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AGE-RELATED MACULAR DEGEN-
eration (AMD), the leading
cause of blindness in the de-
veloped world, accounts for

more than 50% of all blindness in the
United States.1 In 2004, it was esti-
mated that 8 million individuals had in-
termediate AMD, defined as bilateral
drusen, and approximately 2 million
had advanced AMD, either neovascu-
lar AMD or geographic atrophy.2 Al-
though intraocular drugs that inhibit
vascular endothelial growth factor are
currently available for treatment of neo-
vascular AMD,3 no effective therapies
are proven for atrophic AMD. With-
out more effective ways of slowing pro-
gression, the number of persons with
advanced AMD is expected to double
over the next 20 years, resulting in in-
creasing socioeconomic burden.2

The Age-Related Eye Disease Study
(AREDS) demonstrated that daily oral
supplementation with antioxidant vi-
tamins and minerals reduced the risk
of developing advanced AMD by 25%
at 5 years.4 Animal studies5-7 and epi-
demiologic studies provide a rationale
for examining the potential effects of
other nutrients on the development of
advanced AMD. Observational stud-
ies suggest that higher dietary intake of
lutein � zeaxanthin, omega-3 long-
chain polyunsaturated fatty acids (doco-
sahexaenoic acid [DHA] and eicosap-
entaenoic acid [EPA]), or both are
associated with a decreased risk of de-
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Importance Oral supplementation with the Age-Related Eye Disease Study (AREDS)
formulation (antioxidant vitamins C and E, beta carotene, and zinc) has been shown
to reduce the risk of progression to advanced age-related macular degeneration (AMD).
Observational data suggest that increased dietary intake of lutein�zeaxanthin
(carotenoids), omega-3 long-chain polyunsaturated fatty acids (docosahexaenoic acid
[DHA]�eicosapentaenoic acid [EPA]), or both might further reduce this risk.
Objectives To determine whether adding lutein�zeaxanthin, DHA�EPA, or both
to the AREDS formulation decreases the risk of developing advanced AMD and to evalu-
ate the effect of eliminating beta carotene, lowering zinc doses, or both in the AREDS
formulation.
Design, Setting, and Participants The Age-Related Eye Disease Study 2 (AREDS2),
a multicenter, randomized, double-masked, placebo-controlled phase 3 study with a
2�2 factorial design, conducted in 2006-2012 and enrolling 4203 participants aged
50 to 85 years at risk for progression to advanced AMD with bilateral large drusen or
large drusen in 1 eye and advanced AMD in the fellow eye.
Interventions Participants were randomized to receive lutein (10 mg) � zeaxan-
thin (2 mg), DHA (350 mg)�EPA (650 mg), lutein�zeaxanthin and DHA�EPA, or
placebo. All participants were also asked to take the original AREDS formulation or
accept a secondary randomization to 4 variations of the AREDS formulation, includ-
ing elimination of beta carotene, lowering of zinc dose, or both.
Main Outcomes and Measures Development of advanced AMD. The unit of analy-
ses used was by eye.
Results Median follow-up was 5 years, with 1940 study eyes (1608 participants) pro-
gressing to advanced AMD. Kaplan-Meier probabilities of progression to advanced AMD
by 5 years were 31% (493 eyes [406 participants]) for placebo, 29% (468 eyes [399
participants]) for lutein�zeaxanthin, 31% (507 eyes [416 participants]) for DHA�EPA,
and 30% (472 eyes [387 participants]) for lutein�zeaxanthin and DHA�EPA. Com-
parison with placebo in the primary analyses demonstrated no statistically significant re-
duction in progression to advanced AMD (hazard ratio [HR], 0.90 [98.7% CI, 0.76-
1.07]; P=.12 for lutein�zeaxanthin; 0.97 [98.7% CI, 0.82-1.16]; P=.70 for DHA�EPA;
0.89 [98.7% CI, 0.75-1.06]; P=.10 for lutein�zeaxanthin and DHA�EPA). There was
no apparent effect of beta carotene elimination or lower-dose zinc on progression to ad-
vanced AMD. More lung cancers were noted in the beta carotene vs no beta carotene
group (23 [2.0%] vs 11 [0.9%], nominal P=.04), mostly in former smokers.
Conclusions and Relevance Addition of lutein�zeaxanthin, DHA�EPA, or both
to the AREDS formulation in primary analyses did not further reduce risk of progres-
sion to advanced AMD. However, because of potential increased incidence of lung
cancer in former smokers, lutein�zeaxanthin could be an appropriate carotenoid sub-
stitute in the AREDS formulation.
Trial Registration clinicaltrials.gov Identifier: NCT00345176
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veloping advanced AMD.8-11 Lutein and
zeaxanthin are the main components
of the macular pigment, DHA is a ma-
jor structural component of the retina,
and EPA may play a role as a precur-
sor to signaling molecules with poten-
tial to influence retinal function, pro-
viding biological bases for testing these
nutrients. AREDS2 was designed to test
whether adding lutein�zeaxanthin,
DHA�EPA, or lutein�zeaxanthin and
DHA�EPA to the AREDS formula-
tion might further reduce the risk of
progression to advanced AMD. A sec-
ondary goal was to test the effects of
eliminating beta carotene and reducing
zinc dose in the AREDS formulation.

