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ABSTRACT

Background: Diet, in particular the Mediterranean diet, has been
associated with better cognitive function and less cognitive decline
in older populations.

Objectives: To quantify associations of a healthy diet, defined by
adherence to either the Mediterranean diet, the WHO guidelines, or
Dutch Health Council dietary guidelines, with cognitive function and
cognitive decline from middle age into old age.

Methods: From the Doetinchem Cohort Study, a large population-
based longitudinal study, 3644 participants (51% females) aged 45—
75 y at baseline, were included. Global cognitive function, memory,
processing speed, and cognitive flexibility were assessed at 5-y time
intervals up to 20-y follow-up. Adherence to the Mediterranean diet
was measured with the modified Mediterranean Diet Score (mMDS),
adherence to the WHO dietary guidelines with the Healthy Diet
Indicator (HDI), and adherence to the Dutch Health Council dietary
guidelines 2015 with the modified Dutch Healthy Diet 2015 index
(mDHD15-index). The scores on the dietary indices were classified
in tertiles (low, medium, high adherence). Linear mixed models were
used to model level and change in cognitive function by adherence
to healthy diets.

Results: The highest tertiles of the mMDS, HDI, and mDHD15-
index were associated with better cognitive function compared with
the lowest tertiles (P values <0.01), for instance at age 65 y equal
to being 2 y cognitively younger in global cognition. In addition,
compared with the lowest tertiles, the highest tertiles of the mMDS,
HDI, and mDHD15-index were statistically significantly associated
with 6-7% slower global cognitive decline from age 55 to 75 y, but
also slower decline in processing speed (for mMDS: 10%; 95% CI: 2,
18%; for mDHD15: 12%; 95% CI: 6, 21%) and cognitive flexibility
(for mDHD15: 10%; 95% CI: 4, 18%).

Conclusions: Healthier dietary habits, determined by higher ad-
herence to dietary guidelines, are associated with better cognitive
function and slower cognitive decline with aging from middle age
onwards.  Am J Clin Nutr 2021;114:871-881.

Keywords: dietary patterns, dietary guidelines, prevention, cogni-
tive decline, dementia

Introduction

In 2018, ~50 million people were suffering from dementia
and it is expected that this number will triple by 2050 (1, 2).
Dementia puts a high burden on the individual, their caregivers,
and society as a whole (3). Because there is no curative treatment
available yet, preventive interventions are needed at an early stage
in life to slow down cognitive decline and therefore lower the
risk of dementia in the future older population (4). Nutrition
is a promising lifestyle factor influencing cognitive decline and
the development of dementia (4-9). A number of studies have
evaluated effects of single nutrients, such as vitamin antioxidants
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or omega-3 fatty acids, on cognitive function and cognitive
decline (10-12). The human diet consists of many different
foods, with macronutrients, micronutrients, and nonnutritive
components, and these elements in the diet can interact in their
association with health and disease. Therefore, the focus has
shifted toward the effect of dietary patterns on cognitive function
(13, 14).

Most studies have investigated the Mediterranean diet, char-
acterized by a limited consumption of animal-derived and
processed foods and a high consumption of plant foods and
olive oil, a moderate-to-high consumption of fish, and moderate
consumption of alcohol (15). These studies showed that high
adherence to the Mediterranean diet is associated with better
cognitive function, slower cognitive decline, and lower risk
of dementia in older populations (13, 16-20). However, these
associations were not always confirmed in randomized controlled
trials, probably due to too short follow-up time (21). Associations
between the Mediterranean diet and cognitive decline in middle-
aged populations have not yet been studied. Middle-aged persons
are in general still on a healthy level of cognitive function and thus
are an appropriate target group for the prevention of cognitive
decline. In addition, only a few studies have looked at habitual
adherence to the Mediterranean diet in relation to (changes in)
cognitive function over a long time period (22, 23).

