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Abstract: The Mediterranean diet (MD) has shown to reduce the occurrence of several chronic dis-
eases. To evaluate its potential protective role on dementia incidence we studied 16,160 healthy
participants from the European Prospective Investigation into Cancer and Nutrition (EPIC)-Spain
Dementia Cohort study recruited between 1992-1996 and followed up for a mean (+SD) of 21.6 (+3.4)
years. A total of 459 incident cases of dementia were ascertained through expert revision of medical
records. Data on habitual diet was collected through a validated diet history method to assess ad-
herence to the relative Mediterranean Diet (rMED) score. Hazard ratios (HR) of dementia by rMED
levels (low, medium and high adherence levels: <6, 7-10 and >11 points, respectively) were esti-
mated using multivariable Cox models, whereas time-dependent effects were evaluated using flex-
ible parametric Royston-Parmar (RP) models. Results of the fully adjusted model showed that high
versus low adherence to the categorical rMED score was associated with a 20% (HR = 0.80, 95%CI:
0.60-1.06) lower risk of dementia overall and HR of dementia was 8% (HR = 0.92, 0.85-0.99, p =
0.021) lower for each 2-point increment of the continuous rMED score. By sub-types, a favorable
association was also found in women for non-AD (HR per 2-points = 0.74, 95%ClI: 0.62-0.89), while
not statistically significant in men for AD (HR per 2-points = 0.88, 0.76-1.01). The association was
stronger in participants with lower education. In conclusion, in this large prospective cohort study
MD was inversely associated with dementia incidence after accounting for major cardiovascular
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risk factors. The results differed by dementia sub-type, sex, and education but there was no signifi-
cant evidence of effect modification.

Keywords: Mediterranean diet; dementia; Alzheimer’s disease; cohort study; prospective analysis;
EPIC-Spain

1. Introduction

Dementia is one of the leading causes of disability and dependency among older peo-
ple worldwide, with huge physical, social, and economic repercussions [1]. Over 50 mil-
lion people suffer from dementia worldwide and this number is expected to rise by more
than two-fold by 2050 [2], which has led the World Health Organization (WHO) to recog-
nize dementia as a public health priority [3]. As an age-related disorder with no effective
treatment to date [3], prevention through changes in modifiable risk factors and lifestyles
such as diet remain paramount to tackle the health and social challenges imposed by the
growing burden of dementia worldwide [4].

The Mediterranean diet (MD) pattern, described more than half a century ago, is
characterized by a high intake of vegetables, fruits, legumes, unrefined cereals, nuts and
olive oil, a moderate intake of fish and wine and low intake of dairy products, meat, poul-
try and saturated fat [5-7]. In the past few decades, the advantages of the MD have been
extensively studied in relation to premature mortality and incidence of cancer or cardio-
vascular disease [8,9], while its health benefits have also led researchers to explore its po-
tential role on cognition. Previous studies suggest that the MD may protect against age-
related cognitive decline and mild cognitive impairment [10,11], but its potential role in
reducing or delaying the onset of dementia is not well established [12-16]. Most studies
conducted so far have focused on cognitive function as the end-point whereas only a few
have assessed the potential beneficial role of the MD pattern on the occurrence of demen-
tia or Alzheimer’s disease (AD), for which the level of the evidence is still regarded as
moderate and warrants further research [2]. Moreover, many of the studies that have as-
sessed the association between MD and dementia risk have taken place in non-Mediter-
ranean countries, mostly the United States (US) [15-17]. These studies would support the
external validity of the beneficial effect of the MD. However, there remains a need of sup-
porting evidence from large-scale prospective studies carried out in Mediterranean coun-
tries in order to elucidate whether the MD could actually reduce the risk of cognitive de-
cline or dementia. It is in these regions where the MD pattern remains closer to its original
features. Moreover, the traditional lifestyles and healthy habits of Mediterranean coun-
tries could extend the benefits of the MD beyond its strictly nutritional effects. The EPIC
(European Prospective Investigation into Cancer and nutrition)-Spain study is a large
multicenter cohort study designed to evaluate the association between diet, lifestyles and
incidence of cancer and other chronic and age-related diseases, such as dementia, account-
ing for wide exposure variability, long follow-up time and large number of cases. In this
analysis we aimed to evaluate the relationship between adherence to a MD pattern and
the subsequent risk of dementia and dementia sub-types in the EPIC-Spain Dementia Co-
hort.

2. Materials and Methods
2.1. Study Sample

The EPIC study is a multicenter prospective study carried out on over 500,000 vol-
unteers from ten European countries [18,19]. The EPIC-Spain Dementia Cohort was estab-
lished from a sample of 25,015 EPIC-Spain participants from three EPIC-Spain study cen-
ters which carried out the prospective ascertainment of dementia cases: Gipuzkoa, Na-
varra, and Murcia [20].
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Participants were 30 to 70 years old at enrolment between 1992 and 1996, and were
mostly blood donors, civil servants, and general population. Exclusion criteria were being
pregnant or breastfeeding, or not being physically or mentally capable of participating.
Baseline data on diet, lifestyles, and medical and reproductive history were collected dur-
ing in-person interviews. In addition, participants underwent a physical examination to
obtain anthropometric information, and provided a blood sample. Further details on
study design and sample characteristics can be found elsewhere [19,20].

2.2. Dietary Assessment

Detailed information on habitual food consumption during the previous year was
collected through a validated diet history method, administered face-to-face by trained
dietitians [21].

Questionnaires were structured by meals according to occasions of food intake and
subjects were asked about foods consumed in a typical week, accounting for food prepa-
ration, frequency of consumption and usual portion size. All foods consumed at least
twice a month were considered (except liver, included when consumed at least once a
month) and seasonal and weekly variations (working days or weekends) were taken into
account. Total daily energy and nutrient intakes were calculated using country-specific
food composition tables, further harmonized within the EPIC Nutrient DataBase project
[22].

