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Comparison of macular pigment optical density in patients with dry and wet 
age‑related macular degeneration

Ayhan Ozyurt, Nilufer Kocak, Pınar Akan1, Ozlem Gursoy Calan1, Taylan Ozturk, Mahmut Kaya, 
Eyup Karahan2, Suleyman Kaynak

Aim: The aim of the study was to evaluate the macular pigment optical density  (MPOD) levels in 
patients with wet age‑related macular degeneration  (AMD), dry AMD, and also in healthy controls. 
Settings and Design: This study was conducted at Department of Ophthalmology, and the study design 
was a prospective study. Patients and Methods: Forty‑eight patients with wet AMD, 51  patients with 
dry AMD, and 50 controls were included in the study. All patients were naive to both previous lutein or 
zeaxanthin administration and any previous intravitreal injections. Fundus reflectance  (VISUCAM 500, 
reflectance of a single 460  nm wavelength) was used to measure the MPOD levels. Three groups were 
compared regarding age, gender, serum lutein, and zeaxanthin concentrations as well as MPOD levels. 
Results: Serum lutein and zeaxanthin levels were significantly higher in control group when compared with 
wet AMD (Group 1) and dry AMD (Group 2) (P = 0.001 and P < 0.001, respectively). Mean MPOD was found 
to be similar in all of the three study subgroups (P = 0.630). However, maximum MPOD was significantly 
higher in control group when compared with Group 1 and 2 (P = 0.003). There was no correlation between 
serum lutein or zeaxanthin concentrations and mean MPOD levels  (P  =  0.815, r  =  0.014 and P  =  0.461, 
r  =  0.043, respectively), but there was a weak correlation between serum zeaxanthin concentration and 
maximum MPOD level (P = 0.042, r = 0.124). Maximum MPOD level was found to be correlated with the 
level of AMD (Group 1, 2, and 3; r = 0.184, P = 0.041). Conclusion: Maximum MPOD level was found to be 
lower in patients with AMD when compared with control cases. Mean MPOD and maximum MPOD levels 
were similar in wet and dry AMD Groups. These results can be applied clinically keeping in mind that 
MPOD measurements with one wavelength reflectometry may not be completely reliable.
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Age‑related macular degeneration (AMD) is the advanced form 
of age‑related maculopathy (ARM) and is the leading cause 
of blindness in the elderly.[1] There is a general consensus that 
cumulative oxidative damage is responsible for aging and may, 
therefore, play an important role in the pathogenesis of AMD. 
Oxidative stress, which refers to cellular damage caused by 
reactive oxygen intermediates (ROI), has been implicated in 
many disease processes, especially age‑related disorders. ROIs 
include free radicals, hydrogen peroxide, and singlet oxygen, 
and they are often the byproducts of oxygen metabolism.[2,3] 
Oxidative stress is a major risk factor for the pathological 
development of retinal diseases and vision impairment.

The macular pigment (MP) consists of xanthophyll, which 
is formed from the yellow carotenoid lutein, zeaxanthin, 
and meso‑zeaxanthin. Located in the Henle fibers and in 
the inner plexiform layer, the highest MP density is found 
in the fovea.[4,5] These pigments play an important role in 
protecting the retina against oxidative stress through different 
mechanisms.[6]

Various epidemiological studies have shown a varying 
association of AMD and MP although some authors reported no 
significant effect of MP levels on the development of AMD.[7‑10] 
Several studies have found no protective effect of in  vivo 
measured MP optical density (MPOD) on different stages of 
ARM.[11‑15] Berendschot et al.[16] did not find differences in MPOD 
between normal eyes and those with different stages of ARM. 
Data from the Carotenoids in Age‑Related Eye Disease Study, 
the Blue Mountain Eye Study, and the Age‑related Eye Disease 
Study (AREDS) provide evidence that low dietary intake of 
lutein and zeaxanthin is associated with an increased risk of 
AMD. Although no consensus has still been ensured on this 
issue, decreased MPOD levels are thought to be associated 
with the increased risk for the development of AMD.[7,10,13,15‑17] 
More recently, AREDS‑2 research group revealed that addition 
of more lutein and zeaxanthin concentrations to the AREDS 
formulation was not found to be related to decreased risk of 
AMD progression.[18] Furthermore, the dry and wet subtypes 
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of AMD may have different etiologies and risk factors, and 
the need to examine MP in wet AMD separately has been 
emphasized.[19]