Because many countries have issued guidelines for a healthy
diet, it is also important to know to what extent adherence
to these guidelines benefits cognitive function. In addition to
the Mediterranean diet, we studied 2 dietary guidelines: the
worldwide WHO guidelines (24) and the Dutch Health Council
dietary guidelines 2015 (25). The WHO guidelines do not
primarily focus on reducing the risk of cognitive decline and
dementia (24). Two cross-sectional studies have shown higher
adherence to the WHO guidelines to be associated with lower
odds of cognitive impairment in older people (26, 27), whereas
1 longitudinal study did not find any relation (28). The purpose
of the Dutch dietary guidelines is to prevent chronic diseases,
including dementia and cognitive decline (25), but adherence
to these guidelines has not been studied in relation to cognitive
function before.

The aim of the present study was to quantify associations
between adherence to the Mediterranean diet, the WHO guide-
lines, and the Dutch dietary guidelines and cognitive function and
cognitive decline.

Methods

Study population

Data were used from the Doetinchem Cohort Study, an
ongoing prospective study in which participants are re-examined
every 5y (29, 30). This study has been approved according
to the guidelines of the Helsinki Declaration by the external
Medical Ethics Committee of the Netherlands Organization for
Applied Scientific Research (first 4 rounds) and the Medical
Ethics Committee of the University of Utrecht (later rounds). All
participants gave written informed consent. A general population
sample of 7769 males and females aged 20 to 59 y was examined
in 1987-91 (first round) in Doetinchem, a town in the eastern
part of The Netherlands and re-examined in second (1993-
1997), third (1998-2002), fourth (2003-2007), fifth (2008-
2012), and sixth rounds (2013-2017). Three dietary assessments

took place (second, third, and fourth rounds). Cognitive testing
was introduced halfway through the second round in participants
aged >45y. From 1995 onwards, 4769 participants aged >45 y
took part in cognitive testing for the first time. In the present study,
participants’ first cognitive measurement was considered as
baseline measurement (ty, 1995-2017). We included participants
who had at least a baseline cognitive assessment, and >1
dietary measurement at baseline (to) and/or at 5-y follow-up (ts)
(n =3719, 51% females) (Figure 1).

Dietary assessment and adherence scores

Up to and including 2007, participants completed validated
semiquantitative FFQs on their average consumption over the
previous year (31, 32). The FFQ assessed the habitual frequency
and amount of consumption of 178 food items. Total energy
intake and the consumption of food groups were computed, as
described previously (31). In order to exclude extreme under- or
overreporting, participants with the lowest and highest 1% of the
ratio energy intake to calculated energy requirement (33) (n =75)
were excluded. As a result, 3644 participants were included in
the analyses (Figure 1). Average consumption over the 2 dietary
measurements at ty and ts was calculated as a measure of long-
term dietary habits and to reduce random measurement error (34,
35). If only 1 dietary measurement was available at the first (to)
or second (ts) cognitive measurement (n = 913), that dietary
measurement was used. Three dietary indices were computed: the
modified Mediterranean Diet Score (mMDS), the Healthy Diet
Indicator (HDI), and the modified Dutch Healthy Diet 2015 index
(mDHD15-index). These scores were categorized in tertiles, in
order to have distinct high and low groups to compare, with the
lowest tertile as reference.

Modified Mediterranean Diet Score.

The mMDS, as proposed by Trichopoulou et al. (36), was used
to measure adherence to the Mediterranean diet. The following
9 food groups were included: vegetables, legumes and nuts,
fruits, grains, fish and seafood, meat and meat products including
poultry, dairy, alcohol, and the ratio of unsaturated to saturated
fatty acids. According to the mMDS, for alcohol consumption,
a score of 1 was assigned for males and females with low to
moderate alcohol consumption, that is, 10-50 and 5-25 g/d,
respectively, otherwise a score of 0 was assigned. For the other
food groups, a score of 1 was assigned if the consumption was
above the sex-specific population median, and a score of 0 if it
was below the sex-specific median, except for meat and dairy, for
which the scoring was just the other way around (Supplemental
Table 1). This resulted in an overall mMDS score ranging from
0to9.

