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Purpose: To determine whether closer adherence to a Mediterranean diet (and its individual components)
was associated with altered risk of progression to late age-related macular degeneration (AMD) and large drusen.
Additional objectives were to assess interactions with AMD genotype.

Design: Retrospective analysis of 2 controlled clinical trial cohorts: Age-Related Eye Disease Study (AREDS)
and AREDS2.

Participants: Eyes with no late AMD at baseline in AREDS participants (n ¼ 4255) and AREDS2 participants
(n ¼ 3611): total of 13 204 eyes (7756 participants). Mean age was 71 years (standard deviation, 6.6); 56.5% were
female.

Methods: Color fundus photographs were collected at annual study visits and graded centrally for late AMD.
The modified Alternative Mediterranean Diet Index (aMedi) score was calculated for each participant from food
frequency questionnaires.

Main Outcome Measures: Progression to late AMD, geographic atrophy (GA), and neovascular AMD;
progression to large drusen.

Results: Over a median follow-up of 10.2 years, of the 13 204 eyes, 34.0% progressed to late AMD. Hazard
ratios (HRs) for progression in aMedi tertile 3 versus 1 were 0.78 (95% confidence interval [CI], 0.71e0.85, P <
0.0001) for late AMD, 0.71 (0.63e0.80, P < 0.0001) for GA, and 0.84 (0.75e0.95, P ¼ 0.005) for neovascular AMD.
For fish consumption, HRs for late AMD in quartile 4 versus 1 were 0.69 (0.58e0.82, P < 0.0001; AREDS) and 0.92
(0.78e1.07, P ¼ 0.28; AREDS2). In AREDS, both aMedi and its fish component interacted with CFH rs10922109
for late AMD (P ¼ 0.01 and P ¼ 0.0005, respectively); higher aMedi and fish intake were each associated with
decreased risk only in participants with protective alleles. In separate analyses (n ¼ 5029 eyes of 3026 AREDS
participants), the HR for progression to large drusen in aMedi tertile 3 versus 1 was 0.79 (0.68e0.93, P ¼ 0.004).

Conclusions: Closer adherence to a Mediterranean-type diet was associated with lower risk of progression
to late AMD and to large drusen. The signal was greater for GA than neovascular AMD. Fish intake contributed to
this protective association. CFH genotype strongly influenced these relationships. These findings may help inform
evidence-based dietary recommendations. Ophthalmology 2020;127:1515-1528 Published by Elsevier on behalf
of the American Academy of Ophthalmology

Supplemental material available at www.aaojournal.org.
Age-related macular degeneration (AMD) is the leading
cause of legal blindness in developed countries.1,2 It is
classified into early, intermediate, and late stages.3 Late
AMD occurs in 2 forms: geographic atrophy (GA) and
neovascular disease. The disease arises from a complex
interplay among aging, genetics, and environmental
factors, including dietary factors.4-6 No known therapies
slow progression from early to intermediate AMD. How-
ever, oral supplements of antioxidants and minerals decrease
progression from intermediate to late AMD, particularly
neovascular AMD.7,8 No drug therapies are known to
Published by Elsevier on behalf of the American Academy of Ophthalmology
decrease progression to GA or restore lost vision to these
areas; therefore, GA prevention is an essential research
priority.

The role of diet as a potentially modifiable factor has
received interest.6,9,10 The results of many observational
studies suggest that a higher intake of individual dietary
vitamins and minerals is associated with a lower risk of
early or late AMD, although inconsistencies exist between
studies.10,11 Differences in other nutrients or non-nutritive
components in the same foods may help explain the in-
consistencies. Non-nutritive components are molecules,
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other than carbohydrates, fats, and proteins, present in food.
These include vitamins, minerals, water, and fiber. For
example, certain fruits and vegetables contain not only
vitamin C and carotenoids but also non-nutritive phyto-
chemicals such as flavonoids and nitrates;12,13 these might
be partly responsible for the associations between intake
of the more common nutrients and decreased prevalence
of AMD. Also, certain vegetables and fruit and vegetable-
rich diets are increasingly recognized to promote a healthy
gut microbiome.14-16 Examining relationships with dietary
patterns, rather than with individual nutrients, has advan-
tages; it enables researchers to account simultaneously not
only for the intake of common nutrients in foods but also for
the intake of other bioactive phytochemicals in food com-
ponents, as well as their potential interactions (which are not
well understood).

Definitions of the Mediterranean diet were initially
developed to characterize the diets of people living on Crete
because they had low rates of coronary artery disease
mortality.17 Modifications to these definitions have since
been made for different populations.18 Adherence to
Mediterranean-type diets is associated with multiple health
benefits.19 Few studies have examined whether such diets
are associated with altered AMD prevalence or
progression.20-25 Only 2 studies have analyzed longitudi-
nal data.23,25 In addition, interactions between diet and
genotype have been investigated,21,23,26,27 but few datasets
combine dietary and genetic data with sufficient power to
address this.

The Age-Related Eye Disease Study (AREDS) and
AREDS2 were multicenter phase III randomized controlled
trials (RCTs) designed to assess the effects of nutritional
supplementation on AMD progression.28,29 In both, the
primary outcome was progression to late AMD. However,
important differences exist between the 2 study cohorts:
AREDS2 participants all had at least intermediate AMD in
both eyes at baseline and were at high risk of progression
to late AMD, whereas AREDS participants had a wide
spectrum of baseline disease severity, including many
participants with no AMD or early AMD. The AREDS2
participants also had higher mean age and higher genetic
risk of late AMD.30

The aims of this report were to use AREDS and
AREDS2 to (1) examine potential associations between
Mediterranean diet adherence (overall and by component)
and progression to late AMD (GA or neovascular AMD);
(2) assess interactions between Mediterranean diet adher-
ence and AMD genotype in progression to late AMD; and
(3) analyze potential associations between Mediterranean
diet adherence and progression to large drusen.
Methods

Study Populations

The study designs for AREDS and AREDS2 have been described
previously.28,29 In the AREDS, 4757 participants (55e80 years)
were recruited (1992e1998) at 11 US retinal specialty clinics
and enrolled into AMD categories (no AMD to unilateral late
AMD). In AREDS2, 4203 participants (50e85 years) with
1516
bilateral large drusen or unilateral late AMD were recruited
(2006e2008) at 82 US retinal specialty clinics. Institutional
Review Board approval was obtained at each site, and written
informed consent was obtained from all participants. The
research was conducted under the Declaration of Helsinki and
for AREDS2 complied with the Health Insurance Portability and
Accessibility Act.

