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PURPOSE. The authors investigated how individual differences in macular pigment (MP) density are
related to loss of visual sensitivity with age.

METHODS. Macular pigment and visual sensitivity of 27 healthy older subjects (aged 60 - 84 years)
were compared with data from 10 younger subjects (aged 24-36 years). Macular pigment density
was measured psychophysically with a centrally fixated stimulus 1° in diameter. Photopic incre-
ment sensitivity in the fovea was measured as thresholds for centrally fixated 1° stimuli on a bright
yellow background. Foveal sensitivity of the TT-1 mechanism driven by the S cones was measured
with 440-nm light. Photopic increment thresholds not determined by the TT-1 mechanism were
measured with 550-nm light. Sensitivity was specified at the photoreceptor outer segments by
individually correcting for psychophysically determined lens density and MP density. Dark-adapted
(scotopic) sensitivity of rod-dominated visual mechanisms was measured in the parafovea with
550-nm light at 8° retinal eccentricity.

RESULTS. Consistent with past reports, photopic sensitivity declined significantly with age for both
440-nm (P < 0.025) and 550-nm (P < 0.0003) light. For older subjects, photopic sensitivity was
positively related to MP density, although more strongly for 440-nm (P < 0.001) than for 550-nm
(P < 0.01) light. Parafoveal scotopic sensitivity of the older subjects was also positively related to
MP density (P < 0.02). Visual sensitivity of the young subjects was not significantly related to MP
density.

CONCLUSIONS. For subjects older than 60 years, visual sensitivity of those with high MP density was
not significantly different from that of young subjects. Conversely, older subjects with low MP
density had lower sensitivity than young subjects. Although this study cannot prove causality, the
results show that high MP density was associated with the retention of youthful visual sensitivity,
which suggested that MP may retard age-related declines in visual function. (Invest Ophthalmol Vis
Sci. 1998;39:397-406)

Two carotenoids, lutein and zeaxanthin, are selectively
accumulated by the retina in especially high concentra-
tions in and around the foveal depression, where they

are visible as the macular pigment (MP).1"5 MP may serve
several functions,6 but the one most frequently proposed for
more than a century is protection of the macula from light-
related damage.1"12 Haegerstrom-Portnoy13 originally tested
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the hypothesis that MP protects the macula by measuring
incremental thresholds at different retinal eccentricities in
younger and older subjects. With short-wavelength light cho-
sen to isolate the S-cone pathway, older subjects were signifi-
cantly less sensitive at all retinal loci except the central fovea.
Because MP density is highest at the foveal center,"' she pro-
posed that the "central sparing" of retinal function was caused
by the presence of MP. In a subsequent brief report, Haeger-
strom-Portnoy et al.15 found that the degree of sparing for
older subjects was positively related to MP density. These
results raised the intriguing possibility that dietary enhance-
ment of MP16 could protect the retina from age-related losses
of visual sensitivity.

Prevention of age-related sensitivity losses is of immediate
clinical interest, because it could reduce the incidence of
retinal disease. Losses in S-cone pathway sensitivity17"25 and in
scotopic sensitivity26'27 occur early in the progression of many
retinal diseases, including age-related macular degeneration
(AMD). If sensitivity losses can be prevented, then perhaps the
disease process can be delayed or prevented.

We are pursuing the hypothesis that MP protects the
retina from damage leading to macular disease. This idea is
supported by three separate lines of evidence. The first line of
evidence comes from epidemiologic investigations, some of
which have found that protection from AMD is conferred by
consumption of carotenoid-rich foods,28 especially foods rich
in the MP carotenoids lutein and zeaxanthin.29 In the largest
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study relating antioxidant nutrients in the blood to protection
against neovascular AMD,30 carotenoids were the most potent
protective factors. Because MP is positively related to dietary
intake and to blood concentrations of lutein and zeaxanthin,31

these results suggest that the reduction in risk for AMD is a
result of increased MP density. Unfortunately, epidemiologic
results are inconsistent and some studies do not find a protec-
tive effect of dietary or blood carotenoids,32'33 so other lines of
evidence relating MP to protection from AMD must be consid-
ered.

The second source of evidence is descriptions of patients
with localized retinal atrophy. The central fovea, where MP is
dense, is spared in many patients with geographic atrophy.34

Weiter et al.35 studied patients with a subcategory of central
sparing known as annular maculopathy. They concluded that
the extent of the spared region is related to the spatial distri-
bution of MP, suggesting that MP helps to preserve the fovea.

The third line of evidence linking MP with reduced mac-
ular disease comes from a series of studies in our laborato-
ry.