Healthy Diet Indicator.

The HDI score is based on WHO dietary recommendations
for preventing chronic diseases and consists of 6 nutrients and
1 food group: intake of SFAs, PUFAs, cholesterol, protein, dietary
fiber, free sugars, and the consumption of fruits and vegetables
(24). For each component, participants were assigned a score of 1
when their intake was within the recommended range; otherwise
a score of 0 was assigned (Supplemental Table 1). These scores
were summed into a final HDI score ranging from O to 7, with
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FIGURE 1 Overview of the cognitive measurements in participants aged 45+ y in the Doetinchem Cohort Study. ! Cohort measurement rounds are denoted
as R1, R2, R3, R4, R5, and R6. 2Cognitive measurement rounds are denoted as to, ts, tjo, ti5, and tg, where t( refers to the first cognitive measurement and
therefore baseline measurement in the present study. 3Cognitive testing started as a pilot halfway through R2, from 1995. #Participants who had their t;q, t;5,
or tyy cognitive measurement between 2013 and 2017 could not have another follow-up measurement yet.

a higher score representing a higher adherence to the WHO
recommendations.

Modified Dutch Healthy Diet 2015 index.

Based on the latest Dutch Health Council dietary guide-
lines (25) the Dutch Healthy Diet 15-index (37) consists of
15 components: vegetables, fruits, wholegrain products, legumes,
nuts, dairy products, fish, tea, replacing fats by oils, replacing
unfiltered coffee by filtered coffee, red meat, processed meat,
sweetened beverages and fruit juices, alcohol, and sodium
(Supplemental Table 1). For each component, a score of 10
is given for consumption within the recommended range. For
consumption outside the recommended range, the score linearly
decreases to O points. This results in an overall DHDI5-
index ranging from O to 150 (37). Because our FFQ did not
distinguish between filtered and unfiltered coffee, and did not
assess added sodium intake, coffee and salt were excluded from

the index. Therefore, our modified DHD15-index ranged from O
(no adherence) to 130 (maximal adherence).

Cognitive assessment

Our primary outcome variable was cognitive function, re-
peatedly measured over time. The following specific cognitive
domains were measured: global cognitive function, mem-
ory function, processing speed, and cognitive flexibility. For
measuring these domains, 4 subtests were used: the 15-Word
Verbal Learning Test (38), the Stroop Color Word Test (39), the
Verbal Fluency Test (animal naming) (40), and the Letter Digit
Substitution Test (41) (Supplemental Table 2). To be able to
combine the scores on the different tests, all test scores were
standardized based on the mean and SD at baseline. A previous
study describes the subtests and formulae for calculating the score
on each of the cognitive domains (42) (see also Supplemental
Table 2). All cognitive domain scores were computed over
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standardized test scores, based on clustering used in former
studies (43-45).

Other measures

Information on sociodemographic characteristics, lifestyle
factors, medical history of chronic diseases, and medication use
was obtained from self-administered standardized questionnaires
at each measurement. Educational level was classified into
5 categories: primary school, lower vocational, intermediate
secondary, intermediate vocational/higher secondary, and higher
vocational/university. Marital status was dichotomized into
married (including living together) compared with not married.

Smoking status was dichotomized into current smoker com-
pared with nonsmoker (including former smoker and smoking
<1 cigarette per month). Physical activity was measured by an
extensive validated questionnaire on (the duration of) physical
activities at work and during leisure time. Information obtained
from these questions was classified according to the Cambridge
Physical Activity Index into the following 4 categories: inactive,
moderately inactive, moderately active, and active (46).