METHODS
Study Population

The details of the study design have been
reported previously.12 Between Octo-
ber 2006 and September 2008, we en-
rolled 4203 participants in 82 clinical
sites. Enrollment was restricted to people
between the ages of 50 and 85 years at
high risk of progression to advanced
AMD with either bilateral large drusen
or large drusen in 1 eye and advanced
AMD in the fellow eye. Inclusion and ex-
clusion criteria have been published.12 In
brief, participants were required to con-
sent to follow-up of at least 5 years. Like-
lihood of adherence to the study regi-
men was evaluated during a run-in phase
using study placebo and the AREDS for-
mulation. Participants were eligible for
randomization if they took at least 75%
of the run-in supplements and agreed to
stop the use of other supplements con-
taining lutein, zeaxanthin, DHA, EPA, vi-
tamin C, vitamin E, beta carotene, zinc,
or copper. They could not have other
ocular diseases such as high myopia,
glaucoma, clinically significant diabetic
retinopathy (10 or more microaneu-
rysms or retinal hemorrhages), and other
diseases that might confound the assess-
ment of the ocular outcome measure-
ments. Eyes that had undergone cata-
ract surgery at least 3 months prior to
enrollment were eligible; eyes that had
undergone other intraocular surgeries
were not included. Persons with sys-
temic diseases, including oxalate kid-

ney stones, Wilson disease, hemochro-
matosis, lung cancer, or other diseases
associated with poor 5-year survival,
were excluded. Institutional review
boards approved the AREDS2 research
protocol, and all participants provided
written informed consent.

This study, supported by the Na-
tional Institutes of Health (NIH), was
required to gather information on race/
ethnicity. Using guidelines from the
NIH Health Policy on Reporting Race and
Ethnicity Data: Subjects in Clinical
Research, self-reported race and eth-
nicity of the AREDS2 participants were
collected with 2 ethnic categories
(Hispanic or Latino, not Hispanic or
Latino) and 5 racial categories (Ameri-
can Indian or Alaska Native, Asian,
black or African American, Native
Hawaiian or other Pacific Islander,
white). Participants were able to se-
lect more than 1 racial category.

Interventions

AREDS2 was a randomized, double-
masked, placebo-controlled, 2 � 2
factorial trial evaluating the risks and
benefits of adding lutein (10 mg)
�zeaxanthin (2 mg), DHA (350 mg)
�EPA (650 mg), or both to the AREDS
formulation, which consisted of vita-
min C (500 mg), vitamin E (400 inter-
national units), beta carotene (15 mg),
zinc (80 mg as zinc oxide), and copper
(2 mg as cupric oxide) for the treat-
ment of progression to advanced AMD
(FIGURE 1). Previous dose-ranging stud-
ies provided support for the doses
used.13,14 Study participants were ran-
domly assigned to take 1 of the follow-
ing study supplements daily: placebo
(because participants assigned to the
“placebo” group also received the
AREDS supplement, either within or
outside of the secondary randomiza-
tion, there was no true placebo group);
lutein�zeaxanthin; DHA�EPA; or
lutein�zeaxanthin and DHA�EPA.
These components were donated by
DSM Nutrit ional Products Inc.
Lutein�zeaxanthin was supplied as
water-soluble triglyceride beadlets and
DHA � EPA in ethyl ester form as
ROPUFA 75 n-33 EE.

Because AREDS2 enrolled partici-
pants who were at high risk for devel-
oping advanced AMD, all were recom-
mended to take AREDS supplements
daily. A second-tier randomization was
conducted to evaluate the effect of
eliminating beta carotene and lower-
ing the zinc doses in the original AREDS
formulation (Figure 1). Beta carotene
had been used in this formulation be-
cause lutein and zeaxanthin were not
commercially available at the start of
AREDS. Because beta carotene may in-
crease the risk of lung cancer in ciga-
rette smokers,15,16 for AREDS2 we tested
a version of the AREDS formulation
without beta carotene.

A zinc dose of 80 mg was used in the
original AREDS formulation because it
was the dose used in an earlier trial sug-
gesting efficacy.17 We tested the AREDS
formulation with a lower dose of zinc (25
mg) because data suggested that this may
be the maximal level absorbed.18 Par-
ticipants who consented to the op-
tional secondary randomization were
randomly assigned to receive either the
original AREDS formulation (vitamin C
[500 mg], vitamin E [400 IU], beta caro-
tene [15 mg], zinc [80 mg, as zinc ox-
ide], and copper [2 mg, as cupric ox-
ide]), AREDS formulation without beta
carotene, AREDS formulation with lower
zinc dose (25 mg), or AREDS formula-
tion with no beta carotene and lower
zinc dose. Persons who did not con-
sent to this secondary randomization but
who agreed to take the original AREDS
supplements, provided they were not
current or former smokers within the
past year, were allowed to participate in
the study. In summary, the interven-
tions used in this study consisted of
nearly all participants taking 1 of the 4
variations of the AREDS formulation
with lutein�zeaxanthin, DHA�EPA,
lutein�zeaxanthin and DHA�EPA, or
placebo. Participants and study person-
nel were masked to treatment assign-
ment in both randomizations.

Follow-up and Adherence

Follow-up study visits were sched-
uled annually; follow-up also included
telephone contact 3 months after
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Figure 1. Study Flow and Randomization

1007 Included in analysis (1691 eyes)
5 Excluded (no follow-up AMD data)

3 Bilateral advanced AMD
1 Died
1 Lost to follow-up

1038 Included in analysis (1709 eyes)
6 Excluded (no follow-up AMD data)

2 Bilateral advanced AMD
3 Died
1 Lost to follow-up

1062 Included in analysis (1749 eyes)
6 Excluded (no follow-up AMD data)

4 Bilateral advanced AMD
1 Died
1 Lost to follow-up

1069 Included in analysis (1742 eyes)
10 Excluded (no follow-up AMD data)

2 Bilateral advanced AMD
3 Died
5 Lost to follow-up

81 Total deaths
68 Discontinued supplement
31 Lost to follow-up

87 Total deaths
72 Discontinued supplement
30 Lost to follow-up

96 Total deaths
84 Discontinued supplement
38 Lost to follow-up

104 Total deaths
81 Discontinued supplement
42 Lost to follow-up

5178 Patients assessed for eligibility

975 Excluded
494 Did not meet inclusion criteria
481 Other a

247 Refused randomization
211 Found ineligible by fundus center
77 Poor adherence to run-in phase
1 Declined to participate

Primary Randomization (AREDS With Lutein and Zeaxanthin, DHA and EPA, or Both)