31,36,37 We have shown striking parallels between individual
differences in MP density and factors influencing risk for AMD.
Thus, lower MP density is associated with factors that increase
risk for AMD (smoking, female gender, and blue irises; re-
viewed by Snodderly6), and higher MP density is associated
with factors that decrease risk (high blood concentrations of
carotenoids, high dietary intake of lutein and zeaxanthin, and
dark irises).

The accumulated evidence suggests that MP may protect
against acquired retinal disease by reducing damage that oc-
curs as we age.613 In the present study, we used reduction of
visual sensitivity as a measurement of age-related damage in
older subjects who did not yet have frank retinal disease. Our
data confirmed and extended Haegerstrom-Portnoy's conclu-
sions1315 that subjects with higher MP are protected against
age-related losses in visual sensitivity. These results suggested
that MP or other nutritional factors associated with it may play
an important role in preventing retinal disease.

METHODS

Subjects

Data were collected from a sample of 37 nonsmoking subjects
recruited from the Boston area. Informed consent was ob-
tained from all subjects, and the tenets of the Declaration of
Helsinki were followed. There were 10 subjects (4 men and 6
women, aged 24 -36 years) in the young group and 27 subjects
in the older group (9 men and 18 women, aged 60-84 years).
Descriptive statistics for the age distributions are provided in
Table 1. Visual tests were performed on the right eye only.

All subjects reported that they were in good ocular health.
For most of the older subjects, an ophthalmic examination of
the right eye was performed by an experienced retina special-
ist to confirm that no undetected abnormalities were present.
The ophthalmic examination was performed on 23 of the 27
older subjects accepted in the study and included the following
procedures: stereo color fundus photographs, examination of
the retina by indirect ophthalmoscopy, measurement of in-
traocular pressure, and testing of visual acuity with best refrac-
tive correction and with a pinhole. Two of the older subjects
had best visual acuity of 20/40, and the visual acuity of all the
rest was 20/30 or better. On the basis of the clinical examina-
tion, 3 of the 30 older subjects initially recruited were ex-

cluded from the study. One excluded subject had a pupil too
small for reliable stimulation, and two excluded subjects had
regions of atrophy of the retinal pigment epithelium (RPE) of
which they were unaware.

Some of the older subjects accepted in the study had
detectable age-related ocular changes. Mild mottling of the RPE
or small focal RPE defects were not grounds for exclusion.
Small isolated drusen were present in three subjects, but no
confluent or elevated drusen were found. Three of the subjects
had previously had cataracts removed with implantation of an
intraocular lens, and two other subjects with intact lenses had
slightly hazy media indicating early cataractous changes. No
subjects had obvious cupping of the optic disc that would
indicate glaucomatous loss of optic nerve fibers, although two
subjects were using medication to control mild ocular hyper-
tension. When data from subjects with these clinically detect-
able ocular changes were compared with data from our other
subjects in the same age range, no clear pattern of differences
in visual sensitivity values was found. The only notable obser-
vation was that one 76-year-old woman, with small RPE defects
outside the central retina (defined by the region enclosed by
the large temporal vessels) and with hazy optic media had the
lowest sensitivity values of our sample. In the opinion of the
examining ophthalmologist, the age-related changes of all in-
cluded subjects were relatively minor, and the ocular health of
the older group was slightly better than would be expected
from a random sample of subjects older than 60.

Measurement of Macular Pigment Optical Density

A Maxwellian-view optical system with a xenon arc lamp
(Hanovia, Newark, NJ) was used for all psychophysical mea-
surements. The MP measurement technique will be described
briefly. For more detailed descriptions of the procedure, see
Werner and Wooten38 and Hammond et al.14; for details of the
apparatus see Hammond et al.31 A rotating, sectored mirror
alternately presented light from two channels of the optical
system at 12 to 15 Hz to form a flickering circular test stimulus
that was 1° in diameter. This test stimulus alternated in a
temporal square wave between a 460-nm measuring wave-
length at the peak of the MP absorption band and a 550-nm,
2.6-log Td, reference wavelength outside the MP absorption
band. The test stimulus was presented near the center of a
2.2-log Td, 460-nm circular background that was 10° in diam-
eter. The fields presenting the measuring and the reference
wavelengths were precisely superposed spatially by adjusting
the vertical and horizontal positioning of an achromatizing lens
for each subject. In addition, individual adjustments of the
flicker rate were often necessary to optimize performance,
especially for older subjects.