Plausibility of dietary intake was defined according to the predicted total energy ex-
penditure (pTEE) method [23], identifying implausible reporters based on the ratio of es-
timated energy intake to predicted total energy expenditure (rEI:pTEE).

2.3. Relative Mediterranean Diet (rMED) Score

Adherence to the Mediterranean dietary pattern was assessed by means of the rela-
tive Mediterranean Diet score (rMED), a variation of the original Mediterranean diet score
by Trichopoulou et al. [24] defined within the EPIC-Spain cohort.

The rMED score is based on 9 components: 6 considered as positive (fruit, vegetables,
olive oil, legumes, fish, and cereals), 2 considered as negative or detrimental (meat and
dairy products), and alcohol. Intake for each component was standardized as grams per
1000 kcal and divided by tertiles. Positive components score 0, 1, and 2 for the first, second,
and third groups defined by tertiles of intake, respectively, while detrimental components
score 2, 1, and O for the first, second, and third groups, respectively. For alcohol intake, 2
points are given to consumption within a sex-specific range (5-25 g/day for women, 10-
50 g/day for men), and 0 points otherwise [24,25]. Thus, the rMED score ranged from 0
(minimum) to 18 (maximum). Levels of adherence to the MD were classified as low (0-6
points), medium (7-10 points), and high rMED scores (11-18 points) as previously defined
[25].

Since associations of MD with health-related outcomes may vary depending on the
operative definition of the MD pattern [6], three alternative MD indexes, i.e., the Mediter-
ranean Diet Score (MDS) by Trichopoulou et al. [24], the adapted relative Mediterranean
Diet score (arMED) by Buckland et al. [26], and the alternate Mediterranean Diet Index
(aMED), by Fung et al. [27], were evaluated in a sensitivity analysis.

2.4. Ascertainment of Dementia Cases

A two-phase validation protocol was designed to ascertain incident dementia cases
occurring in the cohort based on medical records, as detailed previously [28]. In brief,
potential cases were identified by record linkage of the EPIC database with primary care
records, hospital discharge databases, and regional mortality registries. Incident dementia
cases were then validated after a careful and extensive examination of all medical records
available for each potential case by a panel of neurologists, who determined the sub-type
whenever possible.
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Participants were followed up from recruitment until the date of diagnosis, death,
loss to follow-up, or the last complete vital status check (31st Dec 2017 for Gipuzkoa, 31st
Dec 2015 for Navarra, and 30th Nov 2016 for Murcia), whichever occurred first.

Participants in the EPIC study did not undergo a baseline cognitive assessment.
However, all volunteers were considered to have normal cognition since they were re-
quired to be able to complete extensive and demanding questionnaires, including a die-
tary history interview which took 50-60 min on average. The case ascertainment process
identified only one prevalent case, whereas four participants developed dementia within
the first 5 years of the study (only one in the first 3 years).

From the 25015 participants without evidence of prevalent dementia at baseline, we
excluded a total of 1651 patients with at least one major chronic pathology (diabetes, is-
chemic heart disease, stroke, or cancer). We further excluded as energy mis-reporters a
total of 7204 participants with a reported energy intake beyond 30% of the estimated en-
ergy requirement (corresponding to a cutoff of +2 SD of the rEl:pTEE ratio), including 206
incident dementia cases. Thus, the final sample consisted of 16160 participants, among
which 308 incident AD cases and 151 incident non-AD (non-Alzheimer’s disease) cases
were identified after a total observation time of 349,242 person-years, corresponding to a
mean follow-up time (+SD) of 21.6 (+3.4) years).

2.5. Assessment of Anthropometric, Clinical and Lifestyle Data

Additional questionnaire information was collected at baseline on educational level,
smoking status, and medical and reproductive history during in-person interviews. Data
on prevalence of chronic diseases such as cancer, cardiovascular disease, or diabetes was
self-reported. Height, weight, and waist and hip circumferences were measured by
trained personnel during a physical examination following standard procedures [29].
Quetelet’s body mass index was estimated as weight (in kg) divided by squared height
(in m).

2.6. Ethics

The EPIC study protocol was approved by the International Agency for Research on
Cancer (IARC) Ethics Committee. All participants voluntarily agreed to take part and
gave written informed consent. The current research has been conducted in accordance
with the principles of the Declaration of Helsinki and the paper was written according to
the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
statement (https://www.equator-network.org/reporting-guidelines/strobe).

2.7. Statistics

Baseline characteristics of cases and non-cases were described using absolute and
relative frequencies for categorical variables and medians and inter-quartile ranges for
continuous variables. Statistical differences by case status or tMED categories were as-
sessed with x2 (categorical variables), Mann-Whitney U (for comparisons between two
groups) or Kruskal-Wallis (for comparisons across three categories) tests.