4203 Randomized (6916 eyes)

1012 Randomized to receive placebo b

1012 Received intervention
(1695 eyes)

1044 Randomized to receive lutein +
zeaxanthin

1044 Received intervention
(1714 eyes)

 1079 Randomized to receive lutein +
zeaxanthin and DHA + EPA

 1079 Received intervention
(1754 eyes)

1068 Randomized to receive DHA + EPA

1068 Received intervention
(1753 eyes)

656 Included in analysis (1096 eyes)
3 Excluded (no follow-up AMD data)

2 Died
1 Lost to follow-up

858 Included in analysis (1405 eyes) c

5 Excluded (no follow-up AMD data)
2 Bilateral advanced AMD
1 Died
2 Lost to follow-up

685 Included in analysis (1125 eyes)
4 Excluded (no follow-up AMD data)

3 Bilateral advanced AMD
1 Lost to follow-up

818 Included in analysis (1343 eyes) c

7 Excluded (no follow-up AMD data)
3 Bilateral advanced AMD
2 Died
2 Lost to follow-up

58 Total deaths
41 Discontinued supplement
21 Lost to follow-up

82 Total deaths
68 Discontinued supplement
30 Lost to follow-up

60 Total deaths
40 Discontinued supplement
26 Lost to follow-up

81 Total deaths
43 Discontinued supplement
28 Lost to follow-up

4203 Eligible for secondary randomization

1167 Excluded (refused randomization) (1929 eyes)

1148 Taking original AREDS supplement (1897 eyes)

19 Not taking AREDS supplement (32 eyes)

Secondary Randomization (AREDS With No Beta Carotene, With Low-Dose Zinc, or Both)

3036 Randomized (4987 eyes)

863 Randomized to receive AREDS
supplement with no beta carotene

863 Received intervention
(1410 eyes)

659 Randomized to receive AREDS
supplement

659 Received intervention
(1101 eyes)

825 Randomized to receive AREDS
supplement with no beta carotene
and with low-dose zinc

825 Received intervention
(1349 eyes)

689 Randomized to receive AREDS
supplement with low-dose zinc

689 Received intervention
(1127 eyes)

The original Age-Related Eye Disease Study (AREDS) supplement comprised vitamin C (500 mg), vitamin E (400 IU), beta carotene (15 mg), zinc (80 mg, as zinc oxide),
and copper (2 mg, as cupric oxide). DHA indicates docosahexaenoic acid; EPA, eicosapentaenoic acid.
aPatients could be excluded for more than 1 reason.
bThe participants assigned to the placebo group were also given the AREDS supplement either within or outside of the secondary randomization for the 4 variations
of the AREDS supplements; thus, there is no true placebo group.
cSmokers were not randomized to groups receiving beta carotene (n=181, AREDS with no beta carotene; n =166, AREDS with no beta carotene and with low-dose
zinc).

SUPPLEMENTS AND AGE-RELATED MACULAR DEGENERATION

©2013 American Medical Association. All rights reserved. JAMA, May 15, 2013—Vol 309, No. 19 2007
Corrected on May 14, 2013

Downloaded From: https://jamanetwork.com/ on 05/22/2023



randomization and subsequent tele-
phone contacts at 6 months between
study visits. At each study visit, par-
ticipants received a comprehensive eye
examination, including best-cor-
rected visual acuity using a standard-
ized protocol.19 Certified photogra-
phers obtained stereoscopic fundus
photographs of the macula and optic
nerve. Masked graders at a central read-
ing center used a standard protocol to
assess the photographs.20

Adherence to the treatment regimen
wasassessedbypill countat eachannual
visit. In545participants fromasubsetof
centers, blood was drawn to measure se-
rumlevelsof lipids, lutein�zeaxanthin,
fat-soluble vitamins, zinc, and copper at
baselineandatyears1,3,and5. Informa-
tion on AMD treatment and adverse ef-
fectswascollectedbytelephoneandatan-
nual visits.

Outcome Measures

The primary outcome was the develop-
ment of advanced AMD, defined as cen-
tralgeographicatrophyorretinal features
ofchoroidalneovascularizationdetected
oncentralgradingofthestereoscopicfun-
dusphotographsorahistoryoftreatment
foradvancedAMDafterstudyenrollment.
Secondary outcomes included progres-
sion to moderate vision loss (�3 lines)
from baseline or treatment for choroidal
neovascularization.Treatmentforchoroi-
dalneovascularizationwasincludedinthe
outcomebecause treatmentmightmain-
tainvisualacuity inaneyewithadvanced
AMD. Safety outcomes included serious
adverse events and mortality.

Statistical Analyses

A previous report detailed the power
calculation.12 Assumptions were based
on the AREDS 5-year progression rates
to advanced AMD and the expected
25% reduction in development of ad-
vanced AMD with use of the AREDS
supplements. Assuming a 15% loss to
follow-up, a sample size of 4000 par-
ticipants was estimated to provide at
least 90% power to detect a 25% reduc-
tion in the progression to advanced
AMD, comparing the placebo group
with each treatment group using an �

level of .013, Bonferroni-adjusted for 3
treatments vs placebo comparisons. For
all secondary analyses, including main-
effects and subgroup analyses, we used
an � level of .05 without adjustment for
multiple comparisons. All analyses were
conducted following the intention-to-
treat principle.

The unit of analysis for ophthalmic
outcomes was by eye. The primary effi-
cacy outcome, time to progression to ad-
vanced AMD, was assessed using a Cox
proportional hazards model incorporat-
ing the method of Wei et al for obtain-
ing robust variance estimates that al-
lows for dependence among multiple
event times (1 or 2 study eyes).21 The
models were adjusted for baseline AMD
status, with and without stratification by
the secondary interventions. Partici-
pants lost to follow-up or who died dur-
ing the course of the study were cen-
sored at the time of last contact. Hazard
ratios (HRs) and 98.7% CIs of the 3 ac-
tive treatment groups compared with the
placebo group (primary analyses) were
computed. Secondary efficacy variables
and subgroup analyses were analyzed in
the same fashion as the primary effi-
cacy outcome but with 95% CIs. All
analyses were conducted using SAS ver-
sion 9.2 (SAS Institute Inc).