Symptoms of depression were assessed using the Dutch
version (47) of the Medical Outcomes Study 36-item short form
Health Survey (SF-36) (48). The categories “Mental health”
(feelings of depression) and ““Vitality” (feelings of liveliness)
indicate depressive symptoms. Scores in both categories range
from 0 to 100, with higher scores representing better (mental)
health. Height, weight, blood pressure, and waist circumference
were measured during a physical examination at the research
center. BMI was computed by dividing body weight by height
squared (kg/mz), waist circumference was measured to the
nearest centimeter, and both were used as a continuous measure.
Hypertension (yes/no) was included in the data analyses and
defined as a systolic pressure >140 mmHg and/or diastolic
pressure >90 mmHg, and/or use of blood pressure—lowering
medication. Nonfasting blood samples were obtained to deter-
mine serum total cholesterol, HDL cholesterol, blood glucose
concentration, and C-reactive protein [CRP; available up to
and including 2012 (49)] (29). The total cholesterol to HDL
cholesterol ratio was calculated. These variables were used as
continuous measures. A past cerebrovascular accident (CVA)
was self-reported. Diabetes was self-reported (validated for most
participants) or considered present when random blood glucose
concentration was > 11 mmol/L, and both CVA and diabetes were
used as dichotomous measures (yes/no). DNA was extracted from
buffy coat samples and used for determining apoE4 genotype
(presence of 0, 1, or 2 €4 alleles), because carrying the €4 allele
is associated with increased risk of Alzheimer disease (50).

Statistical methods

Baseline characteristics are presented as means (SD) for
normally distributed variables, and medians (IQR) for nonnor-
mally distributed variables. Percentages are used to present
categorical variables. Baseline characteristics were compared
between tertiles of the dietary indices (mMDS, HDI, and
mDHD15-index) using the x? test for categorical variables, 1-
factor ANOVA for normally distributed continuous variables, and
the Kruskal-Wallis test for nonnormally distributed variables. To

see to what extent these indices measure the same healthy diet,
the correlation between the mMDS, the HDI, and the mDHD15-
index was investigated using a Pearson correlation test.

The z-scores on all cognitive domains were analyzed as
continuous outcome measures in all analyses. To adjust for
learning effects, cognitive domain scores were adjusted for the
number of cognitive measurements. Based on repeated cognitive
measurements, linear mixed model analysis with a random
intercept and a random slope (to account for the variability in
cognitive function between individuals) was used to investigate
the association of adherence to dietary guidelines with level of
cognitive function. Mixed model analysis can deal with missing
data; all available data are included in analyses. To compare
change in cognitive function with aging (in this article also
referred to as cognitive decline) between tertiles of the dietary
indices, an interaction term of calendar age and tertiles of the
dietary indices was added to the models. The interaction term was
considered statistically significant at P values <0.05, and refers to
a significant association between the dietary indices and cognitive
decline.

Four models were used, with model I adjusted for age
at cognitive measurement (linear as well as quadratic), sex,
educational level, and apoE4 genotype, model II with additional
adjustment for lifestyle factors (physical activity, smoking),
energy intake, marital status, and symptoms of depression, and
an explanatory model III, with additional adjustment for cardio-
vascular risk factors (cholesterol ratio, diabetes, hypertension,
waist circumference) and CVA (model Illa), or CRP as a chronic
inflammation marker (model IIIb). In model IlIb, plasma CRP
concentrations >10 mg/L were excluded, because these values
can indicate an acute-phase response to infection (51). Because
plasma CRP was not analyzed in the last measurement round,
the last observation was carried forward to be able to analyze
the complete follow-up period. Repeated measurements of all
covariates were included in the analyses as time-dependent
variables. Sex, level of education, dietary intake (average of t,
and ts), and apoE4 genotype were included as time-independent
variables. Age was also included as a quadratic term, because
cognitive function was better described as a quadratic function
of ageing. Effect modification by sex, educational level, and
apoE4 genotype for the associations between the highest and
lowest tertiles of the dietary indices and global cognitive function
was tested. Regarding effect modification, a P value <0.05 for
the interaction term was considered significant. For model I,
10,719-10,823 observations from 3504-3518 participants could
be included, due to missing values on apoE4 (n = 120),
level of education (n = 2), and/or cognitive function (number
of participants and observations depending on domain; see
also Supplemental Table 3). For model II, 10,601-10,702
observations from 3496-3510 participants could be included;
for model IIla 10,443-10,540 observations from 3483-3497
participants, and for model IIIb 10,056—-10,152 observations from
3416-3430 participants.