Hazard ratios (HR) of dementia and dementia sub-types were estimated using pro-
portional hazards Cox models, stratified by age (in 5-year categories) and study setting
(to account for heterogeneity in methods and population characteristics across centers).
Entry time was defined as age at recruitment, and exit time was age at diagnosis for de-
mentia cases, and age at death or censoring for non-cases. Adherence levels were defined
based on the rMED, by categorizing the score into low (0-6 points), medium (7-10 points)
and high (11-18 points) adherence groups. HR were estimated for ‘medium’ and “high’
rMED categories as compared with ‘low” rMED scores, and for every 2-point increment
of the score as a continuous variable under the linearity assumption. Besides, non-linear
associations of dementia with the rMED score were evaluated after a restricted cubic
spline transformation of the exposure (with internal knots at the 33rd and 67th centiles),
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by plotting the predicted HR against the rMED score. A basic model was fitted including
sex, educational level, and energy intake as potential confounders, whereas final multi-
variable models were further adjusted by other variables which could partially account
for confounding of the exposure—outcome association: smoking habit (never, former, cur-
rent, unknown), BMI group (normal weight, overweight, obese), elevated waist circum-
ference (2102 cm in men, 288 cm in women), sum of household and recreational physical
activity (in Metabolic equivalents [MET]-h/week), self-reported hypertension (no, yes, un-
known), self-reported hyperlipidemia (no, yes, unknown), combined coffee and tea con-
sumption (in mL/day), and daily intake of potatoes, eggs, and cakes and biscuits, in
(g/day). In women, final multivariable models also included menopausal status (pre-,
peri-, post-menopausal), ever use of oral contraceptives (yes, no, unknown), and ever use
of hormonal replacement therapy (yes, no, unknown). The proportional hazards assump-
tion was checked in all models based on Schoenfeld residuals and visual inspection of log-
log survival plots, and no significant deviations were found.

Main analyses were stratified by sex and dementia sub-types (AD and non-AD),
whereas potential effect modification of the rMED and dementia association was evalu-
ated for sex, educational level, smoking habit, and obesity. Likelihood ratio tests were
used to assess heterogeneity.

Time-dependent effects were evaluated using flexible parametric Royston-Parmar
(RP) multivariable models [30], by plotting the HR for high vs. low rMED scores over
follow-up time. RP models implement the use of separate sets of spline terms to model
baseline hazard rates and time-dependent effects of a covariate, thus allowing for a
smooth representation of the change in HR over time.

All analyses were performed with Stata/SE v.14.2 (StataCorp LLC, College Station,
TX, USA). Two-sided (when appropriate) p-values < 0.05 were considered statistically sig-
nificant.

3. Results

459 incident cases of dementia (67% AD) were available for analysis after a mean of
21.6 (+3.4) years (see Figure S1, flowchart of study participants). Baseline characteristics
of the sample, including dementia and AD cases, are summarized in Table 1.

Dementia cases were more likely to be older, obese, to have low educational level,
higher intake of fruits and dairy products and lower intake of meat. On the contrary, non-
cases were more likely to be smokers, and to consume more energy, alcohol, coffee and
tea. High adherence to the rMED score was positively associated to age, male sex, obesity
and intake of total energy and nuts (Supplementary Table S1). High adherence was also
more frequent among post-menopausal women. By contrast, low adherence to the rtMED
was associated with smoking, leisure time physical activity, and higher intake of eggs,
coffee and tea.
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Table 1. Baseline characteristics of cases (overall dementia and Alzheimer’s disease, AD) and non-cases participating in the European Prospective Investigation into
Cancer and Nutrition (EPIC)-Spain Dementia Cohort study (N = 16,160).

:():nig;;elj Derr::r;t:lasgc)ases 1?111)=C;)58e;s p for Cases vs. Non-Cases  p for AD vs. Non-Cases

Age (y) 48.3 (12.1) 59.6 (7.5) 59.9 (7.2) <0.001 <0.001
Female sex 8,974 (57.2%) 265 (57.7%) 187 (60.7%) 0.805 0.211
Low educational level ! 11,215 (71.4%) 407 (88.7%) 273 (88.6%) <0.001 <0.001
Smoking <0.001 <0.001

Never 8253 (52.6%) 306 (66.7%) 216 (70.1%)

Former 2884 (18.4%) 68 (14.8%) 38 (12.3%)

Current 4555 (29.0%) 85 (18.5%) 54 (17.5%)
Overweight or obese 12,139 (77.3%) 402 (87.6%) 271 (88.0%) <0.001 <0.001
Elevated waist circumference 2 6509 (41.5%) 278 (60.6%) 186 (60.4%) <0.001 <0.001
Leisure time physical activity (MET 3-h/week) 86.6 (92.5) 91.8 (93.0) 96.1 (93.8) 0.105 0.0635
Energy intake (kcal/day) 2062.4 (673.3) 1964.2 (685.8) 1931.9 (678.2) <0.001 <0.001
Potatoes (g/day per 2000 kcal) 72.1 (54.7) 72.1 (56.6) 68.9 (59.5) 0.598 0.959
Vegetables (g/day per 2000 kcal) 235.9 (180.4) 236.1 (174.6) 240.1 (178.8) 0.533 0.548
Fruits (g/day per 2000 kcal) 278.6 (270.9) 321.2 (278.4) 336.9 (300.7) <0.001 <0.001
Legumes (g/day per 2000 kcal) 42.8 (38.1) 44.1 (40.6) 41.6 (39.9) 0.363 0.598
Fish and seafood (g/day per 2000 kcal) 52.0 (44.9) 55.4 (47.3) 57.8 (48.8) 0.057 0.022
Cereals (g/day per 2000 kcal) 180.1 (93.6) 178.3 (98.3) 177.3 (99.2) 0.947 0.565
Olive oil (g/day per 2000 kcal) 20.4 (20.6) 20.0 (21.1) 20.5 (22.1) 0.304 0.990
Nuts and seeds (g/day per 2000 kcal) 0.0 (3.5) 0.0 (2.9) 0.0 (2.2) 0.769 0.032
Meat (g/day per 2000 kcal) 120.2 (60.5) 117.2 (60.1) 116.9 (59.4) 0.025 0.044
Dairy products (g/day per 2000 kcal) 247.6 (217.8) 273.5 (249.6) 278.8 (257.2) 0.007 0.0021
Eggs (g/day per 2000 kcal) 22.6 (22.2) 21.2(25.2) 21.0 (25.8) 0.181 0.290
Coffee and tea (mL/day) 100.0 (157.1) 62.9 (146.0) 63.9 (146.0) <0.001 <0.001
Alcohol (g/day) 4.6 (20.2) 3.2(19.1) 2.0 (14.5) 0.016 0.002
Mediterranean diet score (rMED) 9.0 (4.0) 9.0 (4.0) 9.0 (4.0) 0.539 0.617