RESULTS
A total of 4203 participants were en-
rolled, with a mean age of 73.1 (SD, 7.7)
years. Baseline characteristics of the
AREDS2 cohort were comparable across
the 4 treatment groups in the primary
randomization (TABLE 1). The AREDS2
participants were 4058 (96%) white and
2388 (57%) women. Approximately
2724 (65%) of AREDS2 participants
had bilateral large drusen and 1468
(35%) had advanced AMD in 1 eye and
large drusen in the fellow eye. Eleven
participants (0.3%) who had bilateral
advanced AMD were excluded from the
analyses of AMD progression.

A total of 3036 participants (72.2%)
agreed to the secondary randomiza-
tion evaluating the modifications to the
AREDS supplements. Of the remain-
ing participants, 1148 (98.4%) chose to
take the original commercial AREDS

formulation (Figure 1). A comparison
of the participants who chose the sec-
ondary randomization with those who
refused it showed that women (1680
[55%] women vs 708 [61%] for men;
P=.002) and participants with higher
educational level (589 [19%] for post-
graduate education vs 275 [24%] for
bachelor’s degree or less; P� .001) were
less likely to participate in the second-
ary randomization (eTable 1, avail-
able at http://www.jama.com). As ex-
pected, participants who were smokers
were more likely to participate in the
second randomization (277 [9%] vs 5
[0.4%]; P� .001) because they could
enroll in the study only if they con-
sented to randomization to study
groups not receiving beta carotene.
TABLE 2 reports the distribution of ran-
domization of the variations of the
AREDS formulation as well as partici-
pants who chose to take the AREDS for-
mulation within each of the treatment
groups in the primary randomization.

Of the 4203 randomized partici-
pants, 141 (3%) were lost to fol-
low-up and 368 (9%) died during the
course of the study. Distributions were
similar across the 4 treatment groups.
Participants underwent follow-up for
a median of 4.9 years (interquartile
ranges, 4.3 and 5.1 years). Two hun-
dred ninety (7%) of the participants in
the primary study cohort and 182 (6%)
of those in the secondary study cohort
permanently stopped their study medi-
cations at some time during the study
but continued in follow-up. These per-
centages were similar across treat-
ment groups for both randomizations.
Some participants reported taking
lutein � zeaxanthin (132 [3%]) or
DHA�EPA (469 [11%]) on their own.
In the primary randomization, 3420
(84%) of the participants in each treat-
ment group took at least 75% the study
medications; in the secondary random-
ization, 2431 (83%) of the partici-
pants in each group took at least 75%
of the variations of the AREDS supple-
ments, as assessed by pill count. For
those participants who chose to take the
original AREDS supplements outside of
the secondary randomization, 989
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(87%) took at least 75% of the AREDS
supplements.

Serum Levels of Study Nutrients
The baseline serum levels of study nu-
trients were balanced across the treat-
ment groups; the levels achieved dur-
ing the study are reported in eTables 2-4.
The median serum levels of lutein in par-
ticipants randomized to receive lutein in-
creased by 190% to 210% at years 1, 3,
and 5 from baseline, whereas partici-
pants randomized to receive placebo
showed little change. Participants ran-
domized to receive DHA�EPA demon-
strated a 30% to 40% increase in me-
dian serum DHA level and a 90% to
120% increase in median serum EPA
level during the study (eTable 2). At year
5, serum levels of lutein in those ran-
domized to receive lutein�zeaxanthin
and AREDS formulation with beta caro-
tene (39.1 [SD, 18.7] �g/dL) were lower
than in those randomized to receive
lutein�zeaxanthin and AREDS formu-
lation without beta carotene (46.9 [SD,
20.3] �g/dL) (P=.02).

Compared with general population
participants 60 years or older sampled
in the National Health and Nutrition Ex-
amination Survey 2005-2006, AREDS2
participants had significantly higher se-
rum levels of lutein and zeaxanthin and
of DHA and EPA (eTable 5).

DietaryLevelsofLutein�Zeaxanthin
and DHA�EPA

Baseline dietary intake of the study nu-
trients, including those in the AREDS
supplements, was balanced across treat-
ment groups. AREDS2 participants had
a dietary intake of lutein�zeaxanthin
similar to that in participants in the
Women’s Health Study of health
professionals, based on the Harvard
Semi-Quantitative Assessment Food
Frequency Questionnaire.22 Both popu-
lations are highly educated and well
nourished, not accounting for supple-
ments.23 In a report that evaluated
the carotenoid intake of 18 cohorts, the
median level of dietary intake of
lutein�zeaxanthin in the AREDS2 par-
ticipants was exceeded in only 2 of these
study cohorts, suggesting that the

Table 1. Baseline Characteristics by Treatment Group in the Age-Related Eye Disease Study 2

Baseline Characteristics

Primary Randomized Treatment, No. (%)

Placebo
(n = 1012)

Lutein � Zeaxanthin
(n = 1044)

DHA � EPA
(n = 1068)

Lutein � Zeaxanthin
and DHA � EPA

(n = 1079)

Race
White 973 (96.1) 1014 (97.1) 1022 (95.7) 1049 (97.2)

Black or
African American

13 (1.3) 8 (0.8) 20 (1.9) 13 (1.2)

Other/mixed race 26 (2.6) 22 (2.1) 26 (2.4) 17 (1.6)

Hispanic ethnicity 13 (1.3) 14 (1.3) 24 (2.2) 32 (3.0)

Age at randomization,
median (IQR), y

74 (68-79) 74 (68-79) 74 (68-79) 75 (68-79)

Women 548 (54.2) 596 (57.0) 603 (56.5) 641 (59.4)

