
21 20/25 �1 17 Yes 1þ NS 3
22 20/60 �1 15 Yes 1þ NS 3
23 20/30 22 No 1þ NS 3
24 20/25 �1 13 Yes – 3
25 20/25 13 Yes – 2
26 20/80 �1 22 Yes 1þ NSC 3
27 20/25 11 No NSC 3
28 20/50 þ1 15 Yes Pseudophakic 1
29 20/30 �2 19 Yes 1þ NS 2
30 20/30 �2 19 Yes Pseudophakic 3

All descriptions pertain to the study eye. IOP, intraocular pressure; PG, pigmentary
changes. Color fundus photographs were obtained for each subject and disease stage
was graded by the Wisconsin Reading Center. Lens status was classified as either
post-cataract pseudophakes, an intact lens with no overt signs of cataract (indicated
by a – sign) or cataractous. Cataract severity is indicated numerically and type is
specified as NS, nuclear sclerosis; NSC, nuclear sclerosis cataract.

a Subjects 1, 10 and 16 had neovascular AMD in the fellow eye.
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a day; 5, more than once a day. Dietary fat intake (e.g. fried foods,
snack foods, cheese, foods cooked in butter) was assessed due to its
role in facilitating carotenoid absorption from the gut (Roodenburg
et al., 2000; Unlu et al., 2005; fat intake was scored from 1 to 5 as
outlined above), whereas fish intake was assessed (scored from 1 to
5, as outlined above) due to its high concentration of n-3 docosa-
hexaenoic acid, which has been shown to influence MP concen-
tration (Johnson et al., 2008). In this way, a cumulative score for
all food items was assigned to each person that could range from
0 to 15.

2.2. Measurement of macular pigment optical density using cHFP

The eye with better vision was chosen for measurement. At the
GA site, 19 of the 28 subjects were able to complete full MP spatial
density profiles consisting of measurements at 6 retinal loci (Fig. 1).
MPOD at 0.5� eccentricity and at two wavelengths (460 and
500 nm) was assessed in all 28 of the GA subjects (Fig. 2). For the GA
subjects, MPOD spatial profiles were measured using a macular
densitometer (Macular Metrics Corp., Providence, RI) slightly
modified from the one described by Wooten et al. (1999). The
modified instrument and the principle of HFP have been fully
described in earlier publications (Snodderly and Hammond, 1999;
Snodderly et al., 2004a,b). There are, however, some methodolog-
ical considerations crucial to the accurate measurement of MPOD
with HFP worth emphasizing here. Because of individual differ-
ences in temporal sensitivity, light transmission of the ocular
media, and perceptual differences at different loci in the foveal
region, best results are achieved by customizing the HFP task for
each subject. As mentioned in Section 1, we have termed this
‘‘cHFP,’’ for customized HFP, and it includes the following consid-
erations. First, individual selection of the best flicker frequency for
the stimuli enables one to account for the range of normal variation
in flicker sensitivity (e.g., Falsini et al., 2000; Tyler, 1989). If flicker
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sensitivity is not accounted for and a fixed flicker frequency is used,
a subject with low flicker sensitivity (low critical flicker fusion
frequency (CFF)) will not see flicker over a wide range of settings
and will experience a large null flicker zone. Although the subject
will be able to complete the task by eliminating flicker from the test
target, settings will be variable, and subjects may exhibit systematic
bias toward one end of the null range, resulting in either over- or
underestimation of MPOD. Alternatively, a subject with a high CFF
may not be able to eliminate flicker from the test target, making the
task difficult to complete. As implemented by Snodderly et al.
(2004a,b) the flicker sensitivity issue can be addressed by utilizing
a CFF task involving a single wavelength (570 nm) outside the
absorption band for MP. Based on the subject’s CFF, the optimal HFP
flicker frequency, which facilitates good subject performance and
reduces measurement error, can be estimated. Additionally, an
algorithm (described later) can be developed to estimate optimal
HFP flicker frequencies for each retinal locus, including the refer-
ence locus. The optimization of HFP flicker rate is particularly
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Fig. 2. MPOD measured with a one-degree diameter test stimulus at 460 nm and
500 nm The solid line is the least-squares line bracketed by dashed lines repre-
senting � 0.05 OD from that line. Subject S12, with category 4 AMD is indicated by the
gray box.
important for older subjects and for subjects with AMD who often
demonstrate significant slowing in their temporal vision (e.g.,
Falsini et al., 2000; Phipps et al., 2004).