Numbers are counts and percentages, or medians and inter-quartile ranges (IQR). p values obtained with Mann-Whitney U tests for continuous variables or X? tests
for categorical ones. ! Primary studies or less. 2 Waist circumference >102 cm (men) or 288 cm (women). > MET: Metabolic equivalents. 4 Sum of recreational and

household physical activities.
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Table 2 shows the results of the multivariable survival analyses between rMED ad-
herence and incidence of dementia, overall and by sex. A greater adherence to the MD
pattern was associated with a 20% lower risk of dementia (HR = 0.80, 95%CI: 0.60-1.06),
and an estimated 8% lower risk per 2-point increment in the continuous rMED score (p
for linear trend on the continuous variable = 0.021). The negative trend was found to be
statistically significant in women, but not men. The shape of the association is graphically
illustrated in Figure 1, which shows the restricted cubic spline modelling of dementia risk
by sex according to the rMED score, suggesting a non-linear relationship with a steeper
slope at lower rMED scores. Although point estimates were similar in both sexes, results
in men did not reach statistical significance.

Table 2. Hazard ratio of dementia by levels of the Mediterranean Diet score (rMED) in participants from the EPIC-Spain
Dementia Cohort study (N = 16,160).

Model 1 Model 2
Adherence to the rMED  Person-Years Cases HR (95% CI) HR (95% CI)
All
rMED categorical 68,876 85 1 1
Low
Medium 181,469 235 0.85 (0.66, 1.09) 0.85 (0.66, 1.09)
High 98,957 139 0.79 (0.59, 1.04) 0.80 (0.60, 1.06)
rMED Continuous (per 2- 0.91 (0.85, 0.98) 0.92 (0.85, 0.99)
point increment)
p for linear trend * 0.012 0.021
p for non-linear trend * 0.063 0.094
Women
rMED categorical 47,718 59 1 1
Low
Medium 106,420 137 0.85 (0.63, 1.16) 0.84 (0.61, 1.15)
High 47,884 69 0.88 (0.61, 1.25) 0.87 (0.60, 1.26)
rMED Continuous (per 2- 0.91 (0.83, 1.00) 0.90 (0.82, 1.00)
point increment)
p for linear trend * 0.042 0.040
p for non-linear trend * 0.077 0.086
Men
rMED categorical 21,158 2% 1 1
Low
Medium 75,049 98 0.80 (0.52, 1.24) 0.81 (0.52, 1.26)
High 51,073 70 0.65 (0.41, 1.03) 0.69 (0.43, 1.09)
rMED Continuous (per 2- 0.91 (0.82, 1.02) 0.93 (0.83, 1.03)
point increment)
p for linear trend * 0.092 0.174
p for non-linear trend * 0.400 0.579

* p-values for linear and non-linear trend on the continuous variable. HR, hazard ratio; CI, confidence interval. p-values <0.05
or 95% CI that did not include the null value (i.e., 1) were considered statistically significant. Model 1: Cox regression adjusted
by sex, education, and energy intake, and stratified by center and age. Model 2: As model 1, plus smoking, BMI category,
elevated waist circumference, household and recreational physical activities, hypertension (self-reported), hyperlipidemia (self-
reported), coffee and tea consumption (combined), and intake (in g/day per 2000 kcal) of potatoes, eggs, and cakes and biscuits.
Women-specific model further adjusted by menopausal status, use of oral contraceptives (ever) and hormone replacement ther-
apy (ever). MD adherence levels defined as low: 0—6 points, medium: 7-10 points, and high: 11-18 rMED score points.
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Figure 1. Hazard ratio of dementia according to Mediterranean Diet scores in the EPIC-Spain Dementia Cohort study (N
=16,160), by sex. The dashed lines represent the upper and lower 95% confidence interval limits of the estimates. A non-
linear inverse association between risk of dementia and rMED scores was observed among women, but not among men.
Hazard ratios of dementia were estimated using Cox proportional hazards regression models, with age as the time scale,
stratified by center and age (in 5-year categories), and adjusted by sex, education, energy intake, smoking, BMI category,
elevated waist circumference, household and recreational physical activities, hypertension (self-reported), hyperlipidemia
(self-reported), coffee and tea consumption (combined), and intake (in g/day per 2000 kcal) of potatoes, eggs, and cakes
and biscuits. In women, models were further adjusted by menopausal status, oral contraceptive use, and hormone replace-
ment therapy. Dementia risk was modelled following a restricted cubic spline transformation of the rMED variable with
three degrees of freedom (knots were placed at the 33rd and 67th percentiles).

When further stratifying results by dementia sub-types, the negative associa-
tion with MD was stronger among women for non-AD dementia, with up to 48%
lower risk (95%CI: 0-73%) for those with high vs. low adherence to the MD, whereas
rMED suggest a favorable while not statistically significant association with AD (HR
high vs. low rMED = 0.57, 95%CI: 0.32-1.01) among men (Table 3). The decline in
dementia risk was steeper for non-AD in the low-medium score range of the rMED,
whereas the favorable association with AD risk suggested no evidence against a lin-
ear relationship (p for non-linearity = 0.353, Figure S5).
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Table 3. Hazard ratio of dementia sub-types (Alzheimer’s and non-Alzheimer’s disease) by levels of Mediterranean Diet
score (rMED) in participants from the EPIC-Spain Dementia Cohort study (N =16,160).