A variety of techniques can be used to estimate 
the MPs; heterochromatic flicker photometry, fundus 
reflectometry, fundus autofluorescence, and resonance Raman 
spectroscopy.[5] In our study, MPOD was measured by means 
of fundus reflectometry using the one‑wavelength reflection 
method (VISUCAM 500; Carl Zeiss Meditec AG, Jena, Germany). 
Hammer et al.[14] found a good correlation between this OD 
measurement of the MP using one‑wavelength reflectometry 
and the single OD measurement with autofluorescence. The 
aim of this study was to compare the MPOD levels in patients 
with wet and dry AMD as well as in healthy control cases.

Patients and Methods
Forty‑eight patients with wet AMD, 51 patients with dry AMD, 
and 50 controls were included in the study. The Institutional 
Review Board approved the study, and fully informed consent 
was obtained from each participant (approval date and number: 
August 10, 2012, and 753GOA). The protocol followed the 
tenets of the Declaration of Helsinki. All study participants 
underwent a complete ophthalmic examination including 
the best‑corrected visual acuity (BCVA) assessment, slit‑lamp 
biomicroscopy, and fundus examination.

The wet AMD group  (Group  1) consisted of 48  patients 
with exudative AMD in at least one eye. In patients with the 
diagnosis of bilateral exudative AMD, the eye with the better 
BCVA was selected for the study. The right eye was selected in 
case of the presence of equal BCVA in both eyes. The diagnosis 
of AMD was set and confirmed subjectively through clinical 
examination and objectively through spectral domain optical 
coherence tomography, color fundus photography, and 
fluorescein angiography. Group 2 consisted of 51 patients with 
bilateral involvement of early and intermediate (Stages 2 and 3 
according to the AREDS I) subtype of dry AMD. When both eyes 
were eligible for enrollment, the right eye was preferred for the 
study. Group 3 included fifty elderly phakic patients without 
AMD or other retinal pathology in whom MPOD assessment 
was managed to be performed clearly. Healthy controls had no 
signs of AMD in either of the two eyes, and the right eye was 
preferred for the study in the participants whose both eyes were 
eligible for enrollment. All patients were naive to previous lutein 
or zeaxanthin administration and to any previous intravitreal 
injections. The patients having any ocular pathology other 
than AMD and those who underwent vitreoretinal surgery and 
retinal laser photocoagulation were excluded from the study.

Macular pigment optical density measurements
The optional MP density module for VISUCAM 500 was 
used reflectance of a single 460 nm wavelength based on 
a single blue‑reflection fundus image to determine MPOD 
and its spatial distribution. A shading correction is used that 
approximates the reflectance of the fundus in the absence of 
MP. It is based on a three‑dimensional parabolic function 
automatically fitted to fundus reflectance at peripheral 
locations. The participant was positioned in front of the 
fundus camera and instructed to look at a target inside. The 
fundus was illuminated by a monochromatic blue light. Four 
MPOD parameters were automatically calculated: maximum 
OD (MPOD measured at the peak), mean OD (mean MPOD 
within the measurement area), area  (area where MP could 
be detected), and volume (sum of all ODs, as recommended 
by the manufacturer). Mean MPOD and maximum MPOD 
measurements of each eye were noted and statistically 
analyzed. BCVA was converted to the logarithm of the 
minimum angle of resolution (logMAR) and averaged.