Study Procedures

The AREDS participants were randomly assigned to placebo,
antioxidants, zinc, or the combination. The RCT lasted 5 years.
The AREDS2 participants were randomly assigned to receive the
supplements that lowered risk of AMD progression in the AREDS
(1) alone or with additional (2) lutein/zeaxanthin, (3) docosahex-
aenoic acid (DHA) plus eicosapentaenoic acid (EPA), or (4) the
combination. Likewise, the RCT lasted 5 years. In both studies, at
baseline and annual visits, eye examinations were performed and
color fundus photographs were captured and graded centrally at
the Fundus Photographic Reading Center (University of
Wisconsin).31

In AREDS, after close-out at 5 years, epidemiologic follow-up
started immediately in 3549 of the 4203 surviving AREDS par-
ticipants. In AREDS2, after close-out at 5 years, 2923 participants
underwent reassessment at 10 years (AREDS2 10-year follow-on
study). Progression to late AMD (including GA/neovascular sub-
type) was defined by fundus photograph grades in the AREDS and
AREDS2 5-year study.28,29 However, for eyes with no late AMD
at AREDS2 5-year close-out, progression to late AMD by 10
years was defined as described in the Supplementary Methods
(available at www.aaojournal.org); this was without subtype
analysis (i.e., in AREDS2, late AMD was assessed to 10 years,
but GA and neovascular AMD to 5 years).

In AREDS, this included the independent assessment of GA
and neovascular AMD. Thus, if an eye progressed to neovascular
AMD, it was still assessed for additional progression to GA at
subsequent study visits (and vice versa). By contrast, in AREDS2,
this was not the case. In AREDS2, if an eye progressed to neo-
vascular AMD, it was no longer assessed for additional progression
to GA (or vice versa).

Modified Alternative Mediterranean Diet Index
Score

In both studies, food frequency questionnaires (FFQs) were
administered to all participants at randomization. The AREDS
FFQ, a 90-item, semiquantitative modified Block FFQ, and its
validation have been described.32 The AREDS2 FFQ, a 131-item,
semiquantitative Harvard FFQ, and its validation have been
described.33,34 In both FFQs, participants were asked how often, on
average, they had consumed each food/beverage item during the
preceding year.

The FFQs were used to determine the number of medium-sized
servings of each food item consumed per week (or gram/day for
alcohol). These data were summed for each participant to obtain
the intake for each of the 9 components that define adherence to the
Mediterranean diet: whole fruits, vegetables, whole grains, nuts,
legumes, red meat, fish, monounsaturated fatty acid : saturated fatty
acid ratio (MUFA:SFA), and alcohol. The intake distributions were
plotted for each component separately for (1) AREDS and
AREDS2, and (2) men and women. Because the intake distribu-
tions were significantly different between AREDS and AREDS2
for most components, all subsequent component analyses were
performed on each cohort separately. Next, for each component,
sex-specific intake quartiles (1e4) were calculated (separately for
AREDS and AREDS2), with quartile 4 representing highest intake.
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Alcohol intake was converted into binary format: 4 for intake
within the specified intervals (5e15 g/day [female] or 10e15 g/day
[male]) and 1 for intake above or below the specified intervals.35

The quartiles for red meat were reversed (i.e., quartile 4 with
highest intake scored 1, as least modified Alternative
Mediterranean Diet Index [aMedi] adherent, and quartile 1 with
lowest intake scored 4).

Next, to calculate the aMedi score for each participant, the
quartile values for the 9 components were summed (range 9e36).
The aMedi distributions were plotted separately for (1) AREDS
and AREDS2, and (2) men and women. Because the aMedi dis-
tributions were similar in AREDS and AREDS2, subsequent
aMedi analyses were performed using (1) a combined AREDS/
AREDS2 cohort, (2) AREDS alone, and (3) AREDS2 alone.

For the components, assessment of adherence level by quartile
ranks (rather than above or below the median, as in another
version of the aMedi36) was used to capture more accurately the
variation observed in these cohorts.37 A similar method (based on
assigning points for component intakes in the top quartile, rather
than above the median) was used in another study population: the
Women’s Health Initiative, Carotenoids in Age-Related Eye
Disease Study.24 In this study population, high versus low aMedi
scores (6e9 vs. 0e1) were associated with lower AMD
prevalence 6 years later, as well as with lower mean serum
C-reactive protein (3.5 mg/l vs. 5.1 mg/l; P ¼ 0.005) and
serum triglycerides (1.6 vs. 1.8 mmol/l; P ¼ 0.02), and higher
densities of macular lutein and zeaxanthin (0.41 vs. 0.34
optical density units; P < 0.0001).

In the current study, in sensitivity analyses, a different method
was used to construct the aMedi score components according to the
methodology used in some previous studies.23,36 For these
analyses, intake was considered above or below the median for
each component, and these grades were summed to produce the
aMedi (range, 0e9). This method was not used in the primary
analyses because of the potential for loss of detailed information
at the component level. For the aMedi, assessment of adherence
level was analyzed by tertiles, as in many previous
studies,20,23,25 to provide interpretable hazard ratios (HRs).

Genotype Analysis

As part of AREDS and AREDS2, 2889 (AREDS) and 1826
(AREDS2) participants consented to genotype analysis. The single
nucleotide polymorphisms (SNPs) were analyzed using a custom
Illumina HumanCoreExome array.38 The AMD Genetic Risk Score
(GRS), a weighted risk score for late AMD, was calculated for each
participant.38 Two SNPs at 2 loci (with highest attributable risk of
late AMD) were also selected: ARMS2 rs10490924 and CFH
rs10922109 (the lead variant at this locus in a large genome-
wide association study [GWAS] of late AMD38).