Our experimental procedure was designed to minimize
the contribution of the S-cone system to the MP measurements.
We adopted this approach so that the nonmonotonic spatial
distribution of the S cones39 and individual differences in
sensitivity of the S-cone pathways would not influence the MP
data. Two precautions were taken: First, the suppressive back-
ground adapting field was more strongly absorbed by the
short-wave than the middle- and long-wavelength cones. Sec-
ond, the stimulus flicker rate was a frequency near or above the
fusion frequency for the S-cone system, but well below fusion
frequency for the middle- and long-wavelength cone sys-
tems.40'41 The combination of these two conditions strongly
biased detection toward the middle- and long-wave sensitive
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cones, which were represented in equal ratios in the foveal and
parafoveal regions we tested.42

Subjects varied the radiance of the 460-nm measuring
wavelength of the test stimulus by adjusting a neutral density
wedge. They were instructed to achieve minimal flicker with
the 550-nm reference, whose radiance was constant. This pro-
cedure was performed in the foveal center (where MP is most
dense) and at a temporal eccentricity of 6° (where MP is
optically immeasurable). Taking the difference of the two sen-
sitivity measurements yields an optical density measurement
for MP. Measurements at each location were repeated five
times and were averaged for a final value.

MP density was measured on two different days (average
absolute change between sessions was 0.08, SD = 0.09). The
correlation between the two sessions was high (y = 0.06 +
0.90A:, r = 0.91, P < 0.0000001), indicating that our subjects
gave reliable data.

Measurement of Scotopic Sensitivity and
Estimation of Lens Density
The density of the ocular media was measured by comparing
the scotopic sensitivity of each subject to the rhodopsin spec-
trum. Scotopic thresholds were obtained in the parafovea us-
ing two channels of the Maxwellian-view system. One channel
provided a dim, yellow, 20-minute arc fixation point. A second
channel provided a 3° test stimulus at one of three wavelengths
(440, 500, or 550 nm). The wavelength distribution of the test
stimulus was produced by a grating monochromator (Model
HD426, nominal half-bandwidth of 8 nm; Bausch & Lomb,
Rochester, NY); blocking filters were used to eliminate stray
light and higher order spectra. These wavelengths were se-
lected for estimating media density because they were used for
measurement of visual sensitivity (described later), and a pre-
cise individual correction of the sensitivity values could be
made for each subject without assuming a standard spectral
curve for the ocular media. We assume that the measurements
of media density are dominated by the properties of the crys-
talline lens,43 and hereafter we refer to the measurements
simply as lens density. If the density of the lens was assumed to
be negligible, 550 nm was used as the reference wavelength ,44

The nature of the experimental task was explained and
demonstrated by using above-threshold stimuli. Then subjects
were dark adapted for 40 minutes. The right eye was tightly
patched to minimize possible exposure to stray light within the
darkened testing room.

Test fields were presented for 500 msec at 8° eccentricity
in the temporal visual field, which is sufficiently far from the
foveal center to avoid absorption by MP. As a check on the
state of the subject's dark adaptation, each subject was asked
to report the color of the test flash. All subjects reported
achromatic perceptions suggesting scotopic stimulation. Dom-
ination of thresholds by rods was verified (on two subjects) for
our experimental conditions by continuously tracking absolute
thresholds with 550-nm light to demonstrate a clear rod-cone
break after approximately 6 minutes of dark adaptation.

Once dark adapted, the subjects were instructed to stare
directly at the yellow fixation point, while the test stimulus was
flashed 8° in their temporal visual field. Each subject activated
a buzzer to signal that they had seen the flash; they did nothing
if the flash was not seen. Subjects were verbally alerted to
expect a test flash immediately before the presentation of the
stimulus. Subjects were instructed to press the buzzer twice if
they were unprepared (e.g., because of blinking) for the test

exposure. Test stimuli of different intensities were presented
in random order (within a constricted range determined by the
method of limits) to derive a range of detection probabilities.
Scotopic thresholds were determined as the 50% detection
level.

The scotopic sensitivity values were converted into esti-
mates of lens optical density in the following manner. First, the
log relative sensitivity values were converted to a quantal basis.
Next, these values and extinction coefficients from the rho-
dopsin spectrum (also specified on a quantal basis) were
equated at 550 nm. The log relative sensitivity values at 440 nm
and 500 nm were then subtracted from the rhodopsin extinc-
tion coefficients. The resultant values were assumed to repre-
sent the in vivo optical density of the lens at 440 nm and 500
nm. The measurements of the absorption spectrum of human
rhodopsin were supplied in tabular form by the late Paul
Brown (Harvard Biological Laboratories) to one of the coau-
thors (BRW). These data are available in graphic form in Wald
and Brown.45

Measurement of Photopic Increment Sensitivity

It is generally accepted44'46 that the S cones are the primary
photoreceptor input to the short-wave peak of the TT-1 system
of Stiles.47 We measured S-cone pathway sensitivity by the
method of Wooten and Wald,48 who showed that selective
adaptation to a yellow background isolates the TT-1 system
throughout a wide range of retinal eccentricities. We chose to
measure sensitivity of the TT-1 system because it can be isolated
across a fairly wide range of adapting conditions, which are
similar to those used in standard blue-on-yellow perimetry.49'50

Unlike perimetric studies, however, we present the stimulus in
Maxwellian view, which eliminates effects of variations in
pupillary diameter.