Educationa

Grade 11 or less 61 (6.1) 72 (7.0) 78 (7.4) 63 (6.0)

High school graduate 268 (27.0) 246 (24.0) 279 (26.6) 270 (25.6)

Some college or
associate’s degree

255 (25.6) 277 (27.0) 314 (29.9) 295 (27.9)

Bachelor’s degree 191 (19.2) 208 (20.3) 164 (15.6) 220 (20.8)

Postgraduate work 219 (22.0) 222 (21.7) 215 (20.5) 208 (19.7)

AMD status
Bilateral large drusen 686 (67.8) 672 (64.4) 689 (64.5) 677 (62.7)

Advanced AMD 1 eye,
large drusen
fellow eye

323 (31.9) 370 (35.4) 375 (35.1) 400 (37.1)

Bilateral advanced AMD 3 (0.3) 2 (0.2) 4 (0.4) 2 (0.2)

Lens status
Phakic bilateral 716 (70.8) 709 (67.9) 730 (68.4) 721 (66.8)

Pseudophakic/aphakic
in 1 eye

59 (5.8) 78 (7.5) 73 (6.8) 73 (6.8)

Pseudophakic/aphakic in
both eyes

237 (23.4) 257 (24.6) 265 (24.8) 285 (26.4)

Diabetes 137 (13.5) 118 (11.3) 145 (13.6) 146 (13.5)

Medication use
Multivitamin 890 (87.9) 920 (88.1) 954 (89.3) 964 (89.3)

Cholesterol-lowering
drug

457 (45.2) 459 (44.0) 471 (44.1) 479 (44.4)

NSAID 122 (12.1) 106 (10.2) 113 (10.6) 115 (10.7)

Acetaminophen 95 (9.4) 84 (8.0) 106 (9.9) 104 (9.6)

Aspirin 495 (48.9) 504 (48.3) 526 (49.3) 532 (49.3)

Smoking status
Never 410 (40.5) 469 (44.9) 451 (42.2) 494 (45.8)

Former 529 (52.3) 510 (48.0) 548 (51.3) 519 (48.1)

Current 73 (7.2) 74 (7.1) 69 (6.5) 66 (6.1)

Dietary intakes
DHA, g/d

Median 0.13 0.12 0.12 0.13

Quintile 1 0.06 0.06 0.06 0.06

Quintile 5 0.23 0.22 0.23 0.23

EPA, g/d
Median 0.07 0.07 0.07 0.07

Quintile 1 0.03 0.03 0.03 0.03

Quintile 5 0.15 0.14 0.15 0.15

Lutein � zeaxanthin, �g/d
Median 2725 2590 2553 2572

Quintile 1, range 121-1403 109-1388 154-1428 43-1419

Quintile 5, range 4608-38 110 4740-34 398 4554-21 513 4492-39 790
Abbreviations: AMD, age-related macular degeneration; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IQR,

interquartile range; NSAID, nonsteroidal anti-inflammatory drug.
aSeventy-eight refused to answer.
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AREDS2 participants are relatively well
nourished.24

Progression to Advanced AMD

PrimaryRandomization.Atotalof1608
participantshadexperiencedatleast1ad-
vancedAMDeventbytheendofthestudy
(1940 events in 6891 study eyes). The
Kaplan-Meierprobabilitiesofprogression
to advanced AMD by 5 years were 31%
(493eyes[406participants]) forplacebo,
29% (468 eyes [399 participants])
for lutein�zeaxanthin, 31% (507 eyes
[416 participants]) for DHA�EPA, and
30% (472 eyes [387 participants]) for
lutein�zeaxanthin and DHA�EPA
(FIGURE2). Intheprimaryanalyses,com-

parisons with placebo demonstrated no
statisticallysignificantreductions inpro-
gression to advanced AMD (HR, 0.90
[98.7% CI, 0.76-1.07]; P=.12) for
lutein�zeaxanthin;HR,0.97[98.7%CI,
0.82-1.16]; P=.70 for DHA�EPA; and
HR, 0.89 [98.7% CI, 0.75-1.06]; P=.10
for lutein�zeaxanthinandDHA�EPA)
(FIGURE 3). These analyses were per-
formedwithstratificationbythesecond-
ary interventions. The analyses con-
ductedwithout thestratificationshowed
essentially similar results.

Main Effects of Primary Random-
ization. The analyses of the main effects
of the 2�2 randomization are consid-
ered exploratory secondary analyses.

The results presented were also ana-
lyzed with stratification by the second-
ary interventions. Comparison of
DHA�EPA vs no DHA�EPA showed
an HR of 0.98 (95% CI, 0.89-1.08;
P= .74) for progression to advanced
AMD. The HR for lutein�zeaxanthin
vs no lutein � zeaxanthin was 0.91
(95% CI, 0.82-1.00; P=.05) for pro-
gression to advanced AMD (FIGURE 4).
The P value for the interaction of
lutein�zeaxanthin and DHA�EPA
was P=.80. The results from analyses
without the stratification by second-
ary interventions were very similar to
these results.

Secondary Randomization. The ex-
ploratory analyses of the secondary ran-
domization were restricted to partici-
pants randomized to the 4 variations of
the AREDS supplements. The second-
ary randomization analyses showed that
lowering zinc dose and eliminating beta
carotene had no statistically signifi-
cant effect on progression to advanced
AMD (HR, 1.06 [95% CI, 0.95-1.19];
P= .32 and HR, 1.07 [95% CI, 0.94-
1.20]; P=.31, respectively) (Figure 4).