Participant Cohorts and Statistical Methods

The eligibility criteria were eyes without late AMD at baseline in
White participants with at least 2 study visits. Participants were
excluded if they had missing data for the outcomes or for any
covariate (described next), or if the FFQ was absent. For the rea-
sons described earlier, the aMedi analyses were performed using
the combined AREDS/AREDS2 cohort, as well as each cohort
separately, but the component analyses were performed on each
cohort separately. In all cases, eyes were divided into 2 groups: (1)
those who progressed to late AMD during follow-up and (2)
nonprogressors. In unadjusted analyses, these 2 groups were
compared (chi-square test) according to aMedi tertiles.

Multivariable proportional hazards regression was performed
for progression to (1) late AMD, (2) GA, and (3) neovascular
AMD, according to aMedi tertiles (with tertile 1 as reference).
Significance was set at P ¼ 0.017 (Bonferroni). The proportional
hazards assumption was tested in all cases. In the one situation
where the assumption was not met (in the combined cohort anal-
ysis for the cohort variable), stratified proportional hazards
regression was performed instead.39 The regression analyses were
also performed with (1) adjustment for treatment assignment (i.e.,
the oral supplements or placebo to which participants were
randomized) and (2) including the interaction term between
aMedi and treatment assignment. In AREDS, this included
antioxidants as the main effect and zinc as the main effect, and,
in AREDS2, this included DHA/EPA as the main effect and
lutein/zeaxanthin as the main effect. For these analyses, follow-
up was limited to the duration of the treatment assignment (5
years).

Next, the regression analyses were repeated, including the
interaction term between aMedi and genotype. Significance was set
at P ¼ 0.006 (Bonferroni). Further regression analyses were per-
formed for the 9 aMedi components: Separate models were made
for each component (component x), adjusting for the modified total
index score that did not include the respective component (modi-
fied total index score ¼ total index score e component x). Sig-
nificance was set at P ¼ 0.002 (Bonferroni).

In all cases, the unit of analysis was the eye and analyses were
adjusted for age, sex, smoking, total calorie intake, body mass
index (BMI) (for AREDS only), and correlation between eyes. Age
and total calorie intake were treated as continuous variables, and
sex, smoking (assessed by self-report), and BMI were treated as
categoric variables (as defined in Table 1). Adjustment for
correlation between eyes was made in SAS (SAS Institute Inc.,
Cary, NC) by using the robust sandwich estimate for the
covariance matrix in the Wald tests.40 In analyses of the
combined AREDS/AREDS2 cohort, adjustment was also made
for the cohort. The analyses were conducted using SAS version
9.4.

Results

Participant Cohorts: Baseline Characteristics
and Unadjusted Analyses

The combined cohort contained 13 204 eligible eyes of 7756 par-
ticipants. Their characteristics are shown in Table 1, and their
dietary intake is shown in Tables S1 and S2 (available at
www.aaojournal.org). The numbers that progressed to late AMD,
GA, or neovascular AMD by final follow-up (median 10.2 years)
were 4487 (34.0%), 2194 (16.6%), and 2018 (15.3%), respectively.
In AREDS and AREDS2 considered separately, the numbers that
developed late AMD were 1655 (22.0%; median 10.1 years) and
2866 (48.6%; median 10.4 years), respectively.

Proportional Hazards Regression Analyses:
Progression to Late Age-Related Macular
Degeneration According to the Modified
Alternative Mediterranean Diet Index Score

The results of multivariable proportional hazards regression are
shown in Figure 1 and Table S3 (available at www.aaojournal.org).
The proportional hazards assumption was met in all cases; the only
exception was for the cohort variable in the combined cohort
analysis, so, for these analyses, the results of stratified
proportional hazards regression are shown instead. In the
combined cohort, HRs for late AMD were 0.87 (tertile 2; 95%
confidence interval [CI], 0.80e0.94, P ¼ 0.001) and 0.78 (tertile
3; 95% CI, 0.71e0.85, P < 0.0001). Those for GA were 0.80
1517
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Table 1. Participant Demographics at Baseline

AREDS Cohort AREDS2 Cohort
Combined Cohort

(AREDS and AREDS2)

Participants 4255 3611 7756*
Mean age (yrs) 69 (SD 5.1) 73 (SD 7.7) 71 (SD 6.6)
Female: n (%) 2388 (56.1) 2058 (57.0) 4385 (56.5)
Smoking status: n (%)
Never 1914 (45.0) 1558 (43.1) 3415 (44.0)
Former 2035 (47.8) 1823 (50.5) 3809 (49.1)
Current 306 (7.2) 230 (6.4) 532 (6.9)

BMI: n (%) e e
�25 kg/m2 1405 (33.0)
>25 and �30 kg/m2 1791 (42.1)
>30 kg/m2 1059 (24.9)

AMD severity category 3e4 (AREDS)
or �7 in worse eye (AREDS2): n (%)

e e

No 1982 (46.6) 845 (23.4)
Yes 2273 (53.4) 2763 (76.6)

aMedi tertiles: n (%)
1 1349 (31.7) 1224 (33.9) 2542 (32.8)
2 1436 (33.7) 1101 (30.5) 2497 (32.2)
3 1470 (34.5) 1286 (35.6) 2717 (35.0)

Mean follow-up time (yrs) 9.2 (SD 2.8) Median 10.1 8.6 (SD 3.2) Median 10.4 8.9 (SD 3.0) Median 10.2
Participants with genetic data 2722 1669 4297
GRS group: n (%)
Low risk groupy 886 (32.5) 204 (12.2) 1069 (24.9)
Quartiles 1e2 1063 (39.1) 596 (35.7) 1623 (37.8)
Quartiles 3e4 773 (28.4) 869 (52.1) 1605 (37.4)

CFH protective alleles (rs10922109): n (%)
0 (CC) 1259 (46.3) 1119 (67.0) 2332 (54.3)
1 (CA) 1125 (41.3) 472 (28.3) 1562 (36.3)
2 (AA) 338 (12.4) 78 (4.7) 403 (9.4)

ARMS2/HTRA1 risk alleles (rs10490924): n (%)
0 (GG) 1379 (50.7) 645 (38.6) 1979 (46.1)
1 (GT) 1056 (38.8) 718 (43.0) 1739 (40.5)
2 (TT) 287 (10.5) 306 (18.3) 579 (3.5)