The second methodological consideration involves a test stim-
ulus configuration in which the radiance of the short-wave test
component absorbed by macular pigment is inverse-yoked with
the mid-wave reference component. In other words, when
a subject increases the short-wave component to account for
macular pigment absorbance, the radiance of the mid-wave
component is commensurately decreased, and vice versa. This
procedure keeps the brightness of the test stimulus relatively
constant. We regard this change as an improvement because
subjects, otherwise, could confuse changes in brightness with
changes in flicker (e.g., the dimmer settings could be confused with
less flicker).

2.2.1. Procedure
The procedure used in the present study was essentially iden-

tical to that described in Snodderly et al.’s (2004a,b) CAREDS
publication, including the viewing of a training video, determina-
tion of the subject’s CFF, and development of an algorithm to
predict flicker frequency values appropriate for the different loci
tested under cHFP conditions. To familiarize subjects with the cHFP
task and to collect data regarding macular pigment spectral
absorption, subjects were first tested at a wavelength of 500 nm,
presented in square-wave counterphase with 570 nm, a task that
subjects found relatively easy to perform. Then subjects were
presented with the 460 nm light, in square-wave counterphase
with a 570 nm light to measure MPOD at its peak absorption, which
provides the best signal-to-noise ratio.

For the 500 nm condition, an MPOD measure was obtained only
at 300 eccentricity, relative to a reference location at 7� eccentricity.
For the 460 nm condition, measures at 150, 300, 1�, 1.75�, 3�, and 5�

eccentricities were obtained along the horizontal meridian of the
temporal retina (for the right eye) or nasal retina (for the left eye),
relative to a reference location at 7� eccentricity. For the measures
at 150 and 300 eccentricities, test stimuli were solid disks with those
radii, with a small black fixation dot in the center. With these
stimuli, when the flicker frequency is optimized as described
below, the edge of the stimulus has been shown to determine the
no-flicker threshold (e.g., Hammond et al., 1997a,b; Hammond and
Caruso-Avery, 2000; Werner et al., 1987; Smollon et al., 2005). For
the 1� and 1.75� eccentricities, centrally fixated, 200 wide annuli
with mean radii corresponding to those eccentricities were used. At
eccentricities further from the fovea, the test stimulus was viewed
eccentrically, using a small red light-emitting diode as a fixation
target. The red fixation diode was 50 in diameter and it was set at
a luminance of approximately one log unit above the detection
threshold for normal subjects. For the 3� locus, a solid disk with 1�-
diameter was centered 3� from fixation, and for the 5� locus and 7�

reference target, a 2�-diameter solid disk centered on those loci was
used. The order of stimulus presentation was as follows: 300, 7�, 1�,
1.75�, 3�, 5�, and 150.2 The HFP flicker algorithm (based on a sub-
ject’s CFF) produced the following values: 300

eccentricity ¼ CFF � 6, 7� ¼ CFF � 12, 1� ¼ CFF � 6, 1.75� ¼ CFF � 7,
3� ¼ CFF � 7, 5� ¼ CFF � 11, and 150 ¼ CFF � 7. For each stimulus
condition/location, the CFF was measured as the average of three
determinations.
2 Note that the smallest stimulus was presented last. This is because subjects,
particularly those with eye disease, have the greatest difficulty with the smallest
stimuli. Since for some subjects this can be frustrating and fatiguing, we elected to
present this stimulus last. Based on similar logic, we presented the conventional
relatively easy stimulus with 300 radius and the 7� reference stimuli first. If subjects
could not perform the task at the reference locus, there was no reason to continue
testing.
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Overall, the values produced by the algorithm for the cHFP
determination yielded acceptably low variability for 12 of the 19
subjects. For 7 of the subjects, however, the algorithm predicted
a frequency for the HFP measurements that was either too high
(n ¼ 2) or too low (n ¼ 5) by about 1–2 Hz. In these situations the
experimenter adjusted the frequency of the flickering stimulus, in
steps of 1 Hz, either increasing it (if the subject could not eliminate
flicker) or decreasing it (if the subject exhibited a wide range of null
flicker values). The range of null flicker was considered too wide if
the subject provided values that were separated by more than
w15% radiance units (w0.05 MPOD).