Subgroup Analyses

We conducted further exploratory
analyses of the main effect of
lutein�zeaxanthin by stratifying by
quintiles of dietary lutein�zeaxanthin
intake to examine whether supplemen-
tation may have relatively different treat-
ment effects within subgroup of dietary

Figure 2. Probability of Eyes of AREDS2 Participants Developing Advanced Age-Related
Macular Degeneration in the Primary Analyses
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Table 2. AREDS2 Participants’ Assignments of Primary Randomization to Lutein � Zeaxanthin, DHA � EPA, or Lutein � Zeaxanthin and
DHA � EPA, With Subsequent Randomization of Variations of AREDS Supplement or the Nonrandomized Use of AREDS Supplementa

Random Assignment

No. (%)

Placebo
(n = 1012)b

Lutein � Zeaxanthin
(n = 1044)

DHA � EPA
(n = 1068)

Lutein � Zeaxanthin
and DHA � EPA

(n = 1079)

AREDS supplement
Original supplement 168 (16.6) 169 (16.2) 147 (13.8) 175 (16.2)

With no beta carotene 201 (19.9) 200 (19.2) 231 (21.6) 231 (21.4)

With low-dose zinc 184 (18.2) 162 (15.5) 179 (16.8) 164 (15.2)

With low-dose zinc and no beta carotene 190 (18.8) 207 (19.8) 201 (18.8) 227 (21.0)

Nonrandomized cohort
No AREDS supplement 4 (0.3) 8 (0.8) 5 (0.5) 2 (0.2)

Not randomized to AREDS (taking original
AREDS supplement)

265 (26.2) 298 (28.5) 305 (28.6) 280 (25.9)

Abbreviations: AREDS, Age-Related Eye Disease Study; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.
aAREDS supplement: vitamin C (500 mg), vitamin E (400 IU), beta carotene (15 mg), zinc (80 mg, as zinc oxide), and copper (2 mg, as cupric oxide).
bPlacebo was not true placebo, because participants either were given nonrandomized AREDS supplement or were randomly assigned to receive 1 of the 4 variations of AREDS

supplement in the secondary randomization.
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intake. For persons in the lowest quin-
tile, comparison of lutein�zeaxanthin
vs no lutein�zeaxanthin resulted in an
HR of 0.74 (95% CI, 0.59-0.94; P=.01)
for progression to advanced AMD. For
participants in the highest quintile of
lutein�zeaxanthin intake the corre-
sponding HR was 0.90 (95% CI, 0.71-
1.15;P=.41),with theresults for remain-
ingquintiles similar to thatof thehighest
quintile (FIGURE 5). The interaction
term for treatment and quintile groups
was P=.47. Additional analyses strati-
fied by tertiles, quartiles, and deciles
(eFigure 1) showed similar results, with
the lowest stratum demonstrating a pro-
tective effect compared with the re-
maining strata.

Subgroup analyses, not prespeci-
fied, were conducted to evaluate the ef-
fects of lutein�zeaxanthin on the 2
forms of advanced AMD. The HRs were
0.89 (95% CI, 0.79-1.00]; P=.05) for
neovascular AMD and 0.92 (95% CI,
0.78-1.07]; P = .27) for central geo-
graphic atrophy (FIGURE 6).

To investigate relative treatment ef-
fects, we also conducted a post hoc
subgroup analysis comparing par-
t i c ipant s as s igned to rece ive
lutein�zeaxanthin and the AREDS for-
mulation without beta carotene (310 of
1114 eyes) with participants assigned
to no lutein�zeaxanthin and the origi-
nal AREDS formulation with beta caro-
tene (347 of 1117 eyes). Comparing the
lutein�zeaxanthin–containing AREDS
supplements with the beta carotene–
containing AREDS supplements re-
sulted in HRs of 0.82 (95% CI, 0.69–
0.96; P = .02) for progression to

advanced AMD, 0.78 (95% CI, 0.64-
0.94; P=.01) for neovascular AMD, and
0.94 (95% CI, 0.70-1.26; P=.67) for
central geographic atrophy (Figure 6).

Visual Acuity

None of the nutrients affected devel-
opment of moderate or worse vision
loss, defined as a reduction of 15 or
more letters from baseline or treat-
ment for neovascular AMD. Com-
pared with placebo, the HRs for devel-
opment of moderate or worse vision
loss were 0.95 (95% CI, 0.84-1.08;
P=.45) for lutein�zeaxanthin, 0.96
(95% CI, 0.84-1.09; P = .50) for
DHA�EPA, and 0.94 (95% CI, 0.83-
1.07; P=.34) for lutein�zeaxanthin
and DHA�EPA. No apparent effect on
vision of eliminating beta carotene and
reducing zinc dose was observed.

Safety Outcomes

Serious Adverse Events. No clinically
or statistically significant differences in
reported serious adverse events, includ-

ing rates of development of neoplasms,
were noted across the treatment groups
in the primary randomization (TABLE 3).
However, secondary randomization ex-
cluding participants who were smokers
showed more lung cancers in the beta
carotene group than in the no beta caro-
tene group (23 [2.0%] vs 11 [0.9%])
(nominal P=.04). Thirty-one (91%) of
participants who developed lung can-
cer were former smokers. In the origi-
nal AREDS report, gastrointestinal con-
ditions and hospitalizations for
genitourinary diseases were signifi-
cantly more common in participants ran-
domized to receive zinc (80 mg) than to
receive placebo. Rates of reported gas-
trointestinal disorders and hospitaliza-
tions for genitourinary diseases were
similar in the 2 randomly assigned
groups (high-dose zinc, low-dose zinc)
in AREDS2. No clinically or statistically
significant differences in reported seri-
ous adverse events were found in the
analyses of the secondary randomiza-
tion (TABLE 4). These analyses in-

Figure 3. Primary Analyses of Lutein�Zeaxanthin�Omega-3 Long-Chain Polyunsaturated
Fatty Acids vs Placebo for Treatment of Progression to Advanced Age-Related Macular
Degeneration (AMD)
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Participants assigned to the placebo group were also given Age-Related Eye Disease Study (AREDS) supple-
ment either within or outside of the secondary randomization for the 4 variations of the AREDS supplements;
thus, there is no true placebo group. DHA indicates docosahexaenoic acid; EPA, eicosapentaenoic acid.