Two channels of the Maxwellian-view system were used
for our measurements. Light in one channel passed through a
glass filter (Corning 51300; Oriel, Stratford, CT) to provide a
yellow, 10° background of sufficient intensity (32 log Td) to
isolate the S-cone system. This filter transmitted light longer
than 520 nm but almost completely blocked shorter wave-
lengths (<500 nm). Subjects became adapted to this field for 2
minutes before each test condition. To assist subjects in main-
taining fixation, two small (6') opaque dots were placed 1.5°
apart on the vertical meridian in the path of the light that
formed the yellow background field.

Increment thresholds for 440-, 500-, and 550-nm light
were obtained with a 1° stimulus presented for 500-msec test
exposures in the center of the field. Obtaining data at two
wavelengths within the TT-1 spectral band (440 nm, peak; 500
nm, mid-shoulder)44 allowed us to confirm that we isolated the
TT-1 mechanism for each subject (log relative sensitivity to
440-nm light was always at least 35% higher than sensitivity to
500-nm light after correction for preretinal filtering). Log rela-
tive sensitivity to 550-nm light was measured to sample the
sensitivity of a non-7r-l mechanism. The procedure for deter-
mining psychometric functions and thresholds was the same as
that described above for scotopic thresholds. Figure 1 demon-
strates that the sensitivity values we obtained were consistent
with the expectation that the sensitivity at 440 nm would be a
good measurement of the TT-1 mechanism and that the sensi-
tivity at 550 nm would not be determined by TT-1 (sensitivity
values were converted to a quantal basis for this comparison).
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FIGURE 1. Averaged foveal sensitivity values at three wave-
lengths (•) for our young group compared to the published TTt
curve of Stiles (continuous line).43 For this comparison, cal-
culations are based on energy incident on the cornea, because
that is how the Stile's data were reported. The error bars
indicate the standard error of the mean.

One advantage of determining both MP and lens density is
the ability to specify our visual sensitivity with respect to light
arriving at the photoreceptor outer segments. Note that sensi-
tivity was measured at 440, 500, and 550 nm, but MP density
was measured at 460 nm, so our corrections for MP density at
440 nm and 500 nm were estimated from the values at 460 nm
by using the published absorbance spectrum for MP.1'44

RESULTS

Descriptive statistics for the measured ocular variables of the
young and the older groups are presented in Table 1. Although
possible confounding by sex and iris color were considered,6

no statistically significant effects caused by these variables
were found. Unless indicated otherwise, all analyses involving
foveal photopic sensitivity to 440-nm light (Fov440) were con-
ducted on values specified at the photoreceptors by correcting
for lens density and for absorption by MP. Results are also
provided for photopic sensitivity to 550-nm light (Fov550) and
scotopic parafoveal sensitivity to 550-nm light (PFScot550).
Because lens density and MP absorption are negligible at 550
nm, sensitivity values at 550 nm required no corrections.

Although current smokers were excluded from this study,
63% of the older group smoked in the past. These subjects
smoked an average of 25.3 years (SD = 16.8 years) and quit
smoking an average of 27.7 years before our measurements
(SD = 152 years). None of the results reported here were
clearly related to smoking history, but separate measurements
of photopic increment sensitivity to 550-nm light at 6° eccen-
tricity were related to the number of years smoked (r = —0.41,
P < 0.05). For the same data, there was also a trend between
the number of years elapsed after smoking cessation and sen-
sitivity (r = 0.34, P < 0.09). These findings raised the possi-
bility that smoking is related to reduced sensitivity of some
visual mechanisms. Furthermore, sensitivity may slowly re-
cover when smoking ceases. Further research is needed to
assess the possible influence of smoking on visual sensitivity.

Loss of Retinal Sensitivity with Age

The relationships between age and corrected photopic incre-
ment sensitivity for all subjects are illustrated in Figure 2. As
expected from earlier work,51 ~54 both Fov440 (r = -0.37, P <
0.015) and Fov550 (r = -0.56, P < 0.0003) were inversely
related to age. One statistical outlier was removed from analy-
ses involving sensitivity to 550-nm light. The sensitivity of this
subject to 550-nm light was more than 6 SD below the norm
for her group, despite normal sensitivity at 440 nm and 500
nm. Unfortunately, this subject could not be retested because
she was already enrolled in a study on experimental modifica-
tion of MP density.