Test stimuli were presented in natural view near the center of
a 6-degree, 2.75 cd/m2, 470-nm circular background. The test
stimulus was alternately composed of a 458-nm or a 500-nm
measuring field (the peak and shoulder of macular pigment
absorbance) and a 570-nm reference field (minimal macular
pigment absorbance). Light for the measuring and reference fields
and the background was produced by 20-nm half-bandpass light-
emitting diodes (LEDs) with peak energy at 458, 500, 570, and
470 nm, respectively (Nichia Corp., Mountville, PA). The radiance of
the LEDs was controlled by constant current, high frequency elec-
tronic pulses. The measuring and reference fields were superposed
and presented out of phase with an alternation rate optimized (as
described above) for each subject and for each condition. Once
optimized, subjects adjusted the radiance of the 458-nm or 500-nm
measuring field (which was counterbalanced with the 570-nm
reference in order to maintain constant luminance) until a no-
flicker point was achieved. This measurement was done in the
fovea (where macular pigment is most dense) and 7-degrees in the
parafovea (where light absorption by macular pigment is negli-
gible). The OD of MP is calculated as:

ODl ¼ log
�

Rf
ls
=Rp

ls

�
� log

�
Rf

lg
=Rp

lg

�
(1)

where R¼radiance of the light, ls refers to a short-wave light in the
absorption band of MP, e.g., 460 nm, lg refers to a long-wave light
outside the absorption band of MP, e.g., 530 nm, f refers to a retinal
locus containing a significant concentration of MP, and p refers to
a parafoveal locus containing negligible, MP OD (e.g., 7�, in our case).

As a further evaluation of the validity of the cHFP method for use
in AMD patients, we derived macular pigment spectral absorption
curves for 7 subjects, 5 of whom were selected from the GA sample.
These subjects had MPOD at 300 eccentricity of at least 0.30 at
460 nm, were available for repeat testing, and performed well on
the densitometer. Spectral curves were derived for a centrally
fixated test stimulus with a 300 radius using a 3-channel Maxwel-
lian-view optical system diagrammed in Wooten et al., 1999. The
Maxwellian-view system was used because it allowed a full spectral
density curve to be measured; the densitometer has a limited set of
LEDs and therefore measures MPOD only at 460 nm and 500 nm.
Care was taken to use the same stimulus conditions and protocol at
all three sites for all subjects.

One channel of the Maxwellian view system provided a 15�,
460 nm background (2.2 log Trolands) that passed through an
interference filter with half-bandpass of 7 nm. Two other channels
were combined to form the test stimulus, which consisted of
a variable-wavelength measuring field, alternating with a fixed-
wavelength reference field. The flickering test stimulus was always
presented in the center of the background field. The wavelength of
the measuring field (420–550 nm) was determined using
a 500 mm grating monochromator with a 6 nm half-peak band-
width (Bausch and Lomb, Inc.) in conjunction with blocking filters
to eliminate higher order spectra and stray light. The fixed wave-
length of the reference beam was selected by an interference filter
with 7 nm half-bandpass. The energy output of the system was
checked daily using a calibrated radiometer (United Detector
Technology Corp). The measuring and reference fields were
superposed and presented in square-wave alternation using
a sectored mirror. As with the densitometer, the flicker rate was
carefully optimized for each subject so that flicker could be
completely eliminated with a narrow null zone (about 0.07 OD). An
achromatizing lens was placed at a point conjugate with the sub-
ject’s pupil in order to minimize differences in the effects of chro-
matic aberration between the measuring and reference fields. An
auxiliary channel with a calibrated reticle was used to align the
subject’s pupil, and to ensure that the image of the xenon arc light
source was centered within the subject’s pupil and in focus in the
plane of the pupil. A dental-impression bite-bar and adjustable
forehead rest was used for head stabilization. The procedure used
to measure MPOD was nearly identical to that described above for
the densitometer.