Figure 4. Main Effects of Lutein�Zeaxanthin, Omega-3 Long-Chain Polyunsaturated Fatty Acids, Zinc, and Beta Carotene on Progression to
Advanced Age-Related Macular Degeneration (AMD)
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cluded all the participants randomly as-
signed to the variations of the AREDS
supplement, including smokers.

Mortality. Dietary supplementation
with lutein�zeaxanthin, DHA�EPA,
zinc, or beta carotene had no sta-
tistically significant effect on mortality
(eFigure 2). The HR for mortality com-
paring lutein � zeaxanthin vs no
lutein�zeaxanthin was 1.06 (95% CI,
0.87-1.31;P=.56) for lutein�zeaxanthin
vs no lutein�zeaxanthin and 1.16 (95%
CI, 0.94-1.42; P=.16) for DHA�EPA.
There also were no differences for zinc
main effect (low-dose zinc vs high-dose

zinc) (HR, 1.02 [95% CI, 0.81-1.29];
P=.87) or for beta carotene main effect
(beta carotene vs no beta carotene) (HR,
1.01 [95% CI, 0.78-1.31]; P=.94). Be-
cause of the potential for increased risk
of mortality with beta carotene, analy-
ses for competing risk were performed.
These results showed little change from
the original findings on mortality.

DISCUSSION
In this large, multicenter, placebo-
controlled clinical trial in people at high
risk for progression to advanced
AMD, daily supplementation with

lutein�zeaxanthin, DHA�EPA, or
lutein�zeaxanthin and DHA�EPA in
addition to the original AREDS formu-
lation showed no statistically signifi-
cant overall effect on progression to ad-
vanced AMD or changes in visual
acuity. Primary, secondary, and sub-
group analyses demonstrated no ben-
eficial or harmful effects of DHA�EPA
for treatment of AMD. These null re-
sults may be attributable to the true lack
of efficacy. Other factors to consider in-
clude inadequate dose, inadequate du-
ration of treatment, or both. The form
of omega-3 long-chain polyunsatu-

Figure 5. Comparison of the Main Effects of Lutein�Zeaxanthin vs No Lutein�Zeaxanthin, Stratified by Quintiles of Dietary Intake of
Lutein�Zeaxanthin, on Progression to Advanced Age-Related Macular Degeneration (AMD)
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Figure 6. Subgroup Analyses of Main Effects of Lutein�Zeaxanthin and the Comparison of Participants Randomized to Receive
Lutein�Zeaxanthin and AREDS Supplements With Lutein�Zeaxanthin and Without Beta Carotene vs Those Randomized to Receive Original
AREDS Supplements With Beta Carotene for Progression to Advanced Age-Related Macular Degeneration (AMD) and the 2 Forms of AMD,
Neovascular AMD and Central Geographic Atrophy
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rated fatty acids (ethyl ester) and the
DHA:EPA ratio may be inappropriate,
although trials of DHA and EPA for car-
diovascular disease often tested doses
and ratios similar to that used in
AREDS2.25,26

Theprimaryanalysesdemonstratedno
beneficial or harmful effect of
lutein�zeaxanthin for the treatment of
advanced AMD. The exploratory analy-
ses demonstrated results that suggest that
the role of lutein�zeaxanthin needs to
be examined further. Specifically, the nu-

tritional status of the AREDS2 cohort and
the competitive absorption of carot-
enoids require further assessments.
AREDS2 participants’ dietary intake of
lutein�zeaxanthin is similar to that of
other well-nourished populations. When
exploratory subgroup analyses of the
treatment effects were limited to those
participants in the quintile with the low-
est dietary intake of lutein�zeaxanthin,
lutein�zeaxanthin demonstrated a pro-
tective effect for progression to ad-
vanced AMD (HR, 0.74 [95% CI, 0.59-

0.94; P=.01), although there was no
trendwith increasing lutein�zeaxanthin
intake. Similar findings were seen when
the data were divided into tertiles, quar-
tiles, and deciles.

We administered 2 carotenoids, beta
carotene and lutein�zeaxanthin, either
alone or in combination, through our
secondary randomization. Achieved se-
rum levels of lutein�zeaxanthin in
AREDS2 participants randomly as-
signed to receive beta carotene were
lower than levels in those not as-

Table 3. Serious Adverse Events by Treatment Group in the Primary Randomization to Lutein � Zeaxanthin and Omega-3 Long-Chain
Polyunsaturated Fatty Acids

MedDRA System Organ Class

No. (%)

Placebo
(n = 1012)

Lutein � Zeaxanthin
(n = 1044)

DHA � EPA
(n = 1068)

Lutein � Zeaxanthin
and EPA � DHA

(n = 1079)

Participants with �1 serious adverse event 479 (47.3) 484 (46.4) 505 (47.3) 519 (48.1)

Cardiac disorders 96 (9.5) 110 (10.5) 119 (11.1) 103 (9.5)

Gastrointestinal tract disorders 76 (7.5) 69 (6.6) 58 (5.4) 61 (5.7)

Infections 90 (8.9) 102 (9.8) 103 (9.6) 99 (9.2)

Neoplasms benign, malignant, and unspecified
(including cysts and polyps)

80 (7.9) 88 (8.4) 83 (7.8) 92 (8.5)

Nervous system disorders 66 (6.5) 74 (7.1) 72 (6.7) 73 (6.8)

Respiratory tract, thoracic, and mediastinal disorders 44 (4.3) 43 (4.1) 37 (3.5) 46 (4.3)

Incident lung neoplasm 9 (0.9) 16 (1.5) 22 (2.1) 17 (1.6)
Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; MedDRA, Medical Dictionary for Regulatory Activities.