AMD ¼ age-related macular degeneration; aMedi ¼ Alternative Mediterranean Diet Index; AREDS ¼ Age-Related Eye Disease Study; ARMS2 ¼ age-
related maculopathy susceptibility 2 gene; BMI ¼ body mass index; CFH ¼ complement factor H gene; GA ¼ geographic atrophy; GRS ¼ Genetic Risk Score;
HTRA1 ¼ high-temperature requirement A1 gene; SD ¼ standard deviation.
*In the combined cohort, the 110 participants who were in both cohorts were counted only once (using their data from AREDS2).
yLow-risk GRS group: participants whose GRS was less than or equal to the mean GRS of a control population without late AMD.
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(95% CI, 0.71e0.90, P ¼ 0.0002) and 0.71 (95% CI, 0.63e0.80,
P < 0.0001), respectively, and for neovascular AMD were 0.90
(95% CI, 0.80e1.01, P ¼ 0.08) and 0.84 (95% CI, 0.75e0.95,
P ¼ 0.005). Thus, higher aMedi was associated with a
significantly lower risk of late AMD, with dose-response associa-
tions. The HR differences were greater and more highly significant
for GA than neovascular AMD. The results for separate analysis of
the cohorts are also shown (Fig 1). These were relatively similar for
GA; for neovascular AMD, however, a stronger signal was
observed in AREDS than AREDS2.

Similar analyses that included adjustment for treatment
assignment did not demonstrate different results in AREDS or
AREDS2. The HRs for progression to late AMD (aMedi tertile 3
vs. 1), including adjustment, were 0.78 (95% CI, 0.66e0.92) in
AREDS and 0.82 (95% CI, 0.73e0.93) in AREDS2. In addition,
analyses that included the interaction term between aMedi and
treatment assignment showed no significant interactions for any
outcome in AREDS or AREDS2, even at the nominal level. The P
interaction values for progression to late AMD were P ¼ 0.63
(antioxidants), P ¼ 0.19 (zinc), and P ¼ 0.95 (combination) in
1518
AREDS, and P ¼ 0.75 (DHA/EPA), P ¼ 0.51 (lutein/zeaxanthin),
and P ¼ 0.53 (combination) in AREDS2.

The analyses were repeated using a different version of the
aMedi score, constructed as 0e9 (above or below the median for
each component)36 instead of 9e36. In AREDS, the HRs for
aMedi tertile 3 (with tertile 1 as reference) were 0.86 (95% CI,
0.73e1.00; P ¼ 0.049), 0.83 (95% CI, 0.69e1.00; P ¼ 0.050),
and 0.89 (95% CI, 0.73e1.08; P ¼ 0.23) for late AMD, GA,
and neovascular AMD, respectively. In AREDS2, the equivalent
HRs were 0.84 (95% CI, 0.74e0.95, P ¼ 0.006), 0.81 (95% CI,
0.67e0.96, P ¼ 0.016), and 0.89 (95% CI, 0.75e1.05, P ¼
0.15), respectively. Thus, the results showed a similar pattern in
all cases but were partially attenuated compared with the original
analyses, presumably through loss of information caused by
binary assignment above or below the median. The results of the
other sensitivity analyses are available in the Supplementary
Methods (available at www.aaojournal.org).

In analyses of interactions between aMedi and genotype, in
AREDS, overall P interaction values for CFH rs10922109 were
0.01 (late AMD), 0.003 (GA), and 0.026 (neovascular AMD), that
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Figure 1. Results of the proportional hazards regression modeling of progression to late age-related macular degeneration (AMD) outcomes according to
tertiles of the modified Alternative Mediterranean Dietary Index (aMedi): (A) Age-Related Eye Disease Study (AREDS) and AREDS2 (combined cohort);
(B) AREDS; (C) AREDS2. Results are shown in comparison to tertile 1 (reference) after adjustment for age, sex, smoking status, total calorie intake, body
mass index (for AREDS participants only), and correlation between eyes. Significant results (according to Bonferroni-corrected significance level of P ¼
0.017) are shown with an asterisk. A and C, For the data from AREDS2, the results for late AMD are based on events over the full study period (i.e.,
including the AREDS2 10-year follow-on study), whereas the results for geographic atrophy (GA) and neovascular AMD are based on events up until the
AREDS2 close-out (median 5 years). This is because in the AREDS2 10-year follow-on study, late AMD subtype information was not captured from all data
sources. CI ¼ confidence interval.
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is, significant at the Bonferroni level for GA and at the nominal
level for late and neovascular AMD. In participants with no CFH
protective alleles, higher aMedi was not associated with altered risk
of late AMD (Table 2). In those with 1 protective allele, higher
aMedi was associated with decreased risk of late AMD
outcomes; for GA, HRs were as low as 0.52 (95% CI,
0.34e0.77, P ¼ 0.001) for aMedi tertile 3 versus 1. The number
of participants with 2 protective alleles was very low, because it
is rare to be homozygous for this allele. As expected, the
number of progression events in these individuals was extremely
low because it is unusual for individuals with 2 protective alleles
at this locus to progress to late AMD (irrespective of diet). Thus,
although the HRs for progression to late AMD were low for
aMedi tertiles 2 and 3, these results were not statistically
significant. In similar analyses of AREDS2, no significant
interactions were present. The likely reasons for the differing
results between AREDS and AREDS2 are discussed next. In
similar analyses of ARMS2 rs10490924, no significant
interactions were present for any late AMD outcome in AREDS
or AREDS2. For the AMD GRS, again, no significant
interactions were present for any outcome in either cohort.
Proportional Hazards Regression Analyses:
Progression to Late Age-Related Macular
Degeneration According to Intake of Individual
Components

The results for individual aMedi components are shown in Figure 2
and Table S4 (available at www.aaojournal.org) (separately for
AREDS and AREDS2, because intake distributions differed
between the 2 studies). The magnitudes of protective associations
with fish (and to a lesser extent vegetables and whole grains)
and adverse associations with MUFA:SFA are described next.