To visualize the differences between the tertiles of the dietary
indices, including the age effect on cognitive function, results
of the linear mixed model analyses were plotted as a function
of calendar age, based on model II. The z-score of the lowest
tertile was set at zero at the age of 45 y. If diet is associated
not only with level of cognitive function, but also with change
in cognitive function, and cognitive function is not a linear
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function of calendar age, it depends on the calendar age how
much difference is observed between the extreme tertiles and
to how many cognitive years this corresponds. To facilitate
interpretation of the z-scores and to quantify the associations,
the difference in cognitive age between the lowest and highest
adherence tertiles was expressed as the difference in calendar
years at which the cognitive function in the highest tertile equals
the cognitive function in the lowest tertile at age 65 y. So, if the
cognitive function in the lowest tertile at age 65 y equals the
cognitive function in the highest tertile at age 68 y, the difference
in cognitive age is 3 y. The difference in cognitive decline was
expressed as the percentage difference in decline from age 55
to 75 y of participants in the highest compared with the lowest
tertile.

To evaluate possible information bias and reverse causation,
sensitivity analyses were performed by excluding participants
who had a score in the lowest 2.5% on global cognitive function
at baseline (n = 90). Persons with worse cognitive function might
not be able to recall their habitual diet over the last year. In
a second sensitivity analysis, participants with only a baseline
cognitive measurement (n = 607) were excluded, because these
participants do not contribute to change in cognitive function with
aging. In addition, decline in cognitive function is likely to occur
after individuals have suffered a CVA (52). For this reason, a
third sensitivity analysis was performed excluding participants
who had suffered a CVA (n = 177). All analyses were performed
using SAS 9.4 (SAS Institute, Inc.).

Results

The number of included respondents with cognitive measure-
ments at each timepoint was 3644 at baseline (ty, 1995-2007),
2904 at 5-y follow-up (ts5, 2000-2012), 2529 at 10-y follow-
up (tip, 2005-2017), 1940 at 15-y follow-up (t;5, 2010-2017),
and 191 participants at 20-y follow-up (ty9, 2015-2017). For
607 participants, only a baseline measurement was available, 433
participants had 5-y follow-up data, 656 had 10-y follow-up data,
1757 participants had 15-y follow-up data, and 191 participants
had 20-y follow-up data. Hence, median follow-up was 15 y
(range 0-20 y). Average cognitive z-scores at baseline were (per
definition) 0.00 and declined over follow-up for all domains (see
also Supplemental Table 3 for number of valid cognitive data and
average cognitive scores per measurement round).

Participants were on average 56 £7 y old at the first cognitive
measurement, half of the participants were female (51%), and
one-third (34%) had not achieved an educational level beyond
lower vocational education. About three-quarters (73%) of the
population was physically active, and 24% were current smokers.

The mMDS score was categorized in tertiles as low adherence
(mMDS 0-3), medium adherence (mMDS 4-5), and high
adherence (mMDS 6-9). Scores in the tertiles for HDI were
0-2 (low), 3 (medium), and 4-6 (high adherence), and for the
mDHDI15-index 22-62 (low), 62-73 (medium), and 73-110
(high adherence). In general, participants in the highest adherence
tertiles of the dietary indices were more often highly educated and
physically active, were less often smokers, and had a lower BML.
Baseline characteristics according to tertiles of the mMDS are
presented in Table 1. Baseline characteristics according to tertiles
of HDI and mDHD15-index are presented in Supplemental
Tables 4 and 5.

The 3 dietary indices were moderately correlated: the mMDS
and the HDI (r = 0.37, P < 0.01), the HDI and the mDHD15-
index (r = 0.31, P < 0.01), and the mMDS and the mDHD15-
index (r = 0.44, P < 0.01).