AD Non-AD
Adherence to the rMED Person-Years Cases HR (95% CI) Cases HR (95% CI)
All
rMED categorical 68,876 55 30
Low
Medium 181,469 165 0.98 (0.71, 1.33) 70 0.64 (0.41, 0.99)
High 98,957 88 0.87 (0.61, 1.24) 51 0.68 (0.42, 1.10)
rMED Continuous (per 0.94 (0.86, 1.03) 0.87 (0.77, 0.99)
2-point increment)
p for linear trend * 0.196 0.037
p for non-linear trend * 0.353 0.097
Women
rMED categorical 47718 37 ”
Low
Medium 106,420 101 1.04 (0.71, 1.53) 36 0.52 (0.30, 0.89)
High 47,884 49 1.11 (0.70, 1.74) 20 0.52 (0.27, 1.00)
rMED Continuous (per
o 0.98 (0.88, 1.10) 0.74 (0.62, 0.89)
2-point increment)
p for linear trend * 0.775 0.001
p for non-linear trend * 0.660 0.003
Men
rMED categorical 21,158 18 3
Low
Medium 75,049 64 0.78 (0.46, 1.32) 34 0.89 (0.41, 1.95)
High 51,073 39 0.57 (0.32, 1.01) 31 0.95(0.43, 2.11)

rMED Continuous (per
2-point increment)
p for linear trend *

p for non-linear trend*

0.88 (0.76, 1.01)

0.071
0.343

1.01 (0.85, 1.21)

0.884
0.816

* p-values for linear and non-linear trend on the continuous variable. AD, Alzheimer’s disease; HR, hazard ratio; CI, confidence
interval. p-values <0.05 or 95% CI that did not include the null value (i.e., 1) were considered statistically significant. Hazard
ratios estimated using center- and age- stratified Cox regression models, adjusted by sex, education, energy intake, smoking,
BMI category, elevated waist circumference, household and recreational physical activities, hypertension (self-reported), hy-
perlipidemia (self-reported), coffee and tea consumption (combined), and intake (in g/day per 2000 kcal) of potatoes, eggs, and
cakes and biscuits. Women-specific model further adjusted by menopausal status, use of oral contraceptives (ever) and hormone
replacement therapy (ever). MD adherence levels defined as low: 0—6 points, medium: 7-10 points, and high 11-18 rMED score

points.

Table 4 evaluates selected variables as potential effect modifiers of the rMED and

dementia association. The results, while not statistically significant, suggest a possible het-
erogeneity for education (p for interaction = 0.055). Among those with primary education
or lower, participants with medium and high adherence to the MD had about 20% lower
risk of dementia, a pattern that was not consistent in participants with higher education.
The rMED score was significantly associated with dementia in women and non-smokers,
but there was no formal evidence of heterogeneity by sex, smoking or ponderal status.
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Table 4. Hazard ratios of dementia by levels of adherence to the Mediterranean Diet score (rMED), stratified by selected variables in participants from the EPIC-Spain
Dementia Cohort study (N = 16,160).

rMED Score
Low Medium High Continuous for Trend for Int i
Group Person-Years Cases (Ref.) HR (95% CI) HR (95% CI) (per 2 Units) pror tren p ror interaction
All 349,302 459 1 0.85 (0.66, 1.09) 0.80 (0.60, 1.06) 0.92 (0.85, 0.99) 0.021
Women 202,022 265 1 0.84 (0.61, 1.15) 0.87 (0.60, 1.26) 0.90 (0.82, 0.99) 0.038 0.527
Men 147,280 194 1 0.81 (0.52, 1.26) 0.69 (0.43, 1.09) 0.93 (0.83, 1.03) 0.174
Primary education 249,720 407 1 0.80 (0.61, 1.05) 0.81 (0.60, 1.10) 0.92 (0.85, 1.00) 0.039 0.055
Secondary or higher 99,581 52 1 1.57 (0.67, 3.68) 0.88 (0.34, 2.31) 0.92 (0.74, 1.14) 0.448 '
Non-smokers ! 250,380 374 1 0.88 (0.66, 1.16) 0.81 (0.59, 1.12) 0.92 (0.84, 0.99) 0.034 0.783
Smokers 98,922 85 1 0.71 (0.38, 1.32) 0.77 (0.40, 1.49) 0.94 (0.80, 1.10) 0.440
Non-obese 2 196,071 164 1 0.92 (0.60, 1.40) 0.67 (0.41, 1.09) 0.90 (0.80, 1.01) 0.079 0306
Obese 153,231 295 1 0.80 (0.58, 1.10) 0.85 (0.59, 1.21) 0.92 (0.84, 1.01) 0.083 '

! Never or former smokers. 2Body mass index <30 kg/m? and waist circumference <102 cm (men) or <88 cm (women). Hazard ratios estimated using center- and age-
stratified Cox regression models, adjusted by sex, education, energy intake, smoking, BMI category, elevated waist circumference, household and recreational physical
activities, hypertension (self-reported), hyperlipidemia (self-reported), coffee and tea consumption (combined), and intake (in g/day per 2000 kcal) of potatoes, eggs, and
cakes and biscuits. MD adherence levels defined as low: 0-6 points, medium: 7-10 points, and high 11-18 rMED score points.
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Time-varying effects for the association of tMED with dementia were studied by
means of RP flexible survival models, by plotting HR as a function of follow-up time (Fig-
ure 2). Results show the change in HR estimates throughout study time, revealing that HR
< 1 were detectable only after a long follow-up (~18 years), when the larger cumulative
number of cases, which increased exponentially with the aging of the sample, allowed for
more powerful estimations.