Fish Intake

In AREDS, higher fish intake was associated with decreased risks
of late AMD, GA, and neovascular AMD. In AREDS2, HRs for
higher fish intake were numerically lower than 1 for GA but similar
to 1 for neovascular AMD; none was significantly different to 1 at
the Bonferroni level, although several met nominal significance.
Further analyses, including assignment to DHA/EPA supplement
intervention group as main effect, did not alter the results for
1519
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Table 2. Results of Proportional Hazards Regression of the Progression to Late Age-Related Macular Degeneration Outcomes in the
AREDS (n ¼ 4992 eyes of 2722 participants), According to Interactions between Participant Genotype at CFH rs10922109 and the

Modified Alternative Mediterranean Diet Index

Outcome

CFH Alleles (rs10922109):
A [ Protective;
C [ Wild-type

aMedi Tertile
(Reference [ 1) No. of Eyes No. of Events HR (95% Confidence Limits) P Value

Late AMD 0 (CC) 2 768 246 0.91 (0.74e1.13) 0.39
3 779 247 0.92 (0.74e1.15) 0.48

1 (CA) 2 742 101 0.69 (0.51e0.93) 0.01
3 757 97 0.61 (0.43e0.85) 0.003

2 (AA) 2 232 13* 0.76 (0.32e1.79) 0.53*
3 245 12* 0.65 (0.23e1.85) 0.42*

GA 0 (CC) 2 768 172 0.94 (0.73e1.21) 0.61
3 779 179 0.91 (0.71e1.18) 0.49

1 (CA) 2 742 78 0.68 (0.48e0.97) 0.03
3 757 60 0.52 (0.34e0.77) 0.001

2 (AA) 2 232 9* 0.63 (0.24e1.65) 0.35*
3 245 9* 0.61 (0.21e1.78) 0.36*

Neovascular AMD 0 (CC) 2 768 137 0.89 (0.69e1.15) 0.37
3 779 142 0.98 (0.74e1.29) 0.88

1 (CA) 2 742 53 0.63 (0.43e0.93) 0.02
3 757 55 0.59 (0.39e0.89) 0.01

2 (AA) 2 232 6* y y

3 245 7* y y

AMD ¼ age-related macular degeneration; aMedi ¼ modified alternative Mediterranean Diet Index; CFH ¼ complement factor H gene; GA ¼ geographic
atrophy; HR ¼ hazard ratio.
*Very low event numbers because of very low likelihood of progression to late AMD in those with 2 protective alleles (irrespective of diet), thus no statistical
significance despite HRs <1.
yNo meaningful results because of very low numbers of events.
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AREDS2, and there was no significant interaction between fish
intake and DHA/EPA supplementation (P interaction ¼ 0.64 for
late AMD). Likely reasons for the weaker association between fish
intake and progression to late AMD in AREDS2 include lower
median fish intake, substantially higher median baseline AMD
status, and lower prevalence of CFH rs10922109 protective alleles
(33% vs. 54%) in AREDS2 than AREDS; these are considered in
more detail next.

In analyses of interactions between fish intake and genotype, in
AREDS, highly significant interactions were observed for CFH
rs10922109 (P interaction ¼ 0.0005, 0.0008, and 0.009 for late
AMD, GA, and neovascular AMD, respectively). In participants
with no CFH protective alleles, higher fish intake was not asso-
ciated with altered risk of late AMD (Table 3). However, in those
with protective alleles, higher fish intake was associated with
substantially decreased risk of late AMD outcomes. The number
of participants with 2 protective alleles was very low. In similar
analyses of AREDS2, no significant interactions were present.
This was unsurprising, given the weak signals for overall
associations between fish intake and late AMD outcomes.
Indeed, the reasons for the differing results between AREDS and
AREDS2 are likely the same as those for the overall results for
fish. In addition, an interaction was observed in AREDS between
GRS and fish intake, for neovascular AMD (P ¼ 0.007;
Table 3), but not late AMD (P interaction ¼ 0.07) or GA (P
interaction ¼ 0.91). No significant interactions were found with
ARMS2.

Monounsaturated : Saturated Fatty Acid Intake

Higher MUFA:SFA intake quartiles were associated with increased
risk of late AMD in AREDS (P trend ¼ 0.001), but not in
AREDS2 (P trend ¼ 0.36). In exploratory analyses, we found that
1520
the association was limited to women; in AREDS, the HRs for late
AMD in MUFA:SFA quartiles 4 versus 1 were 1.41 (1.14e1.74;
P ¼ 0.001) in women and 1.15 (0.91e1.46; P ¼ 0.24) in men. The
likely reasons for differences between the results for AREDS and
AREDS2 are discussed in the Supplement Methods (available at
www.aaojournal.org).

Proportional Hazards Regression Analyses:
Progression to Large Drusen

In separate analyses of eyes with no large drusen or late AMD at
baseline (n ¼ 5029 of 3026 AREDS participants), HRs for the
development of large drusen, according to aMedi tertiles, were
0.87 (tertile 2; 0.75e1.01, P¼ 0.07) and 0.79 (tertile 3; 0.68e0.93,
P ¼ 0.004). In similar analyses according to fish intake quartiles,
the HRs were not significantly different to 1. No genetic interaction
was observed between aMedi and CFH rs10922109 status (P
interaction ¼ 0.21).

Discussion

Main Findings, Interpretation, and Comparison
with Literature

Higher aMedi adherence was associated with a lower risk of
late AMD. This was true for late AMD overall, for GA, and
(with a weaker association) for neovascular AMD. Similar
results for late AMD were observed in both AREDS and
AREDS2, despite the substantial differences between the 2
cohorts (including decade of study, participant age, genetic
risk profile, dietary habits, FFQ used, as well as the very