Statistical analysis
Statistical analyses were performed using SPSS Windows 
version 15.0 (SPSS Science, Chicago, IL, USA). The normality of 
distribution was checked for all factors by Kolmogorov–Smirnov 
analysis. The data in the study followed normal distribution, 
and hence the parametric tests were used to determine 
significance. Univariate comparisons between Groups  1, 2, 
and 3 were made using Chi‑squared test of independence for 
the categorical variable such as sex, whereas one‑way ANOVA 
was used to compare average ages, serum lutein concentration, 
serum zeaxanthin concentration, and MPOD levels between 
the study groups. The relation of age with serum lutein 
concentration, serum zeaxanthin concentration, and MPOD 
levels was analyzed with linear regression analysis. The relation 
of MPOD measurements with age, gender, degree of AMD 
serum lutein, and zeaxanthin concentrations was evaluated 
with correlation analysis. P < 0.05 was considered statistically 
significant.

Results
Three study groups were not different with regard to age 
and gender (P  =  0.066 and P  =  0.161, respectively). The 
baseline characteristics of the study population are shown 
in Table  1. Age was not found to be correlated with serum 
lutein concentration, serum zeaxanthin concentration, mean 
MPOD level, and maximum MPOD level (P = 0.773, P = 0.344, 
P = 0.543, and P = 0.541, respectively). No statistical correlation 
was found between such parameters and gender in our study 

Table 1: Demographics of study participants

Group 1
Wet AMD (n=48)

Group 2
Dry AMD (n=51)

Group 3
Control (n=50)

P

Age 69.3±11.3 71.5±6.8 69.2±9.1 0.066*

Gender (female/male) 27/21 28/23 28/22 0.161**

Serum lutein concentration 0.327±0.111 0.328±0.181 0.336±0.032 0.021*

Serum zeaxhantin concentration 0.487±0.022 0.494±0.031 0.581±0.044 0.0001*

Mean MPOD level 0.157±0.689 0.148±0.035 0.155±0.737 0.630*
Maximum MPOD level 0.364±0.067 0.373±0.079 0.399±0.068 0.004*

There was a significant effect of maximum MPOD level on AMD P<0.05 level for the three groups (Tukey post hoc test; F(2,296)=5.71, P=0.004). *ANOVA, 
**Chi‑square test. MPOD: Macular pigment optical density, AMD: Age‑related macular degeneration
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population  (P  =  0.251, P  =  0.152, P  =  0.848, and P  =  0.167, 
respectively).

Serum lutein and zeaxanthin concentrations were 
significantly higher in control group when compared with 
Group 1 and 2 (P = 0.021 and P < 0.0001, respectively). However, 
the serum lutein and zeaxanthin concentrations did not differ 
significantly between the Group  1 and Group  2  patients 
(P > 0.05 for each). Mean MPOD level was found to be similar 
in three groups  (P  =  0.630); however, maximum MPOD 
level was significantly higher in control group [Fig. 1] when 
compared with Group 1 and 2 [Fig. 2] (P = 0.003). Correlation 
analysis revealed that mean MPOD level had no relation with 
age, gender, serum lutein and zeaxanthin concentrations, or 
the level of the AMD. Moreover, there is our study that did 
not find any relationship between maximum MPOD level 
and serum levels of lutein and/or zeaxanthin. The logMAR 
level of BCVA had a low negative correlation with maximum 
MPOD (Spearman’s r = −0.23; P < 0.0001), but no significant 
correlation was found with the mean MPOD. A  significant 
correlation between BCVA and serum zeaxanthin was found 
(r = −0.37, P < 0.0001), but no significant correlation was found 
with serum lutein.

The level of the AMD was the most effective parameter on 
maximum MPOD (P = 0.041). Correlation analysis for mean 
MPOD and maximum MPOD levels is shown in Table 2.