From the slope of the least squares regression line, it can
be estimated that subjects lose an average of 0.10 log sensitivity
per decade of life at 440 nm and 0.07 per decade of life at 550
nm, which is in good agreement with the results of Werner and
Steele52 and Johnson et al.51 In addition, there was increased
intersubject variability of photopic sensitivity for shorter wave-
lengths (Table 1) for older subjects, as previously reported.47'52

We also evaluated the relationship between age and
scotopic sensitivity (Fig. 3). Although there was a tendency for

TABLE 1. Descriptive Statistics for Macular Pigment, Lens Density, Photopic Sensitivity at 440 nm and 550 nm, and
Scotopic Parafoveal Sensitivity at 550 nm across Age Cohorts

Young group
Older group

n

10
27

Age

range

24-36
60-84

M

29
72

SD

3.5
7

Macular
Pigment
(460 nm)

M SD

0.40 0.26
0.46 0.29

Lens
Density

(440 nm)

M SD

0.73 0.27
1.24 0.32

Fov440

M

3-30
3.05

SD

0.43
0.53

Fov550

M

0.95
0.67

SD

0.17
0.25

PFScot550

M

4.59
4.49

SD

0.50
0.53

* M, mean; SD, standard deviation.
Macular pigment and lens density are given in optical density units. Photopic sensitivity values at 440 nm (Fov440) is given in log relative

sensitivity units and are corrected for macular pigment and lens density. Photopic sensitivity at 550 nm (Fov550) and parafoveal scotopic sensitivity
(PFScot550) are also given in log relative sensitivity units.
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FIGURE 2. The relationship between age and corrected log
foveal increment sensitivity to 440-nm test lights (y = 3.68 —
0.01*, r = -0.37, P < 0.015) and 550-nm light (y = 1.18 -
0.007x, r = -0.56, P < 0.0003) presented on an intense
yellow field. The 440-nm light stimulated the TTX mechanism
driven by the S cones, and the 550-nm light stimulated a
mechanism driven by other cone types.

PFScot550 to decrease with age, the decline was not statisti-
cally significant (r = —0.19, P < 0.11), unlike the significant
age-related losses reported by others.55'56 The weaker age
relationship in our scotopic data may have been a result of the
fact that our older subjects were recruited from a health-
conscious group participating in biomedical studies in the
Boston area. The older subjects were all from higher socioeco-
nomic backgrounds and worked indoors most of their lives.
Thus, the age-related changes reported here may be underes-
timated because of a selection bias for unusually healthy older
subjects. On average, the older subjects had high densities of
MP compared to subjects in past studies31'57"59 and slightly
(but not significantly) higher densities than the young subjects
of the present study (see Table 1).

To determine whether loss of visual sensitivity with age
was related to MP density, we classified subjects as having low
or high MP densities. This classification was done by rank
ordering subjects according to their MP density and then seg-
regating them into two groups of approximately equal size.
Subjects with "low" MP had MP densities ranging from 0 to
0.39, subjects with "high" MP had MP density ranging from
0.40 to 0.97. The two groups were nearly the same mean age
(low MP = 598 ± 22.2 years; high MP = 60.8 ± 16.9 years).

Using Student's f-test, we found that mean Fov440 was
significantly lower (P < 0.01) in the group with low MP
(2.78 ± 0.77) than in the group with high MP (3.29 +/ =
0.46). Moreover, as shown in Figure 4 (upper part), the regres-
sion lines relating Fov440 and age were significantly different
for the two MP groups (P < 0.05). The line relating age and
Fov440 for subjects with high MP was essentially horizontal,
indicating preservation of visual sensitivity for the older sub-
jects with high MP levels. Conversely, the line relating age with
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foveal sensitivity to 440-nm light (upper panel) and 550-nm
light (lower panel) for subjects classified as having low and
high MP density. Low MP density was denned as ranging from
0 to 0.39. High MP density ranged from 0.40 to 0.97. The line
relating age and Fov440 for subjects with high MP (y = 3.29 —
O.OOx, r = -0.05, P < 0.84) was essentially flat. Conversely,
the slope of the line relating age with Fov440 for subjects with
low densities of MP was negative (y — 3-89 ~ 0.02a;, r =
-0.54, P < 0.007), suggesting age-related loss. The two sub-
jects in the low MP group with the lowest sensitivity might be
considered outliers, but excluding them from the analysis does
not change the outcome. In fact, the correlation was slightly
higher, and the relationship was still statistically significant
(y = 3-7 - O.OLv, r = -0.61, P < 0.05). For Fov550, there was
a smaller age-related decline in sensitivity for both the low MP
group (y = 1.19 - 0.009, r = -0.71, P < 0.0001) and the high
MP group (y = 1.13 - 0.005x, r = -0.43, P < 0.03).

Fov440 for subjects with low densities of MP had a significant
negative slope, suggesting age-related loss.