http://www.aaojournal.org


Figure 2. Results of the proportional hazards regression modeling of the progression to late AMD outcomes, according to quartiles of intake of individual com-
ponents of the aMedi, with each component considered separately: (A) AREDS e late AMD; (B) AREDS e GA; (C) AREDS e neovascular AMD; (D)
AREDS2e late AMD; (E)AREDS2e GA; (F)AREDS2 e neovascular AMD. For all components except alcohol, higher quartiles refer to higher levels of intake
of the component, with quartile 1 as the reference quartile. For alcohol (considered in binary fashion), group 2 (“in interval”) refers to intake within the specified
interval (i.e., adherent to the aMedi), and group 1 (reference) refers to intake above or below the specified interval. For red meat, higher quartiles refer to higher levels
of intake, which is less adherent to the modified alternative Mediterranean diet. For monounsaturated fatty acid : saturated fatty acid (MUFA:SFA), higher quartiles
refer to higher ratios of MUFA:SFA intake, which is considered more adherent to the aMedi. Significant results (according to Bonferroni-corrected significance level
of P¼ 0.002) are shown with an asterisk. AREDS2 (DeF): The results for late AMD (D) are based on events over the full study period (i.e., including the AREDS2
10-year follow-on study), whereas the results for GA and neovascular AMD (EeF) are based on events up until the AREDS2 close-out (median 5 years). This is
because, in the AREDS2 10-year follow-on study, late AMD subtype information was not captured from all data sources. CI ¼ confidence interval.
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Figure 2. (Continued.)
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high level of baseline disease severity in AREDS2). The
findings were consistent with dose-response effects and
robust to multiple sensitivity analyses, including construc-
tion of the aMedi by a different method used in some pre-
vious studies.23,36 The evidence for GA was highly
consistent between datasets, but for neovascular AMD was
1522
apparent only in AREDS. Higher adherence was also
associated with lower risk of large drusen development;
this represents a novel and important finding, because
(aside from smoking cessation) no interventions are
available to decrease progression to this highly prevalent
disease stage. Notably, this suggests that the



Table 3. Results of Proportional Hazards Regression of the Progression to Late Age-Related Macular Degeneration Outcomes in the
AREDS (n ¼ 4992 Eyes of 2722 Participants), According to Interactions between Fish Intake and Participant Genotype at (i) CFH

rs10922109 and (ii) Age-Related Macular Degeneration Genetic Risk Score

Outcome

CFH Alleles (rs10922109):
A [ Protective;
C [ Wild-type

Fish Intake Quartiles
(Reference [ 1)

No. of
Eyes

No. of
Events HR (95% CL) P Value

Late AMD 0 (CC) 2 609 187 0.94 (0.74e1.20) 0.63
3 562 195 1.05 (0.82e1.34) 0.72
4 535 166 0.94 (0.72e1.23) 0.67

1 (CA) 2 587 85 0.74 (0.52e1.04) 0.08
3 458 72 0.81 (0.56e1.17) 0.26
4 602 74 0.63 (0.43e0.92) 0.02

2 (AA) 2 195 13 0.67 (0.28e1.61) 0.37
3þ4* 319 10 0.19 (0.06e0.58) 0.003

GA 0 (CC) 2 609 127 0.84 (0.63e1.12) 0.24
3 562 141 1.02 (0.76e1.36) 0.90
4 535 121 0.89 (0.65e1.23) 0.49

1 (CA) 2 587 63 0.73 (0.49e1.08) 0.12
3 458 46 0.68 (0.44e1.05) 0.08
4 602 51 0.63 (0.41e0.97) 0.04

2 (AA) 2 195 10 0.14 (0.06e0.37) <.0001
3þ4* 319 8 0.20 (0.06e0.67) 0.01

Neovascular
AMD

0 (CC) 2 609 104 1.02 (0.76e1.38) 0.89
3 562 104 1.06 (0.77e1.45) 0.71
4 535 100 0.99 (0.71e1.37) 0.94

1 (CA) 2 587 50 1.06 (0.68e1.66) 0.80
3 458 48 1.32 (0.82e2.11) 0.25
4 602 41 0.84 (0.51e1.37) 0.48

2 (AA) 3þ4y 319 3 0.16 (0.03e0.83) 0.03

Outcome AMD GRS Group
Fish Intake Quartiles
(Reference [ 1)

No. of
Eyes

No. of
Events HR (95% CL) P Value

Neovascular AMD 0 2 496 16 0.54 (0.24e1.24) 0.15
3 363 12 1.00 (0.38e2.65) 1.00
4 473 11 0.78 (0.29e2.07) 0.61

1 2 553 55 0.76 (0.51e1.13) 0.17
3 478 51 0.83 (0.54e1.28) 0.40
4 506 34 0.50 (0.31e0.80) 0.004

2 2 342 90 1.22 (0.87e1.71) 0.25
3 329 90 1.18 (0.84e1.67) 0.34
4 327 98 1.30 (0.91e1.86) 0.16

AMD ¼ age-related macular degeneration; CFH ¼ complement factor H gene; CL ¼ confidence limits; GA ¼ geographic atrophy; GRS ¼ Genetic Risk
Score; HR ¼ hazard ratio.
*Quartiles 3 and 4 combined because of low numbers of events.
yQuartiles 3 and 4 combined (reference ¼ quartiles 1 and 2 combined) because of low numbers of events.

Keenan et al � Mediterranean Diet and AMD
Mediterranean diet may be protective both against late
AMD (even at the intermediate AMD stage) and against
intermediate disease itself.

These results are partially consistent with a previous
study of an AREDS subset: higher aMedi was associated
with decreased risk of late AMD.23 However, late AMD
subtype analysis was not performed in this study. This is
important, because our study revealed distinct patterns for
each subtype; indeed, GA carries a large public health
burden and represents a vital research priority because no
treatments are known to prevent GA or restore vision to
affected areas. Only one other study has reported
prospectively obtained data.25 In this European study,
higher MED score (i.e., using the original Mediterranean
Dietary Index,41 rather than one alternative version36 or
the other alternative version used here) was associated
with decreased late AMD risk (P trend ¼ 0.04). Two
European studies have reported cross-sectional associa-
tions between Mediterranean-type diets and AMD (although
interpretation of cross-sectional associations is limited by
susceptibility to reverse causation). One observed that
higher MED was associated with lower prevalence of neo-
vascular AMD but not GA.21 The other found an association
between higher MED score and lower AMD prevalence
(without late AMD analysis).20

Indeed, we consider that more accurate findings might
have been observed in the previous studies if they had
used methods similar to ours; together with lower power,
this may explain some borderline significant results in
these previous studies. This idea is supported by the
observation that similar patterns of results were obtained,
but with attenuated HRs and significance levels, when we
1523
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reanalyzed our data with the aMedi constructed in the
other way.