3. Results

The personal characteristics for each subject are listed in Table 1.
About half of the subjects were taking supplements that contained
L and Z. The subjects that supplemented, however, did not have
significantly higher MPOD levels as a result (p < 0.90). A short
clinical description for each subject is provided in Table 2. Most
subjects were well described by the age-related eye disease study
(AREDS) categories 2 and 3 (category 1, no ARM with the exception
of a few small drusen; category 2, extensive small drusen, pigment
abnormalities, or at least 1 intermediate size drusen; category 3,
extensive intermediate drusen, geographic atrophy not involving
center of macula or at least 1 large drusen; category 4, advanced
AMD).

We used two main approaches to assess the validity of the cHFP
method for measuring MPOD on these subjects. The first approach
was to measure the spatial distribution of MPOD of the GA subjects
using the macular densitometer. Nineteen of the 28 GA subjects
were able to provide data for all tested eccentricities. The remaining
9 subjects were all able to perform the task with the centrally
fixated 1�-diameter (300 radius) target but were unable to do the
task at one or more of the other standard eccentricities because of
compromised vision at some loci. For the full group of 28 subjects,
the mean MPOD value at 460 nm and 0.5� eccentricity was 0.37,
SD ¼ 0.24. Table 3 shows MPOD values measured at the spatial
peak, and at 0.5� eccentricity, as well for all subjects who could
provide a measurement at 150 eccentricity. In addition, the half-
widths of the spatial profile derived from a piece-wise linear fit and
from an exponential fit to the data are listed. Fig. 1 shows the
average of the 19 complete spatial density profiles. The mean data
are graphed along with the best-fitting exponential decay with
eccentricity, which explains most of the variance (r2 ¼ 0.99). As
shown in Table 3, a first order exponential function explains most of
the variance for individual subjects as well for the mean (range of
r2 ¼ 0.90–0.999).

The second approach we used to assess validity was to compare
the obtained spectral absorbance curves to ex vivo measures (from
Table 1 of Hammond et al., 2005). As a first step, for the GA subjects
we measured MPOD at two spectral points, 460 and 500 nm. These
data are shown in Fig. 2. From the known macular pigment spec-
trum, a proportionality of 0.56 at the two spectral points is pre-
dicted (Snodderly et al., 2004a,b), which should be the slope of the
line fit to the data. Our slope was 0.52 and the variance around the
line was small (the dashed line indicates �0.05 OD from the
regression line).

As a more extensive test, Figs. 3 and 4 present the complete
spectral measurements (using a one-degree test at the 0 degree
locus) for 7 of the AMD subjects, 5 from GA, and 1 each from Boston
and from Brown University. The 5 GA subjects were selected based
on having high enough MPOD that a good spectral curve could be



Table 3
Spatial distribution data for AMD subjects

Subject MPOD (150 eccentricity) MPOD (300 eccentricity) Variance explained (r2) by a 1st order exponential decay Exponential half-widtha Linear half-widthb

1 0.2 0.17 0.98 0.78 1.23
4 0.59 0.51 0.98 1.37 1.67
5 0.69 0.55 0.97 0.58 0.80
7 0.7 0.6 0.93 1.96 2.33
9 0.44 0.38 0.96 1.83 2.37
10 0.24 0.19 0.90 0.48 0.45
13 0.75 0.64 0.95 0.49 0.79
14 0.9 0.75 0.97 0.58 0.94
15 0.41 0.32 0.98 1.54 1.97
16 0.38 0.33 0.93 0.12 0.40
17 0.83 0.71 0.97 0.98 1.22
18 0.51 0.4 0.97 1.81 2.62
21 0.8 0.7 0.99 1.18 1.42
22 0.48 0.38 0.97 0.92 0.85
23 0.89 0.7 0.97 1.07 1.0
26 0.3 0.26 0.98 0.60 0.89
27 0.65 0.54 0.99 0.91 0.95
29 0.6 0.47 0.94 0.88 0.98
30 0.49 0.43 0.98 0.76 0.95
Mean 0.57 0.47 0.96 0.99 1.25

a The exponential half-width was taken as half the exponential intercept with eccentricity based on the best-fitting 1st order exponential decay function.
b The linear half-width is based on the peak density (based on the 15-min MPOD value) with the eccentricity based on a linear interpolation between points.
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derived, as well as the impression that they performed the cHFP
task well. As shown in the figures, the data compare well to the ex
vivo template (smooth line). The biggest discrepancy was at 420 nm
where the data underestimate the ex vivo curve by about 0.07 on
average.