Discussion
There is a growing body of evidence in support of the view 
that MP protects against AMD.[20] Several epidemiologic 
studies have indicated that lutein and zeaxanthin intake is 
associated with a lower risk of AMD development; however, 
the findings are inconsistent.[19,21,22] A previous meta‑analysis 
concluded that no significant relationship was found between 
the dietary intake of lutein and zeaxanthin and early AMD, 
whereas an increase in the dietary intake of these carotenoids 
was reported to be associated with a 26% risk reduction in late 
AMD progression, suggesting that lutein supplementation may 
be more effective in preventing the progression from early to 
late stage of AMD.[23]

The hypothesis that MP protects against ARM is based 
on the assumption that MP acts as a direct antioxidant role 
as well as a filter for blue light and high energy radiation in 
the human retina.[9] MPs accumulate in high concentrations 
in the retina and generally peak at the center of the macula. 

Figure  2: Spectral domain‑optical coherence tomography imaging 
of dry age‑related macular degeneration  (a). Left eye of a patient 
with dry age‑related macular degeneration: Macular pigment optical 
density measurement: maximum optical density = 0.307, mean optical 
density = 0.097 (b)

b

a

Figure  1: Representative spectral domain‑optical coherence 
tomography image from a healthy participant  (a). Measurement of 
macular pigment optical density. Macular pigment optical density is 
stated as maximum optical density and mean optical density. Right eye 
of a healthy participant: Macular pigment optical density measurement: 
maximum optical density = 0.462, mean optical density = 0.163 (b)

b

a
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Typically, the MPOD reaches its half‑peak OD at an average of 
only 1.03° (0.3 mm) retinal eccentricity.[24] Although wet AMD 
constitutes only 10%–20% of the patients with AMD, it is the 
most visually disabling form of such a disease. Many studies 
have suggested that the risk of wet AMD development is not 
correlated with serum and dietary levels of MP.[25,26] The dry 
and wet subtypes of AMD may have different etiologies and 
risk factors, and the need to examine the density of MP in wet 
AMD separately has been emphasized.[19]

To the best of our knowledge, our study is the first study 
that evaluated the MPOD levels separately in eyes with wet 
and dry AMD. In our study, we found that serum lutein and 
zeaxanthin concentrations were higher in the control group 
when compared with dry and wet AMD groups. There 
was no difference between dry and wet AMD groups with 
regard to serum lutein and zeaxanthin concentrations. Mean 
MPOD level was found to be similar in all of the three study 
groups. However, the maximum MPOD level was higher in 
control group when compared to dry and wet AMD groups. 
No significant difference was found in maximum MPOD 
levels between dry and wet AMD groups. In light of these 
findings, we feel that the main problem of MPOD in AMD 
occurs in especially central fovea, and the maximum MPOD 
level is a more important parameter than mean MPOD level 
in such cases. It should also be emphasized that neither 
serum lutein and zeaxanthin concentrations nor mean and 
maximum MPOD levels showed any difference between 
dry and wet AMD groups. It is well known that lutein and 
zeaxanthin concentrations peak in the central fovea and 
zeaxanthin is the dominant carotenoid at this location. This 
specific distribution of the xanthophyll carotenoids suggests 
that zeaxanthin may play an essential role in the center of the 
retina, but until recently, the research specifically concerning 
the efficacy of zeaxanthin is still limited.[27,28] In Japanese 
quails fed supplemental zeaxanthin, the number of apoptotic 
photoreceptors in light‑damaged eyes was inversely correlated 
with retinal zeaxanthin concentration, and zeaxanthin 
supplementation for 6 months markedly decreased the levels 
of light‑induced photoreceptor apoptosis.[29,30] In the current 
study, there was no relation between maximum MPOD 
levels and serum lutein concentration, whereas there was a 
weak correlation between maximum MPOD level and serum 
zeaxanthin concentration. Furthermore, the improvement of 

BCVA was significantly related to maximum MPOD level 
and serum zeaxanthin concentration. Hence, the level of 
zeaxanthin in the dietary supplemental treatments should be 
reconsidered in patients with early AMD findings to decrease 
the risk of progression. The MP is considered to enhance good 
visual performance, including contrast sensitivity, by reducing 
chromatic aberrations and the “blue haze” caused by small 
particles in the atmosphere.