Since the original development of a traditional Mediter-
ranean diet score,41 adaptations have been developed to
reflect the partially different dietary intakes and cultures
outside the Mediterranean region, while still capturing
evidence for the health benefits of its components: diets
rich in plant foods, low in red or processed meat, with
regular consumption of foods that provide omega-3 fatty
acids (i.e., fish, nuts, whole grains, and legumes), and
moderate alcohol intake (mostly as wine).18,42 Likewise,
methods for scoring adherence to Mediterranean diet-type
patterns or components have been adapted to best capture
the levels and distributions in specific populations, as dis-
cussed previously.18,42 The aMedi score was a modification
of the traditional Mediterranean Diet Index score, which was
developed to examine the dietary patterns found on the
island of Crete.17,41 The modifications were made to
reflect its use in other European and North American
populations, according to dietary patterns that were
consistently associated with lower risks of chronic disease.
The modifications comprised excluding potatoes from the
vegetable group, adding a nut category (i.e., separate from
fruits), limiting the grain category to whole grains (i.e.,
not refined grains), limiting the meat group to red and
processed meat only, and eliminating the dairy group.18,42

Despite these modifications, there is broader evidence for
the benefits of Mediterranean-type patterns across many
scoring methods and study samples across the world, in
terms of decreased risks of age-related chronic diseases that
share risk factors with AMD, and of decreased levels of
biomarkers of inflammation.19 The aMedi score, expressed
as high versus low quintiles, was associated with lower
risk for cardiovascular disease mortality in a sample of
large American cohorts.37 Likewise, C-reactive protein
levels have consistently been observed to be lower with
Mediterranean-type diet patterns in both RCTs43 and
observational studies36 across many countries.

In the present study, the results did not differ according
to treatment assignment group in AREDS or AREDS2, and
no interactions were observed between the aMedi and the
treatment assignment. Thus, the protective association be-
tween aMedi and progression to late AMD is independent of
any of the oral supplements administered in either study,
comprising antioxidants, zinc, lutein/zeaxanthin, and DHA/
EPA. This suggests that the Mediterranean diet (which was
associated preferentially with decreased risk of GA) might
play a complementary role alongside oral supplements
(which preferentially decrease the risk of neovascular
AMD7,8), rather than a competitive role. Likewise, the
results were not affected by multivitamin intake in
AREDS participants and persisted despite almost universal
multivitamin intake in AREDS2 participants.

Interactions between Mediterranean Diet and
Age-Related Macular Degeneration Genotype

Evidence for interactions between aMedi and genotype,
specifically CFH rs10922109, was observed in AREDS.
The association between higher aMedi and decreased late
1524
AMD was found only in those with CFH protective alleles.
Of note, this suggests that individuals with this variant
(which helps define a protective haplotype at CFH/CFHR)
may have the most to gain from Mediterranean diets; if they
do not follow a Mediterranean diet, they might not be taking
full advantage of their genotype. Additional preventative
strategies may be required for individuals without protective
alleles.

As described earlier, this finding was observed in par-
ticipants with 1 protective allele. Although similar HRs were
observed for late AMD and GA in participants with 2 pro-
tective alleles, these results were not statistically significant.
This was expected: It is rare to be homozygous for the CFH
protective allele and very rare to be homozygous and to
progress to late AMD (demonstrated by the extremely low
numbers of events in Table 2). These rare individuals are
almost always highly protected against developing late
AMD, irrespective of diet. Thus, it would require
extremely high power to demonstrate a significant
difference in progression to late AMD according to
Mediterranean diet adherence within this group.

Both previous longitudinal studies analyzed genetic in-
teractions.23,25 The European study25 observed no
significant interaction between dietary index and CFH or
ARMS2, whereas the AREDS study23 reported an
interaction with CFH (P ¼ 0.04). However, these studies
may have missed relevant signals by selecting CFH
rs1061170 (risk variant) rather than rs10922109. Absence
of rs1061170 risk alleles may have been an imperfect
proxy for presence of rs10922109 protective alleles.
Indeed, we reanalyzed using rs1061170 and observed P
interaction ¼ 0.05 (GA in AREDS), similar to the
previous result.23

We applied a 52-SNP GRS to these analyses; this risk
score encompasses in a single metric the overall genetic load
of late AMD for an individual by including all the risk and
protective variants identified in the largest GWAS of late
AMD to date.38 This novel application demonstrated an
important distinction through comparison of the results for
the GRS and CFH. It suggests that the CFH status, but not
the overall genetic load for late AMD, is important in
determining whether closer adherence to the Mediterranean
diet is associated with decreased risk. In public health
terms, this suggests that different interventions might be
required according to individual genotype.

Individual Components of the Modified
Alternative Mediterranean Dietary Index

An innovative methodology was used to isolate the contri-
bution of each separate component to the overall results by
analyzing according to each component while simulta-
neously adjusting for a tailored aMedi that excludes that
component. This technique is well validated in other fields44

but novel in AMD studies. The approach demonstrated that
fish intake was particularly important. Higher fish intake
was significantly associated with decreased risk of GA
and neovascular AMD in AREDS; with nominal
significance, similar patterns were observed for GA in
AREDS2.
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The finding of a protective association with fish intake
may raise a question regarding meat intake: Individuals with
higher fish intake are likely to have lower red meat intake,
so uncovering the true association becomes important. First,
it is unlikely that higher fish intake is associated purely as a
proxy for lower red meat intake because the strength and
significance of the associations were greater for fish than for
red meat. Second, the regression analyses for each compo-
nent included adjustment for a modified aMedi index
excluding that particular component to isolate as much as
possible the signal for each particular component (against
the background of the overall aMedi). For example, all
analyses for fish were adjusted for the modified aMedi index
constructed from the other 8 components (including red
meat). Third, additional analyses were performed where 4
groups of participants were selected from the AREDS
cohort, according to high (quartile 4) or low (quartile 1)
intake of fish and red meat. All 4 combinations were
considered (low/low; low/high; high/low; high/high) and
HRs for progression to late AMD were calculated. Com-
parison of the low fish/low meat versus the high fish/low
meat groups showed a large difference in HRs. Likewise,
comparison of the low fish/high meat versus the high fish/
high meat groups showed a difference in HRs. Thus, by
comparing groups of participants with similar red meat
intake but differing fish intake, we continued to observe a
protective association between fish intake and progression to
late AMD.