Similar, but quantitatively smaller tendencies are seen in
the foveal increment sensitivity for 550-nm light (Fig. 4, lower
part). There was a greater decline in sensitivity for subjects
with low MP than for those with high MP. However, the
regression lines for the high and the low MP groups are not
significantly different with this number of subjects.

Possible Accelrations in Age-Related Changes of
Visual Parameters

In the previous section we showed linear regressions for the
entire age span that we tested (22-84 years). We also consid-
ered the possibility, however, that age-related changes in the
variables studied were nonlinear. To assess this possibility, we
reanalyzed the data for only those subjects 60 to 84 years of
age. We found that, for all variables tested, the slope of the
functions increased: The decline with age of FOV440 increased
from a slope of -0.01 (P < 0.015) to -0.03 (P < 0.02);
FOV550 increased from -0.007 (P < 0.0003) to -0.016 (P <
0.01); and PFScot550 increased from -0.005 (P < 0.125) to
0.036 (P < 0.036). These results suggest that losses in visual
function may be more rapid in later years, and they point to the
need to follow individual subjects over time to confirm this
interpretation.

Consistent with past studies,59 we did not find an age-
related decrease in MP density when considering our entire
sample from 22 through 84 years of age (y = 0.45 + O.OOx).
We did, however, note a significant decrease in MP with age
when considering only subjects older than 60 years (y =
1.82 - 0.019*, r = -0.45, P < 0.01). Obviously, if MP is
protective, it will be important to confirm this finding in other
populations and to understand the reasons for the age-related
decline of MP in this vulnerable period of life.

Macular Pigment Density and Preserved Visual
Sensitivity

Further evidence that MP is associated with the preservation of
visual sensitivity emerged from examining correlations among
the measurements for the older group (Table 2). A highly
significant positive relationship was found between MP density
and Fov440 (r = 0.53, P < 0.002). Because Fov440 was
corrected for lens and MP density, we considered whether the
corrections themselves could have produced the positive rela-
tionship. This possibility is unlikely because MP density is
positively related to the visual sensitivity values even before
any corrections (r = 0.27) or when only corrected for lens

TABLE 2. Pearson Product Moment Correlations Between Ocular Variables for Subjects from 60 to 84 Years of Age

MP460 UFov440 Fov550 Fov440 PFScot550

MP460
UFov440
Fov550
Fov440
PFScot550

1.0
.27
.49***
.53***
.40**

1.0
.57***
.85***
.30

1.0
.57*
.29

1.0
.32* 1.0

Asterisks indicate those relationships that are significant at the ***P < 0.001, **P < 0.01, and *P < 0.05 levels.
MP460, macular pigment optical density measured at 460 nm; UFov440, log foveal photopic sensitivity at 440 nm, uncorrected; Fov550, log

foveal photopic sensitivity at 550 nm; Fov440, sensitivity at 440 nm corrected for light loss resulting from lens and MP density also at that
wavelength; Fov500, sensitivity at 500 nm corrected for light loss resulting from lens and MP density also at that wavelength; PFScot550, parafoveal
scotopic sensitivity measured at 550 nm.
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density (r = 0.18). Because MP absorbs short-wavelength light,
it should be negatively related to uncorrected sensitivity unless
it is associated with higher visual sensitivity. The effects of the
stages in the correction procedure are illustrated in Figure 5.
These graphs show that the corrections for MP enhance and
clarify the relationship but do not artifactually create it.

The relationship between MP density and foveal sensitiv-
ity at 440 nm and 550 nm was primarily a result of influences
within the older group. As shown in Figure 6, MP density and
Fov440 (r = 0.11) or Fov550 (r = 0.18) were not significantly
related in the young group. Conversely, for the older group,
MP density was more strongly related to both Fov440 (r =
0.53, P < 0.002) and Fov550 (r = 0.49, P < 0.005). Although
the correlations with MP density for Fov440 and Fov550 were
similar, the slope relating MP density and Fov440 (1.10) was
greater (P < 0.05) than the slope relating MP density to Fov550
(0.42). Note that older subjects with high MP density were as
sensitive as young ones, suggesting that high densities of MP or
some associated factor(s) effectively retarded the sensitivity
losses usually associated with aging.

We also examined the relationship between PFScot550
and MP density (Fig. 7). Note that neither lens nor MP absorbed
appreciable amounts of 550-nm light. Moreover, absorption of
light of all wavelengths by MP was negligible in the parafoveal
region where we measured scotopic sensitivity. Nevertheless,
MP density was positively related to PFScot550 for the older
group (r = 0.40, P < 0.02) but not the younger group (r =
0.20, P < 0.29). These scotopic results have at least two
possible interpretations: MP has a protective effect that ex-
tends beyond passive filtering of blue light6 or MP is a marker
for personal characteristics or healthy lifestyles that preserve a
wide range of visual functions with aging.