A variety of techniques can be used to estimate the 
MPs. Based on whether a response is required from the 
participant, these criteria can be divided into two categories: 
the psychophysical technique and the objective technique. 
Heterochromatic flicker photometry is the most commonly 
used psychophysical method to date. Fundus reflectometry, 
fundus autofluorescence, and resonance Raman spectroscopy 
constitute three traditional objective techniques. In the present 
study, VISUCAM 500, which is based on reflectometry, 
measuring MPOD through reflectance of a single 460  nm 
wavelength, was used to measure the MPOD level. There are 
some studies about the reliability of this method. Dennison 
et al.[31] reported that MP values obtained using the Heidelberg 
Spectralis were comparable to MP  values obtained using 
the densitometer. In contrast, MP  values obtained using 
the Zeiss VISUCAM were not comparable with either the 
densitometer or SPECTRALIS MP measuring devices, and the 
Zeiss VISUCAM appears to underestimate MP measurement. 
They concluded that densitometer and SPECTRALIS were 
suitable for measuring MP in both the clinical and research 
settings, whereas the VISUCAM was not. However, Delori 
et al.[32] reported that MPOD obtained with fundus reflectance 
spectroscopy correlates well with values obtained with 
autofluorescence and heterochromatic flicker photometry, 
and there are many reports that support the results of this 
study.[33‑35] Nevertheless, it should be emphasized that there is 
still no standard method to measure the MP density. Various 
limitations to the present study should be acknowledged: our 
data would have been strengthened had we compared the 
one‑wavelength reflectometry method with other methods 
such as heterochromatic flicker photometry and fundus 
autofluorescence. It has been shown that current cigarette 
smokers had significantly less MPOD. We did not record the 
smoking condition of the cases, and this is another limitation 
of our study.

Conclusion
Maximum MPOD level was found to be lower in patients 
with AMD when compared with control cases. The relation of 
maximum MPOD level with serum zeaxanthin concentration 
rather than serum lutein concentration is an interesting finding. 
However, we could not find any difference between wet and 
dry AMD groups with regard to MPOD levels or serum lutein 
and zeaxanthin concentrations. We believe that despite a strong 
relation between MPs and AMD, more prospective studies with 
broader series are warranted to better understand the role of 
the MPs in the pathogenesis of AMD.
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Table 2: Overall correlation analyses (Spearman’s 
rho) between mean macular pigment optical density 
and maximum and macular pigment optical density 
age, gender, serum lutein, serum zeaxanthin, level 
of age‑related macular degeneration, and significant 
correlations (P≤0.05) highlighted

Mean MPOD Maximum MPOD

r P r P

Age 0.063 0.282 0.058 0.339

Gender 0.002 0.975 0.081 0.164

Serum lutein 0.020 0.736 0.005 0.926

Serum zeaxhantin 0.174 0.062 0.019 0.825
Level of AMD 0.180 0.056 0.184 0.041*

MPOD: Macular pigment optical density, AMD: Age‑related macular 
degeneration, *P<0.05 was considered statistically significant



June 2017		  481Ozyurt, et al.: MPOD in age‑related macular degeneration

References
1.	 van Leeuwen R, Klaver CC, Vingerling JR, Hofman A, de Jong PT. 

Epidemiology of age‑related maculopathy: A review. Eur J 
Epidemiol 2003;18:845‑54.

2.	 Beatty S, Koh H, Phil M, Henson D, Boulton M. The role of oxidative 
stress in the pathogenesis of age‑related macular degeneration. 
Surv Ophthalmol 2000;45:115‑34.

3.	 Loane E, Kelliher C, Beatty S, Nolan JM. The rationale and evidence 
base for a protective role of macular pigment in age‑related 
maculopathy. Br J Ophthalmol 2008;92:1163‑8.

4.	 Trieschmann  M, van Kuijk  FJ, Alexander  R, Hermans  P, 
Luthert P, Bird AC, et al. Macular pigment in the human retina: 
Histological evaluation of localization and distribution. Eye (Lond) 
2008;22:132‑7.