Table 4. Incidence of Serious Adverse Events in the Secondary Randomization to Variations of AREDS Supplements

Systems Organ Class

Treatment, No. (%)

Secondary Randomization (Variations of AREDS Supplement)a
No Secondary

Randomizationb

Original AREDSc

(n = 659)

Without
Beta Carotene

(n = 863)

With
Low-Dose Zincc

(n = 689)

With
Low-Dose Zinc

and No Beta
Carotene
(n = 825)

Original AREDS
(n = 1148)

No
AREDS
(n = 19)

Participants with �1 serious
adverse event

330 (50.1) 410 (47.5) 345 (50.1) 392 (47.5) 500 (43.6) 10 (52.6)

Cardiac disorders 69 (10.5) 90 (10.4) 66 (9.6) 107 (13) 93 (8.1) 3 (15.8)

Gastrointestinal tract disorders 39 (5.9) 55 (6.4) 37 (5.4) 57 (6.9) 75 (6.5) 1 (5.3)

Infections and infestations 56 (8.5) 78 (9) 65 (9.4) 84 (10.2) 110 (9.6) 1 (5.3)

Neoplasms benign, malignant,
and unspecified (including
cysts and polyps)

64 (9.7) 65 (7.5) 62 (9) 67 (8.1) 83 (7.2) 2 (10.5)

Nervous system disorders 48 (7.3) 58 (6.7) 55 (8) 54 (6.5) 65 (5.7) 5 (26.3)

Respiratory tract, thoracic,
and mediastinal disorders

21 (3.2) 40 (4.6) 30 (4.4) 43 (5.2) 35 (3) 1 (5.3)

Incident lung neoplasm
(MedDRA preferred term)

9 (1.4) 13 (1.5) 14 (2.0) 13 (1.6) 14 (1.2) 1 (5.3)

Abbreviations: AREDS, Age-Related Eye Disease Study; MedDRA, Medical Dictionary for Regulatory Activities.
aAREDS supplement: supplement consisting of vitamin C (500 mg), vitamin E (400 IU), beta carotene (15 mg), zinc (80 mg, as zinc oxide), and copper (2 mg, as cupric oxide).
bParticipants declined to participate in secondary randomization.
cSmokers were not randomized to receive AREDS supplements containing beta carotene. These analyses of neoplasm and lung cancer include all participants, regardless of smoking

status.
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signed to receive beta carotene (mean
change, 175% vs 263%, respectively;
P=.02). Animal27 and human28,29 stud-
ies suggest that the simultaneous ad-
ministration of high doses of beta caro-
tene and lutein � zeaxanthin may
suppress serum and tissue levels of
lutein�zeaxanthin because of com-
petitive absorption of carotenoids. Post
hoc analyses comparing AREDS2 par-
ticipants randomized to receive
lutein � zeaxanthin and AREDS
formulation without beta carotene vs
those randomized to receive no
lutein�zeaxanthin and the original
AREDS formulation suggest that lu-
tein and zeaxanthin may play a role for
reducing the risk of progression to ad-
vanced AMD when given without beta
carotene. This hypothesis requires fur-
ther study.

Two randomized controlled clini-
cal trials of beta carotene reported an
increase in lung cancer rates and asso-
ciated mortality in cigarette smokers as-
signed to receive beta carotene.21,22

AREDS2 participants who were not cur-
rent smokers or who had stopped
smoking more than 1 year prior to en-
rollment, and those assigned to one of
the 2 groups receiving the AREDS for-
mulation with beta carotene, showed
an increased incidence of lung can-
cers (23 [2.0%] and 11 [0.9%], respec-
tively; nominal P = .04). Thirty-one
(91%) of those participants develop-
ing lung cancer were former smokers.
AREDS2 found no increased risk of lung
cancer with lutein�zeaxanthin supple-
mentation.

Previous randomized controlled
clinical trials of lutein�zeaxanthin, of
short duration and with limited sample
sizes, suggested improved visual func-
tion,30-34 but AREDS2 showed no evi-
dence that treatment affected visual acu-
ity. One randomized trial of DHA and
EPA found no effect on AMD progres-
sion.35

The limitations of this study in-
clude a complicated study design
involving a secondary randomi-
zation, which may have affected our
ability to evaluate the role of adding
lutein�zeaxanthin and DHA�EPA to

the AREDS formulation. Not all par-
ticipants were taking the original
AREDS formulation, with some tak-
ing only certain components of the
AREDS formulation. This formulation
was given as a mixture of antioxidant
vitamins and minerals. It is not known
whether a single specific ingredient is
important or if the combination is es-
sential for its therapeutic effect. In these
analyses we assumed that there would
be little interaction between the vari-
ous nutrients tested. We found a po-
tential interaction when administer-
ing 2 carotenoids (beta carotene;
lutein�zeaxanthin) simultaneously;
this may have influenced our primary
analyses, which did not take this inter-
action into account. However, when we
conducted the analyses with and with-
out stratification for the secondary in-
terventions, the results were almost
identical. We also have not tested for
equivalency between low-dose zinc and
high-dose zinc and between no beta
carotene and beta carotene.

Another limitation would be our in-
ability to assess the effect of the poten-
tial increased risk of lung cancer associ-
ated with beta carotene on our analyses
of mortality. The number of lung can-
cers was small, and the analyses of com-
peting risk showed essentially no change
in our mortality results.

These study results may not be gen-
eralizable, because the study popula-
tion is a highly selected group of highly
educated and well-nourished people.
The strengths of this study include the
low rates of loss to follow-up and con-
sistently good adherence to the treat-
ment regimen.

In summary, addition of lutein�
zeaxanthin, DHA�EPA, or lutein�
zeaxanthin and DHA � EPA to the
AREDS formulation in primary analy-
ses did not further reduce risk of pro-
gression to advanced AMD. Compari-
son of low-dose zinc vs high-dose zinc
showed no evidence of a statistically sig-
nificant effect, and there is insuffi-
cient evidence to provide a clinical rec-
ommendation. Based on apparent risks
of beta carotene and possible benefits
that are only evident within explor-

atory subgroup analyses, lutein �
zeaxanthin requires further investiga-
tion for potential inclusion in the
AREDS supplements.
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