Hazard ratio of dementia
Cumulative incidence

Follow-up time (years)

Hazard ratio for high vs. low rMED  -——--—-- 95%CI
Cumulative incidence

Figure 2. Time-dependent variation in hazard ratio estimates of dementia for participants with high
versus low Mediterranean Diet scores (rMED) throughout 25 years of follow-up in the EPIC-Spain
Dementia Cohort study (N = 16,160). Hazard ratio estimates of dementia varied depending on fol-
low-up time and cumulative number of cases. Time-varying hazard ratios were calculated using
flexible parametric Royston-Parmar survival models, with time on study as the time scale. Models
were adjusted by center, sex, education, energy intake, smoking, BMI category, elevated waist cir-
cumference, household and recreational physical activities, hypertension (self-reported), hyper-
lipidemia (self-reported), coffee and tea consumption (combined), and intake (in g/day per 2000
kcal) of potatoes, eggs, and cakes and biscuits.

The distribution of baseline characteristics and dietary variables according to rMED
categories are shown in Table 5, separately for cases and non-cases. The rMED score was
effective in ranking participants according to their dietary intake for almost all the diet
groups included in the index (except for nuts and seeds, eggs, and coffee). Besides, higher
adherence to the rMED score was associated with older age, female sex, lower prevalence
of smoking, higher prevalence of obesity and less leisure time physical activity among
non-cases. For cases, differences were only observed for sex and leisure time physical ac-
tivity. Notably, there were no differences in educational level by rMED categories in any
group.

Further supplementary analyses showed the robustness of the results to exclusion of
components of the rMED score on an item-by-item basis (Figure S2), to different multi-
variable models with increasing levels of adjustment, to other sensitivity analyses to ac-
count for potential reverse causation (Figure S3), and to alternative operational definitions
of the MD (arMED, MDS, and aMED scores) (Figures S4 and S5). Stratification of the main
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analysis according to plausibility of energy reporting (Figure S6), which would eventually
lead to misclassification of dietary exposure, resulted in wide confidence intervals and
non-significant dementia risk estimates among mis-reporters (p for linear trend = 0.887).
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Table 5. Baseline characteristics of dementia cases and non-cases by rMED score group in the EPIC-Spain Dementia Cohort study (N = 16,160).
Non-Cases (n =15,701) Cases (n =459)
Low Medium High Low Medium High
(n=3114) (n = 8163) (n =4424) p (n=85) (n = 235) (n=139) P
Age (y) 471 (11.6) 48.1 (12.0) 49.6 (12.0) <0.001 59.4 (8.6) 60.0 (7.6) 59.1 (6.9) 0.431
Female sex 2137 (68.6%) 4725 (57.9%) 2112 (47.7%) <0.001 59 (69.4%) 137 (58.3%) 69 (49.6%) 0.014
Low educational level ! 2265  (72.7%) 5832  (71.4%) 3118  (70.5%) 0.102 78 (91.8%) 203 (86.4%) 126 (90.7%) 0.276
Smoking <0.001 0.574
Never 1644  (54.1%) 4337  (53.2%) 2232  (50.5%) 58 (68.2%) 163 (69.4%) 85 (61.2%)
Former 429 13.8%) 1483  (18.2%) 972 (22.0%) 12 (14.1%) 33 (14.0%) 23 (16.6%)
Current 999 (32.1%) 2339 (28.7%) 1217 (27.5%) 15 (17.7%) 39 (16.6%) 31 (22.3%)
Overweight or obese 2327 (74.7%) 6309 (77.3%) 3503 (79.2%) <0.001 77 (90.6%) 198 (84.3%) 127 (91.4%) 0.085
Elevated waist circumference 2 1288 (41.4%) 3423 (41.9%) 1798 (40.6%) 0.371 48 (56.5%) 143 (60.9%) 87 (62.6%) 0.656
Leisure time physical activity (MET 3-h/week)* 99.8 (95.0) 86.6 (92.9) 78.1 (87.2) <0.001 117.3 (119.5) 915 (88.2) 85.3 (82.5)  0.013
Energy intake (kcal/day) 2007.5 (625.0) 2055.3 (684.0) 21204 (673.8) <0.001 1,909.5 (487.0) 1,964.2 (692.4) 2,029.8 (695.9) 0.724
Potatoes (g/day per 2000 kcal) 63.9 (52.7) 72.2 (54.0) 774 (55.3) <0.001 61.2 (41.8) 734 (52.1) 83.3 (59.9) 0.002
Vegetables (g/day per 2000 kcal) 159.6 (124.6) 232.0 (167.4)  306.7 (179.9) <0.001 156.2 (108.2) 236.1 (154.0) 295.3 (177.7) <0.001
Fruits (g/day per 2000 kcal) 188.9 (224.5) 2765 (262.8)  356.2 (256.5) <0.001 212.8 (248.6)  327.0 (269.5) 366.3 (278.5) <0.001
Legumes (g/day per 2000 kcal) 28.6 (29.1) 41.9 (35.1) 56.5 (39.0) <0.001 28.3 (33.8) 414 (35.1) 62.1 (46.8) <0.001
Fish and seafood (g/day per 2000 kcal) 349 (30.2) 550.5 (41.5) 72.0 (48.4) <0.001 38.2 (40.0) 54.6 (43.5) 68.4 (53.0) <0.001
Cereals (g/day per 2000 kcal) 146.9 (82.9) 1785 (92.5)  206.0 (82.0) <0.001 1424 (87.9) 175.8 (89.9) 216.7 (103.3) <0.001
Olive oil (g/day per 2000 kcal) 10.8 (20.0) 19.6 (20.2) 27.0 (14.7) <0.001 9.9 (16.6) 18.4 (22.2) 26.2 (10.6) <0.001
Nuts and seeds (g/day per 2000 kcal) 0.0 (2.7) 0.0 (3.2) 0.3 (4.2) <0.001 0.0 (2.2) 0.0 (2.9) 0.3 (3.8) 0.235
Meat (g/day per 2000 kcal) 140.9 (57.6) 1235 (59.1) 1011 (524) <0.001 1375 (50.6) 121.4 (59.8) 96.7 (48.0) <0.001
Dairy products (g/day per 2000 kcal) 359.4 (246.8) 2544 (210.5) 183.3 (162.9) <0.001 385.3 (214.2) 276.6 (249.6) 184.0 (210.9) <0.001
Eggs (g/day per 2000 kcal) 23.7 (23.5) 23.2 (22.6) 20.7 (20.7) <0.001 194 (20.8) 21.8 (27.0) 21.5 (25.1) 0.446
Coffee and tea (mL/day) 109.8 (166.8)  100.0 (157.5)  86.7 (143.3) <0.001 75.0 (146.0) 629 (152.3)  52.0 (148.0) 0.645
Alcohol (g/day) 0.8 (8.7) 3.9 (20.2) 11.3 (22.2) <0.001 0.2 (7.1) 1.7 (18.9) 9.6 (19.5)  0.001
Mediterranean diet score (rMED) 5.0 (2.0) 9.0 (2.0) 12.0 (2.0) <0.001 5.0 (2.0) 8.0 (2.0) 12.0 (2.0) <0.001