Finally, for 4 of the AMD subjects in GA, we evaluated the time
necessary to complete a complete measurement protocol. This
included the instructional video, assessment of their critical flicker
fusion threshold, all spatial points, and two spectral points. On
average, these subjects took 27 min to complete the assessment.
4. Discussion

The results from this study demonstrate that valid macular
pigment measurements can be obtained in a reasonable time using
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Fig. 3. The macular pigment absorption spectrum as measured in two subjects with
early geographic AMD. One 61-year old female with early geographic AMD assessed in
Boston (solid squares). One 51-year old female with early geographic AMD assessed at
Brown University in 2001. The latter patient first presented with multiple yellow
drusen in the macula of both eyes in 1985 that persisted and were enlarged when
examined again in 1987 and 1989. The drusen appeared similar at the last examination
in 2001. The smooth line represents the ex vivo spectrum of L and Z from Table 1 of
Hammond et al. (2005).
carefully customized HFP (cHFP) in patients with intermediate
AMD, as long as they have visual function sufficient to clearly see
the stimulus. This conclusion is based on the similarity of the
spectral curves to the ex vivo spectrum and the concordance of the
MPOD spatial distributions of AMD patients with distributions
measured in normal subjects (Table 3 and Fig. 1). Like the current
results, past studies using HFP on normal subjects (e.g., Hammond
et al., 1997a,b; Wooten and Hammond, 2005) have shown that the
macular pigment distribution of most subjects can be fit by a first
order exponential decay with eccentricity that captures most of the
variance. Furthermore, the lateral extent of the macular pigment
distribution of the AMD patients was similar to data from subjects
without retinal disease. For example, Hammond et al. (1997a,b)
reported an average exponential and linear half-width of about
0.95 and 1.03 degrees, respectively for normal subjects, which is
similar to our values for AMD patients (0.99 and 1.25, respectively).
As Alexander et al. (1987) originally suggested, disease state can
cause morphological disturbances in cone axons and this could
conceivably change MPOD spatial profiles. Our data suggest that, at
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Fig. 4. The macular pigment absorption spectrum as measured in 5 subjects with early to
moderate stages of AMD. Letter symbols on this graph correspond to fundus photographs
presented in Fig. 5A–E. Brief clinical histories are outlined in the legend of Fig. 5.



Fig. 5. Fundus photographs of selected subjects included in this study. (A–E) Photographs from subjects who provided the spectral data in Fig. 4. (A) 74-year-old male (S1, AREDS 3)
with geographic atrophy characterized by some central RPE depigmentation and increased pigment and multiple soft and indistinct drusen. (B) 81-year-old male (S2, AREDS 3) with
geographic atrophy characterized by multiple large indistinct drusen outside of the macula. (C) 65-year-old female (S3, AREDS 2) with geographic atrophy characterized by multiple
small hard drusen, some in the macula. (D) 74-year-old male (S4, AREDS 2) with geographic atrophy characterized by RPE depigmentation and increased pigment, as well as large
indistinct drusen; both involving the macula. (E) 71-year-old male (S5, AREDS 3) with multiple soft indistinct drusen outside of the macula. (F) Subject S12 whose results are also
indicated by the gray box in Fig. 2. This patient performed well on the cHFP task in spite of having AREDS category 4 AMD.
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least in intermediate stages of AMD, morphological changes are not
yet severe enough to strongly alter macular pigment spatial
profiles.

A limitation of our study is the small number of spatial points
that were sampled. Although there are clearly individual deviations
from the simple exponential function (e.g., flanking shoulders,
Hammond et al., 1997a,b; Delori et al., 2006), more detailed
analyses would be necessary to establish their characteristics in
subjects with AMD.