Level of cognitive function

For all 3 dietary indices, the average level of cognitive
functioning was higher in the highest adherence tertile compared
with the lowest tertile (Table 2, Supplemental Tables 6—8), when
not taking differences in cognitive decline into account (models
without interaction term of tertiles x age). Based on the models
including cognitive decline (models including interaction term of
tertiles x age), global cognitive function at age 65 y in the lowest
adherence tertiles was equal to the cognitive function of 67-y-
olds in the highest adherence tertiles (Table 3). Differences at
age 65 were largest for memory function, equal to a difference
of 2.4y (95% CI: 0.9, 4.0 y) in favor of the highest compared
with the lowest mDHD15-index tertile (Table 3). The difference
at age 65 y was used as an example. The differences between
the tertiles, expressed in calendar age, depend not only on the
relation between dietary indices and cognitive function, but also
on that between age and cognitive function. Therefore, although
the absolute difference between the tertiles increases with aging,
the difference expressed in calendar age might not increase.
Differences between the tertiles over the studied age range are
visualized in Figure 2.

Significant interaction by apoE4 status was observed for the
association between the highest and lowest mDHD15-index
tertiles and global cognitive function: differences in cognitive
function between the highest and lowest tertile were larger for
participants with 2 4 alleles compared with participants without
(P = 0.01) or with only 1 &4 allele (P = 0.03). For participants
with O or 1 ¢4 allele, global cognitive function at age 65 y in
the lowest adherence tertile was equal to that of 66—67-y-olds in
the highest adherence group (difference no ¢4 allele: 2.1; 95%
CI: 0.7, 3.9; 1 g4 allele: 1.2; 95% CI: —0.5, 3.6), for participants
with 2 ¢4 alleles it was equal to that of 70-y-olds in the highest
adherence group (difference 5.6; 95% CI: 1.1, 17.1).

Additional adjustment for cardiovascular risk factors and CVA
(model IlTa) or CRP (model I1Ib) did not essentially change the
associations between the dietary indices and cognitive function
(Table 2, Supplemental Tables 6-8).

Change in cognitive function

High scores on all 3 dietary indices were associated with
slower decline in global cognitive function (Table 2, models
including interaction term of tertiles x age). Difference in
cognitive decline between the highest and lowest tertiles was
~T7% between ages 55 and 75 y (Table 4; for mMDS = 7.4%;
95% CI: 1.0, 14.9%; for HDI = 6.5%; 95% CI: 0.3, 13.7%; and
for DHD15-index = 6.5%; 95% CI: 0.6, 13.6%). High scores on
the mMDS were also associated with slower decline in processing
speed (Supplemental Table 7), equal to a 9.5% (95% CI: 2.1,
18.4%) difference (Table 4). High scores on the mDHD15-index
were associated with slower decline in both processing speed
(12.4% difference; 95% CI: 5.5, 20.8%) and cognitive flexibility
(10.3% difference; 95% CI: 3.7, 18.3%), compared with the
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TABLE 1 Baseline characteristics by tertiles of the modified Mediterranean Diet Score!