5.	 Howells  O, Eperjesi  F, Bartlett  H. Measuring macular pigment 
optical density in vivo: A review of techniques. Graefes Arch Clin 
Exp Ophthalmol 2011;249:315‑47.

6.	 Kijlstra A, Tian Y, Kelly ER, Berendschot TT. Lutein: More than 
just a filter for blue light. Prog Retin Eye Res 2012;31:303‑15.

7.	 Beatty S, Murray IJ, Henson DB, Carden D, Koh H, Boulton ME. 
Macular pigment and risk for age‑related macular degeneration in 
subjects from a Northern European population. Invest Ophthalmol 
Vis Sci 2001;42:439‑46.

8.	 Bone  RA, Landrum  JT, Mayne  ST, Gomez  CM, Tibor  SE, 
Twaroska  EE. Macular pigment in donor eyes with and 
without AMD: A case‑control study. Invest Ophthalmol Vis Sci 
2001;42:235‑40.

9.	 Obana A, Hiramitsu T, Gohto Y, Ohira A, Mizuno S, Hirano T, 
et al. Macular carotenoid levels of normal subjects and age‑related 
maculopathy patients in a Japanese population. Ophthalmology 
2008;115:147‑57.

10.	 Bernstein PS, Zhao DY, Wintch SW, Ermakov IV, McClane RW, 
Gellermann  W. Resonance Raman measurement of macular 
carotenoids in normal subjects and in age‑related macular 
degeneration patients. Ophthalmology 2002;109:1780‑7.

11.	 Kanis MJ, Berendschot TT, van Norren D. Influence of macular 
pigment and melanin on incident early AMD in a white population. 
Graefes Arch Clin Exp Ophthalmol 2007;245:767‑73.

12.	 Kanis MJ, Wisse RP, Berendschot TT, van de Kraats J, van Norren D. 
Foveal cone‑photoreceptor integrity in aging macula disorder. 
Invest Ophthalmol Vis Sci 2008;49:2077‑81.

13.	 Jahn C, Wüstemeyer H, Brinkmann C, Trautmann S, Mössner A, 
Wolf  S. Macular pigment density in age‑related maculopathy. 
Graefes Arch Clin Exp Ophthalmol 2005;243:222‑7.

14.	 Hammer  M, Schweitzer  D, Leistritz  L. Determination of the 
concentration distribution of macular pigment from reflection and 
fluorescence images. Ophthalmologe 2003;100:611‑7.

15.	 LaRowe  TL, Mares  JA, Snodderly  DM, Klein  ML, Wooten  BR, 
Chappell R; CAREDS Macular Pigment Study Group. Macular 
pigment density and age‑related maculopathy in the carotenoids in 
Age‑Related Eye Disease Study. An ancillary study of the women’s 
health initiative. Ophthalmology 2008;115:876‑83.e1.

16.	 Berendschot TT, Willemse‑Assink  JJ, Bastiaanse M, de Jong PT, 
van Norren  D. Macular pigment and melanin in age‑related 
maculopathy in a general population. Invest Ophthalmol Vis Sci 
2002;43:1928‑32.

17.	 Ciulla  TA, Hammond BR Jr. Macular pigment density and 
aging, assessed in the normal elderly and those with cataracts 
and age‑related macular degeneration. Am J Ophthalmol 
2004;138:582‑7.

18.	 Age‑Related Eye Disease Study Research Group. Lutein + zeaxanthin 
and omega‑3 fatty acids for age‑related macular degeneration: The 

Age‑Related Eye Disease Study 2 (AREDS2) randomized clinical 
trial. JAMA 2013;309:2005‑15.

19.	 Cho  E, Hankinson  SE, Rosner  B, Willett  WC, Colditz  GA. 
Prospective study of lutein/zeaxanthin intake and risk of 
age‑related macular degeneration. Am J Clin Nutr 2008;87:1837‑43.

20.	 Loane E, Nolan JM, O’Donovan O, Bhosale P, Bernstein PS, Beatty S. 
Transport and retinal capture of lutein and zeaxanthin with 
reference to age‑related macular degeneration. Surv Ophthalmol 
2008;53:68‑81.