Numbers are counts and percentages or medians and inter-quartile ranges (IQR). p values obtained with Kruskal-Wallis tests for continuous variables or X? tests for
categorical ones. ! Primary studies or less. 2 Waist circumference >102 cm (men) or >88 cm (women). 3 MET: Metabolic equivalents. 4 Sum of recreational and household
physical activities. MD adherence levels defined as low: 0—6 points, medium: 7-10 points, and high 11-18 rMED score points.
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4. Discussion

In this large prospective study involving 16,160 Spanish middle-aged and elderly
participants followed up for over 20 years, participants with ‘high” adherence compared
to those with ‘low” adherence to the MD (categorical rMED score) had a 20% lower risk of
dementia overall. A negative linear trend was significant among women, those with lower
educational level, and non-smokers. By dementia sub-types, associations were stronger
for non-AD dementia in women and for AD in men. Of note, the association between
rMED score and dementia incidence was revealed only after mis-reporters of energy in-
take were excluded from the analyses.

Mis-reporting (over- or under-reporting) of energy intake is a potential source of er-
ror in nutritional epidemiological studies, affecting the reliability and validity of nutri-
tional assessment and confounding or attenuating diet-disease associations [31]. Different
methods have been developed to minimize the impact of mis-reporting bias in epidemio-
logical studies that rely on the ratio of reported intakes to predicted total energy expendi-
ture, estimating a reference interval to account for individual variations in physical activ-
ity levels (PAL) [32,33]. Reporting of dietary energy can thus be regarded as plausible
when the energy intake calculated from the dietary questionnaire falls within the defined
cut-offs, or implausible (over- or under-reporting) otherwise. All EPIC-Spain participants
have been assessed for reporting plausibility following the methodology described by
Mendez et al. [23], and classified accordingly. Our data suggested that dietary mis-report-
ing had a non-negligible impact in the accuracy of estimates of dementia risk, increasing
estimation errors and reducing the power to detect significant associations. Therefore, we
have restricted the main analyses to plausible reporters.

There is suggestive evidence for a protective role of the MD with regards to dementia
risk [2], and a considerable body of evidence suggests that MD may have a protective
effect on cognition by decreasing the risk of cognitive impairment and delaying the onset
of dementia [10,11,34]. In agreement with previous findings, our results suggest that ad-
herence to MD could significantly decrease the risk of dementia [10,11]. Every 2-point
increase of the rMED score was associated with an 8% and 6% lower risk of dementia and
AD (although results for AD were not statistically significant), respectively, and results
suggest a dose-response effect with decreasing risks of dementia at higher scores of the
rMED score. However, a protective effect of the Mediterranean dietary pattern against
cognitive decline or dementia has been reported in some [13,17,35-38] but not all [12,35]
previous studies. Several cohort studies showed that the MD or its components were pos-
itively associated with a better cognition and contributed to delay the onset of mild cog-
nitive impairment (MCI), both in Mediterranean [13,39,40] and non-Mediterranean coun-
tries [41,42]. Results from the PREDIMED (PREvencién con Dleta MEDiterranea) clinical
trial also support the role of MD and olive oil consumption on cognitive performance and
the decreased risk of age-related cognitive decline [38]. However, only a few prospective
cohort studies have examined the association between MD and the incidence of dementia
or AD [12,13,17,37], and the available evidence in support of a protective role of MD re-
mains inconclusive. In the WHICAP (Washington Heights-Inwood Columbia Aging Pro-
ject) study, Scarmeas et al. [17] found that AD risk decreased by 9% for each additional
point of the MeDi score (HR = 0.91; 95%ClI: 0.83, 0.98), a MD scale ranging from 0 to 9
points, among 2258 US non-demented elderly followed up for a mean of 4 years. Further-
more, participants in the upper (vs. lower) scoring third had a 40% lower risk for AD (HR
=0.60, 95%CI: 0.42, 0.87). A further study by Morris et al. [16] in 923 US elderly participants
from the Memory and Aging Project (MAP) project observed a 54% lower risk of AD when
comparing participants in the high and low groups based on tertiles of the MIND (Medi-
terranean-Dietary Approach to Systolic Hypertension (DASH) diet intervention for neu-
rodegenerative delay (MIND) diet) score (HR = 0.46; 95%CI: 0.27, 0.79), a hybrid pattern
that combined the MD and the DASH diet. Our result of a negative trend in dementia risk
for the continuous rMED score thus add to previous data in support of a beneficial role of
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MD against dementia. However, a recent large US prospective study conducted by Hu et
al. in 13,630 participants from the Atherosclerosis Risk in Communities (ARIC) Study
found no significant associations for the aMED, Healthy Eating Index (HEI)-2010 or
DASH dietary scores with incident dementia after 27 years of follow-up [37]. This is in
line with a previous French study by Feart et al. [12], who followed a cohort of 1410 French
elderly over 5 years and could not find evidence that MD decreased dementia risk, despite
a significant association with lower cognitive decline as defined by higher MMSE (Mini-
Mental State Examination) scores. Of note, the authors acknowledged the limited power
to detect significant effects given the scarce number of cases and short follow-up time.
Nevertheless, in spite of the scarce prospective literature available on the association of
MD with dementia or AD risk, our results add to previous evidence in support of a bene-
ficial role for the MD against dementia [10,11,43,44].