Likely reasons for the differences in results between
AREDS and AREDS2 are considered here. Indeed, these
same factors are likely to explain the partially different
findings between AREDS and AREDS2 for 3 results: (1)
fish intake-CFH interactions; (2) aMedi-CFH interactions,
likely driven by (1); and (3) fish intake and progression to
late AMD, affected by (1). These factors include (a) the
lower median weekly fish intake in AREDS2 (e.g., 1.0
medium servings/week vs. 1.8 in AREDS, in men), (b) the
lower proportion of participants with CFH protective alleles
in AREDS2 (33% vs. 54% in AREDS), (c) the degree of
relatively advanced AMD at study baseline in AREDS2, and
(d) differences in food items listed on the FFQs and the
underlying databases. In addition, participants in AREDS2
appear to have been better nourished at baseline than those
in AREDS, including higher intakes of DHA, EPA, and
alpha-linolenic acid omega-3 fatty acids, despite reporting
fewer weekly fish servings. In AREDS participants, the
mean estimated intake of DHA and EPA (59 mg/day) was 3-
fold lower than in AREDS2 participants and less than the
Institute of Medicine recommendations for men (160 mg)
and women (110 mg).45 The higher intake of these long-
chain omega-3 fatty acids in AREDS2 could reflect a
greater proportion of fish intake from fish that were rich in
omega-3 in this more recent study.

The findings for fish intake are consistent with some
previous studies. The previous AREDS study detected an
association (P ¼ 0.04) between fish intake and decreased
late AMD.23 A cross-sectional European study observed
decreased risk of neovascular AMD with high fish
intake,46 and an American case-control study found an
association between fish intake and decreased AMD risk
when dietary linoleic acid is low.47 A 2008 meta-analysis
concluded that consumption of fish (and foods rich in
omega-3 fatty acids) may be associated with lower risk of
AMD.48

Compelling evidence was observed for a highly sig-
nificant interaction between fish intake and genotype,
specifically CFH rs10922109. The novelty and strength of
this finding were achieved by isolating the genetic inter-
action in 3 dimensions: to the fish component of the
aMedi, the CFH rs10922109 variant of the AMD geno-
type, and the GA subtype of late AMD. Again, the
association between fish intake and decreased late AMD
was found only in those with CFH protective alleles.
Thus, individuals with protective haplotypes may have the
most to gain from fish intake. The combination of a
protective haplotype and higher fish intake appears
particularly powerful. This has important biological and
public health implications. The strong genotype depen-
dence argues that the biological mechanism underlying
potential protection from fish is intimately involved with
the complement system. Further research to investigate
interactions between fish nutrients and complement
regulation is appropriate.

These results have implications for findings from pre-
vious studies. The odds ratios of late AMD associated
with CFH rs10922109 minor allele (0.38 by GWAS38) are
likely dependent on the dietary status of the study
population. Likewise, previous studies of diet and AMD
were likely influenced by CFH/CFHR genotypes. The
results may help explain geographical differences in
AMD and highlight the partially distinct nature of CFH-
related and ARMS2/HTRA1-related AMD. For example,
given the findings of this study, we would expect
countries where the population consume a lot of fish
(e.g. Japan) to have a lower prevalence of late AMD,
particularly GA. This is indeed the case.49-51 As regards
specific nutrient(s) involved, the AREDS2 findings sug-
gest these may not be related solely to DHA/EPA. Fish is
also rich in B vitamins; deficiencies of folate and vitamin
B12 have been associated with increased AMD,52 and
daily supplementation of these vitamins (and B6)
decreased the incidence of visually significant AMD in
an RCT.53 In addition, very long chain polyunsaturated
fatty acids (i.e., with carbon chains longer than DHA
and EPA), which are present in fish but not in fish oil
supplements, could also be relevant.54

Components other than fish were likely associated with
decreased late AMD, such as vegetables, whole grains, and
fruit. The association was driven by findings for GA, a
pattern that differed from fish. Indeed, the presence of
distinct patterns of findings for different aMedi components
(GA vs. neovascular AMD and AREDS vs. AREDS2)
suggests that more than 1 biological mechanism may be
responsible for the beneficial associations of the Mediter-
ranean diet, with each mechanism dependent on a subset of
components/nutrients, although more complex interactions
may also be relevant (e.g., altered gastrointestinal micro-
biome55-57). The results for MUFA:SFA ratio are discussed
in the Supplementary Methods (available at
www.aaojournal.org).
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Study Strengths and Limitations

Strengths include the use of 2 datasets, both with large size and
long follow-up, which provided a high event rate. The datasets
benefit from standardized collection of information, reading
center grading, and genetic data in most participants. Limita-
tions include post hoc hypothesis generation, the possibility of
residual or unmeasured confounding (e.g., physical activity),
and differences in variables between the cohorts (e.g., BMI).
In addition, diet assessment by FFQ is known to contain
nondifferential measurement error, although energy adjust-
ment may partially address this error.58,59 Because of inherent
differences in AREDS and AREDS2 FFQs, differences exist
in assignment of food items to the modified aMedi
components. The study may have limited generalizability to
populations in whom diets, and genotypes, differ.

In conclusion, in the United States, adherence to a
Mediterranean-type diet is associated with decreased pro-
gression to large drusen and to late AMD. This includes
both subtypes of late disease, particularly GA. The potential
benefits apply across a wide spectrum of disease severity.
The association is present even in relatively established
disease (i.e., intermediate AMD). This suggests it may
rarely be too early or late to adopt a healthy diet. For pro-
gression from intermediate AMD to GA, this is important,
because (other than smoking cessation) no interventions are
available. The diet is less associated with decreased pro-
gression from intermediate to neovascular disease, but
AREDS/AREDS2 supplements are beneficial here. Thus,
diet and oral supplementation may play complementary
roles, with a Mediterranean diet acting preferentially against
atrophy and supplementation preferentially against neo-
vascularization. Fish intake is an important driver in the
associations. As regards CFH status, adopting a Mediter-
ranean diet with fish intake might be considered as
exploiting protective alleles, rather than “eating away ge-
netic risk.” However, in progression to large drusen and
from intermediate AMD to GA, potential benefits appear
less dependent on AMD genotype. Further research may
uncover the mechanisms involved toward the generation of
additional oral supplements. In addition, an RCT of the
Mediterranean diet on AMD progression would be essential,
ideally encompassing a broad spectrum of disease severity,
genotypes, and phenotypes.
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