21.	 Tan JS, Wang JJ, Flood V, Rochtchina E, Smith W, Mitchell P. Dietary 
antioxidants and the long‑term incidence of age‑related macular 
degeneration: The Blue Mountains Eye Study. Ophthalmology 
2008;115:334‑41.

22.	 van Leeuwen  R, Boekhoorn  S, Vingerling  JR, Witteman  JC, 
Klaver CC, Hofman A, et al. Dietary intake of antioxidants and 
risk of age‑related macular degeneration. JAMA 2005;294:3101‑7.

23.	 Ma  L, Dou  HL, Wu  YQ, Huang  YM, Huang  YB, Xu  XR, et  al. 
Lutein and zeaxanthin intake and the risk of age‑related macular 
degeneration: A systematic review and meta‑analysis. Br J Nutr 
2012;107:350‑9.

24.	 Hebert JR, Gupta PC, Bhonsle RB, Murti PR, Mehta H, Verghese F, 
et al. Development and testing of a quantitative food frequency 
questionnaire for use in Kerala, India. Public Health Nutr 
1998;1:123‑30.

25.	 Antioxidant status and neovascular age‑related macular 
degeneration. Eye Disease Case‑Control Study Group. Arch 
Ophthalmol 1993;111:104‑9.

26.	 Seddon JM, Ajani UA, Sperduto RD, Hiller R, Blair N, Burton TC, 
et  al. Dietary carotenoids, Vitamins A, C, and E, and advanced 
age‑related macular degeneration. Eye Disease Case‑Control Study 
Group. JAMA 1994;272:1413‑20.

27.	 Davies NP, Morland AB. Macular pigments: Their characteristics 
and putative role. Prog Retin Eye Res 2004;23:533‑59.

28.	 Bhosale  P, Zhao  DY, Bernstein  PS. HPLC measurement of 
ocular carotenoid levels in human donor eyes in the lutein 
supplementation era. Invest Ophthalmol Vis Sci 2007;48:543‑9.

29.	 Thomson  LR, Toyoda  Y, Delori  FC, Garnett  KM, Wong  ZY, 
Nichols  CR, et  al. Long term dietary supplementation with 
zeaxanthin reduces photoreceptor death in light‑damaged Japanese 
quail. Exp Eye Res 2002;75:529‑42.

30.	 Thomson  LR, Toyoda  Y, Langner A, Delori  FC, Garnett  KM, 
Craft  N, et  al. Elevated retinal zeaxanthin and prevention of 
light‑induced photoreceptor cell death in quail. Invest Ophthalmol 
Vis Sci 2002;43:3538‑49.

31.	 Dennison JL, Stack J, Beatty S, Nolan JM. Concordance of macular 
pigment measurements obtained using customized heterochromatic 
flicker photometry, dual‑wavelength autofluorescence, and 
single‑wavelength reflectance. Exp Eye Res 2013;116:190‑8.

32.	 Delori FC, Goger DG, Hammond BR, Snodderly DM, Burns SA. 
Macular pigment density measured by autofluorescence 
spectrometry: Comparison with reflectometry and heterochromatic 
flicker photometry. J  Opt Soc Am A Opt Image Sci Vis 
2001;18:1212‑30.

33.	 Wüstemeyer H, Moessner A, Jahn C, Wolf S. Macular pigment 
density in healthy subjects quantified with a modified confocal 
scanning laser ophthalmoscope. Graefes Arch Clin Exp Ophthalmol 
2003;241:647‑51.

34.	 Werner  JS, Donnelly  SK, Kliegl  R. Aging and human macular 
pigment density. Appended with translations from the work of 
Max Schultze and Ewald Hering. Vision Res 1987;27:257‑68.

35.	 Mellerio  J, Ahmadi‑Lari  S, van Kuijk  F, Pauleikhoff  D, Bird A, 
Marshall J. A portable instrument for measuring macular pigment 
with central fixation. Curr Eye Res 2002;25:37‑47.