In either case, these results should motivate controlled
trials to test whether age-related losses of visual sensitivity
could be retarded by improved nutrition and modest alter-
ations in life cycle.

DISCUSSION

Loss of Visual Sensitivity with Age

Consistent with past reports,51"54 we found a significant age-
related decline in foveal sensitivity to 440-nm and 550-nm light.
However, it appears that some older subjects undergo little
age-related loss, and the decline in the general population may
be strongly influenced by subjects who have substantial loss.
This suggestion is consistent with data showing that the retinas
of some subjects exhibit only minor anatomic changes with
age.60'61 Our measurements of visual sensitivity indicated that
some of the protection against age-related sensitivity losses was
linked to MP. As shown in Figure 4, subjects with high MP
density were as sensitive to 440-nm increments as young sub-
jects, whereas subjects with low MP density showed a marked
reduction in sensitivity compared to the young group.

For individual differences in MP density to explain these
effects, we must assume that our measurements of MP repre-
sent the state of the retina for time periods sufficient to have a
functional impact. Consistent with this assumption, we14 have
obtained longitudinal data (for subjects 22-55 years of age) for
periods ranging from 1 to 16 years showing that differences in
MP density among subjects are maintained for long time peri-
ods, as long as the diet does not change markedly.
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FIGURE 5. Effects of corrections used to specify log sensitivity
to 440-nm light at the photoreceptors. The top panel shows
the relationship of MP density to log relative uncorrected
sensitivity (UFov440). The middle panel shows the relation-
ship of MP density to the same sensitivity values corrected for
lens density only. The bottom panel shows the relationship
between MP density and the sensitivity values corrected for
both lens density and MP density. The relationship between
MP density and corrected foveal sensitivity (FOV440) illus-
trated in the bottom panel was significant (y = 2.47 + 1.10a-,
r = 0.53, P < 0.002). Moreover, the statistical significance was
maintained even when the two subjects with the lowest sen-
sitivity were excluded from the analysis (y = 2.71 + 0.76x, r =
0.49, P < 0.01).

Similar to results of past studies,3'59 we found no age-
related decline in MP density when considering subjects in
most of the age range (22-84 years, slope = 0). We did,
however, find a significant age-related decline (P < 0.01) in MP



404 Hammond et al. IOVS, February 1998, Vol. 39, No. 2

• >

S
ltl

c
0
(0

76
CD

D)
.g

0+"*
o
CDv_

oO

4.0-

3.5-

•

3.0-

2.5-

-

2.0-

1.5-

1.0-

0.5-

0.0-

Age = 24-36 *

•

Age = 60-84

•

o °o

0 0 D_O

& D

O

m

" 440 nm

•
•

550 nm Age =

« • 24-36J

a Age =

60-84

0.0 0.2 0.4 0.6 0.8 1.0

Macular Pigment Optical Density (460 nm)

FIGURE 6. Relationship between MP density and foveal sensi-
tivity for young (24-36 years) and older (60-84 years) sub-
jects. A positive relationship was found between MP density
and corrected log photopic sensitivity at 440 nm for the older
group (y = 2.47 + 1.10*, r = 0.53, P < 0.002). The data for
this relationship are represented by the solid squares and the
dotted line in the upper region of the graph. A positive rela-
tionship was also found between MP density and log photopic
increment sensitivity to 550 nm light (y = 0.48 + 0.42x, r =
0.49, P < 0.005). The data for this relationship are indicated by
the open squares and the dotted line in the lower part of the
graph. Conversely, the relationships for the younger group
(indicated by filled and open circles and solid line) were not
significant.

density when only subjects older than 60 years were analyzed
(slope = —0.019). Concomitantly, our data indicated the pos-
sibility of accelerated declines in visual sensitivity for the older
group (>60 years). The slope of the lines relating aging and
visual sensitivity increased by a factor of 3 for FOV440 and a
factor of 2 for FOV550. The decline in PFScot550 increased by
a factor of 7. Although this pattern of accelerating changes,
beginning at approximately 55 to 60 years, has often been
noted for age-related increases in lens optical density,62"65 the
time course of age-related changes has not been as thoroughly
investigated for visual sensitivity. Nevertheless, there are sug-
gestions in the literature that an acceleration of losses takes
place with age. For example, of the published studies relating
age and FOV440, the rate of loss is highest for the study that
only included subjects older than 60 years,54 compared with
other studies that considered subjects over the entire life
span.5152

The fact that MP and visual sensitivity decline more rap-
idly for our older cohort suggests that these changes are con-
nected, and the relationship should be further explored. If the
retina is more vulnerable to damage as we age, then declines in

protective agents such as MP could have more severe func-
tional consequences.