We also measured MPOD at 460 and 500 nm on a sample of 28
AMD subjects with no psychophysical experience. Our results can
be directly compared to the outcomes in the CAREDS study of older
healthy adults (Snodderly et al., 2004a,b), using the same model of
macular densitometer that we used. That study found that a strong
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relation (r2 ¼ 0.80) between MPOD measured at the two spectral
points with the ratio (slope ¼ 0.60) close to that predicted from the
ex vivo spectrum of L and Z (slope ¼ 0.56). For our AMD subjects,
with a similar average age, we found an even stronger relation
(r2 ¼ 0.92) with proportionality similarly close to the predicted
value (0.52). These data suggest that the AMD subjects were per-
forming as well as subjects without retinal disease but similar in
age and psychophysical experience. This consistency was striking
since some of our subjects had relatively severe disease. For
example, subject S12 (see Fig. 5 for the fundus photograph) had
category 4 AMD yet accomplished the cHFP task with accuracy
(indicated by the gray box symbol in Fig. 2).

To further test the validity of our measurements, we measured 7
AMD subjects at multiple wavelengths in three different laborato-
ries (all using Maxwellian-view systems and similar stimulus
conditions and procedures). These data, along with the accompa-
nying fundus photographs, are shown in Figs. 3 and 4. There is
a very close correspondence between the spectral curves measured
with cHFP and the extinction spectrum of L&Z. The largest consis-
tent discrepancy appears to be at the shorter wavelengths. For
example, an average underestimation of about 0.07 was found at
420 nm. This is very similar to the underestimation found by
Wooten and Hammond, 2005 for normal subjects without retinal
disease. Wooten et al. suggest that the underestimation might be
due either to fluorescence of the lens or fundus (essentially adding
to the signal) or additional absorbance by the ancillary pigments
P410 and P435 identified by Snodderly et al. (1984). In either case,
this underestimation appears to be a characteristic of the HFP
method as opposed to being specific to the AMD sample.

In conclusion, our data suggest that the cHFP method yields
valid results for subjects with intermediate AMD and with visual
function that is adequate to see the stimulus. It appears that the
method can be utilized for most patients, as long as a moderate
level of acuity remains. For example, two of our subjects (see Table
3) had relatively poor acuity (20/80) but could still perform the task
and yielded valid data according to our criteria. In particular, they
had maximum MPOD at the fixation locus, which is consistent with
using the center of the fovea to fixate. Of course, patients who have
central scotomas and/or use a nonfoveal fixation locus (Schuchard,
2005) would need to have MPOD measured using a different
technique. In such cases, the MPOD values would need to be
independently referenced to retinal landmarks.

Our pilot study (n ¼ 4) showed that the entire measurement
procedure could be completed within about 30 min for naı̈ve AMD
subjects. This result obviates a common concern when considering
use of this method – namely, that the measurement procedure
takes too long. Consistent with this conclusion, Iannaccone et al.
(2007) used HFP with 157 subjects with an average age of about
79 years and obtained a standard MPOD measure (1-degree test in
one eye) with a mean time of 20 min.

Another major concern is what fraction of AMD patients can be
studied with cHFP. Based on the 37 patients we screened, our
experience indicates that useful information can be obtained from
about 80% of patients with intermediate AMD. This is about the
same success rate as found for normal older subjects tested with
optimized protocols (Snodderly et al., 2004b; Iannaccone et al.,
2007). For cHFP, the factors that limit applicability are primarily
compromised visual or cognitive function of the patient. It would
be useful to have comparable estimates of success rates for optical
methods for measuring MPOD, which are more likely to be limited
by inadequate pupillary dilation, deterioration of the visual optics,
or concerns about high light exposures.

The ability to assess MPOD in patients with intermediate AMD
offers the opportunity to investigate many interesting questions
regarding the efficacy of dietary intervention for this group. For
instance, does the retinal degeneration of patients with higher
levels of MPOD progress at the same rate as patients with similar
characteristics (age, sex, iris color, etc.) but lower levels of macular
pigment? Richer et al. (2004, 2007) have shown that supple-
menting with L&Z can improve visual function in elderly veterans
with AMD. Is this improvement mediated through an optical
mechanism and/or by improved functional status of the retina? If
the macular pigments can improve vision through an optical
mechanism (e.g., by reducing photostress and glare discomfort or
disability; Stringham and Hammond, 2008) then supplementation
might be valuable even if it did not slow the disease progression. On
the other hand, the elderly veterans studied by Richer et al. may
represent a group with particularly deficient diets for whom
supplementation corrected frank nutritional deficiencies and
slowed disease progression. The ability to obtain accurate macular
pigment measures in AMD subjects will help to inform these and
other issues.
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