The MD could be related to a lower risk of cognitive decline and dementia through
several potential mechanisms, including anti-inflammatory, antioxidant and lipid-lower-
ing actions [45] and a favorable effect on cardiovascular risk factors [44,46]. The MD has
been associated with lower levels of C-reactive protein and interleukins, previously found
to increase the risk of major forms of dementia such as AD and vascular dementia [47,48].
The MD has also been shown to modulate glucose and lipid metabolism, improving insu-
lin sensitivity and blood lipid profile, and to reduce the risk for hypertension, diabetes, or
cardiovascular disease [8,9,45], risk factors for cognitive decline and dementia [4]. Fur-
thermore, several components of the MD, such as olive oil, fish, vegetables, or nuts are
associated with reduced inflammation and dyslipidemia [46,49], and are rich in antioxi-
dants, such as vitamin C, vitamin E, -carotene, or flavonoids, and minerals such as sele-
nium [45], that could ameliorate the age-related decline in cognitive function that precedes
the onset of dementia. The pleiotropy of the advantageous effects of the MD supports the
biological plausibility of its potential role in reduction of dementia risk.

We found no evidence that the association of rMED with dementia incidence varied
by sex, smoking or obesity, which are potential effect modifiers as risk factors for demen-
tia or cardio-metabolic risk that configure the patho-physiological environment (i.e., in-
flammation, oxidative stress, neurovascular dysfunction) through which diet would exert
its effects on the prevention of dementia or dementia sub-types [44—46]. However, there
was some indication of heterogeneity according to educational level (P interaction =
0.055), so that estimates were more robust among participants with lower education
across categories of the rMED score. However, considering the similarity in HR estimates
for the high vs. low rMED categories, as well as for the score as a continuous variable, the
heterogeneity reported might be a consequence of the scarce number of events that oc-
curred in the group with higher educational level, distorting the estimates in the medium
score group. Our results were robust against a series of sensitivity analyses. The case-wise
exclusion of single rMED components had little influence on overall estimates (Figure S2).
We further excluded the first five years of follow-up and found no evidence of a potential
reverse causation bias (Figure S3). We also considered alternative operational definitions
of the MD, as the use of different scores might partly account for the heterogeneous results
in the literature. We found a similar association in shape and magnitude for the rMED
and arMED indices, which was slightly attenuated when using the MDS, whereas the
aMED score showed a flat null association with dementia risk in our cohort. Of note, the
aMED index was developed by Fung et al. as an attempt to adapt the MDS to the US
population [27].

Our study has some limitations. The EPIC cohort was established to study the deter-
minants of cancer and it was not designed to study dementia as a primary outcome. For
this reason, participants did not undergo a baseline cognitive assessment to exclude prev-
alent cases of dementia or mild cognitive impairment. However, only one case was vali-
dated as prevalent after the revision of clinical records of potential cases, and the exclusion
of participants with less than five years of follow-up had no impact on the estimates. Fur-
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thermore, diagnoses were based on clinical records available from the public health sys-
tem, rather than prospective evaluations of the participants’ cognitive function. Neverthe-
less, given the universal coverage of the country health system, we are confident that vir-
tually all incident cases from our cohort diagnosed with dementia have been ascertained.
Other limitations are that diet and covariate data were only assessed at baseline and we
could not evaluate potential exposure and lifestyle changes during follow-up, and that we
had no data available on genetic traits such as apolipoprotein E (APOE) genotype (pres-
ence of &4 alleles), although previous evidence suggest that APOE is not associated with
MD and has no influence on the association between MD and AD [17]. As in any observa-
tional study, we cannot rule out the possibility of residual or unmeasured confounding.
Finally, the lack of representativeness of the cohort could limit the generalizability of the
results to other populations.

Major strengths of our study are the large sample size and long follow-up that were
revealed as crucial for the ability to identify potential clinically relevant associations with
sufficient precision. Nevertheless, statistical power could still be limited in some sub-
group analyses with lower number of cases, as reflected by wider confidence intervals. Of
note, this is the second largest study available evaluating the association of MD with a
hard dementia or AD endpoint, and the largest ever conducted in a Mediterranean coun-
try. Lack of sufficient number of cases or an insufficient follow-up time could have pre-
vented other studies from reaching significant conclusions. The Mediterranean setting of
the cohort, its geographical variability within the country, and the availability of an ex-
tensive set of socio-demographic, lifestyle, and clinical variables to adjust for are im-
portant features. Finally, mis-reporting was shown to be an important factor to account
for. Therefore, being able to control mis-reporters by identifying and excluding them from
the analysis reinforced the accuracy of our estimates.

5. Conclusions

In conclusion, adherence to the Mediterranean diet was associated with a 20% lower
risk of dementia overall in the EPIC-Spain Dementia Cohort, a Mediterranean study in-
volving over 16,000 middle-aged and elderly participants followed up for over 20 years.
Associations were stronger for non-AD dementia in women and for AD in men, and
among participants with lower education. The significant associations were revealed after
excluding energy mis-reporters and required a long follow-up time. Further cohort stud-
ies with sufficient number of cases and follow-up will contribute to reinforce the evidence
for the role of MD in risk reduction of cognitive decline, dementia, and Alzheimer’s dis-
ease.
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