Macular Pigment Density and Preserved Visual
Sensitivity

The main finding in the present study was a direct relationship
between MP density and preservation of visual sensitivity. For
ages 60 through 84 years, a positive relationship was found
between MP density and all three measures of visual sensitivity
(Fov440 [P < 0.002], Fov550 [P < 0.003], and PFScot550 [P <
0.02]). The effect of MP density was age dependent; no signif-
icant relationships were found between MP density and visual
sensitivity measurements for the young subjects.

Within the fovea, MP screens the photoreceptors and the
RPE from short-wavelength light that is especially damaging to
tissues.8'9 The sensitivity losses that occur with age (Fig. 2)
appear to be greatest in the system fed by the S cones, which
are killed by blue light exposure more readily than other cone
types.66 Moreover, S cones are present in regions of the retina
where absorption by MP can reduce short-wave (460-nm) light
exposure of the photoreceptor outer segments by as much as
96%.l4 Although this protection should be especially effective
for S cones, some protection should be provided for other
photoreceptor types as well.2

The fact that MP is associated with parafoveal scotopic
sensitivity suggests that MP is more broadly related to the
health of the retina and to local screening effects in the fovea.
The macular pigment carotenoids are present throughout the
retina, although their concentration declines with distance
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FIGURE 7. The relationship between MP density and log
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older group (r = 0.40, P < 0.02; filled squares, solid line).
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from the foveal center.3"5 Nevertheless, biochemical data indi-
cate that the amounts of carotenoids in the central retina are
correlated with the amounts in surrounding regions.5'67 There-
fore, our psychophysical measurements of MP in the center are
also useful indicators of individual differences in carotenoid
content of the parafoveal retina. Furthermore, a large fraction
of the carotenoids in the peripheral retina is located in the rod
outer segments,68 and its function there may be to protect
scotopic function.

The state of the RPE may be another important factor, but
recent data suggest low RPE carotenoid content in human
RPE.68 Similarly, in our studies of monkey retinas,69 we found
that at least 95% of the carotenoids in the retina-RPE complex
were in the retina.

Although the strong relationship between MP density and
visual sensitivity is consistent with prevention of retinal dam-
age by MP, the evidence is correlative and open to other
interpretations. An alternative explanation would be that cell
loss with aging reduces MP density and visual sensitivity at the
same time, thus creating a spurious relationship. MP is found in
high densities in the region of the cone axons.2 Consequently,
loss of cones with aging may be expected to produce decre-
ments in MP. However, anatomic studies find only slight loss of
cones with aging60'70'7' so the effects on MP density should be
small. Note that our psychophysical methods cannot deter-
mine whether sensitivity loss is caused by photoreceptor loss;
the sensitivity loss may be a result of shortening of the photo-
receptor outer segments, less efficient phototransduction, or
compromised function of interneurons, and so on.

Finally, MP may be serving as a biomarker linked to a
healthy life cycle. For example, MP is positively correlated with
blood concentrations of lutein and zeaxanthin,31 which have
been shown to be good biomarkers of the overall intake of
fruits and vegetables.72 In addition, MP is lower in smokers,37

and smoking could have other deleterious effects on the retina.
Because MP density appears to be a relatively stable personal
trait,14 it may be determined by long-term patterns of health-
related behaviors that could influence visual sensitivity. Ulti-
mately, the specificity of protection of visual sensitivity will
have to be assessed by experimental manipulation of MP16 and
long-term follow-up of its effects on age-related changes in
visual function.

Clinical Implications
Cross-sectional data have shown that losses in retinal sensitivity
precede and predict the development of retinal diseases such as
AMD.17"27 In fact, the available evidence indicates that reduced
visual sensitivity may predict the development of advanced
AMD19 with higher accuracy than fundoscopic indicators such as
drusen.26'27 If lower sensitivity is an accurate indicator of retinal
changes signaling approaching disease, then our data prompt the
question: Could increasing MP density retard losses in sensitivity
and reduce the probability that mildly impaired subjects would
advance to frank disease? For example, it is possible that, by
improving protection, retinal or RPE cells that may be damaged,
but are still viable, could recover.

Although it is conceivable that subjects showing sensitiv-
ity losses could benefit from enhancement of MP, it would
obviously be preferable to prevent losses before they occur.
Consideration of nutritional status, including MP, should be a
part of health maintenance activities. In fact, MP density may
be a useful indicator of overall ocular health because MP
density correlates with preservation of clarity of the crystalline

lens73 and the sensitivity of the retina. If a subject has low MP
density, a recommendation to achieve adequate intake of car-
otenoid-rich fruits and vegetables would, in our opinion, be
justified. Smoking should be vigorously discouraged.6'37 Coun-
seling patients in this manner to protect vision would be
consistent with public health recommendations designed to
prevent systemic diseases.
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