Low Middle High
(0-3) (4-5) (6-9)
n = 1064 n=1582 n =998
Age, y 564 £ 7.3 555 £ 7.1 555 £ 7.1
Women, % 54 50 48
Educational level (% low)? 41 35 23
Married, % 83 83 84
BMI, kg/m? 26.7 + 4.1 26.5 £ 3.7 262 £ 3.8
Current smoking, % 30 22 20
Physically active,® % 67 73 79
Cardiovascular risk factors
Systolic blood pressure, mmHg 133 £ 19 131 £ 18 131 + 18
Hypertension, % 41 37 38
HDL cholesterol, mmol/L 1.3 £ 04 1.4 £ 04 14 £ 04
Diabetes, % 34 2.8 2.3
CVA, % 1.9 1.7 1.6
Mental health* 80 (68-88) 80 (68-88) 80 (72-88)
Vitality* 70 (55-80) 70 (55-80) 70 (60-80)
apoE4 carriers, % 27 29 29
Components of the mMDS, g/d
Vegetables 98 + 34 114 £+ 41 133 £ 41
Fruits 119 (67-184) 166 (97-245) 235 (156-293)
Legumes and nuts 17 (11-25) 23 (14-33) 29 (20-40)
Grains 173 £ 59 201 + 70 223 £ 75
Fish and seafood 8 (3-12) 12 (6-17) 17 (13-23)
Meat and meat products 117 £ 45 109 £ 49 98 + 51
Dairy 446 + 234 385 £ 211 344 £ 203
UFA:SFA ratio® 1.3 £0.2 1.5 £02 1.6 £ 0.2
Alcohol consumption, g/d 4 (1-15) 9 (2-20) 13 (6-23)
HDI (0-7) 2.1 £0.9 25+ 10 3.0 £ 1.1
mDHD15-index (0-130) 61 £ 12 67 £ 12 75 £ 12
Total energy intake, MJ/d 84 £ 19 8.7 £ 2.1 9.1 £22
Cognitive function (z-scores)
Global cognitive function —0.14 + 1.02 —0.00 £ 0.98 0.16 = 0.99
Memory function —0.11 £+ 1.00 0.01 £ 0.98 0.11 £ 1.01
Cognitive processing speed —0.14 =+ 1.06 0.01 £+ 0.98 0.13 £ 0.95
Cognitive flexibility —0.11 + 1.04 —0.01 £ 1.00 0.14 = 0.94
VLT—delayed recall (no words) 7.6 £29 79 £ 28 8.1 £ 29
Stroop ink color, s 46.3 £ 16.7 44.8 £ 15.7 427 £ 13.0
LDST (no correct) 31.7 £ 7.6 327 £ 7.1 335 £ 6.9
Fluency (no animals) 234 £ 6.0 239 £+ 6.0 24.8 £ 6.0

'Values are mean + SD, median (IQR), or percentage. CVA, cerebrovascular accident; HDI, Healthy Diet
Indicator; LDST, letter digit substitution test; mDHD15-index, modified Dutch Healthy Diet 2015 index; mMDS,
modified Mediterranean Diet Score; UFA, unsaturated fatty acid; VLT, verbal learning test.

2Low educated was defined as primary school or lower vocational education as highest attained level.

3 Active was defined as the 2 highest of 4 categories of the Cambridge physical activity index (46).

4A score ranging from 0 to 100, with a higher score indicating better (mental) health.

SRatio total UFAs/SFAs.

lowest tertile (Table 4). None of the dietary indices was associated
with change in memory function (Supplemental Table 6).

Additional adjustment for cardiovascular risk factors and CVA
(model IlTa) or CRP (model I1Ib) did not essentially change the
associations between the dietary indices and cognitive decline
(Table 2, Supplemental Tables 6-8).

Sensitivity analysis

Sensitivity analyses, excluding participants who had a score
in the lowest 2.5% on global cognitive function at baseline,
participants with only a baseline cognitive measurement, or
participants who had suffered a CVA, showed associations

of similar strength as in our primary results (Supplemental
Table 9).

Discussion

We found that higher adherence to a healthy diet, independent
of its operationalization, was associated with better cognitive
function and less severe global cognitive decline.

Our findings are in agreement with several longitudinal,
cross-sectional, and experimental studies showing that a healthy
dietary pattern is associated with better cognitive function
(16-20, 26, 27, 53). A recent review concluded that adherence
to the Mediterranean diet was more consistently associated
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TABLE 2 Level and change in global cognitive function by adherence to healthy diets'

Model I
B (95% CI)

Model 1T
B (95% CI)

Model IlTa
B (95% CI)

Model ITTb

Dietary score B (95% CI)

mMDS Level? Medium 0.05 (~0.02, 0.11) 0.04 (—0.02, 0.10) 0.03 (—0.03, 0.09) 0.04 (—0.03, 0.10)
High 0.11 (0.04, 0.18) 0.10 (0.03, 0.17) 0.09 (0.02, 0.16) 0.08 (0.02, 0.15)

Change3 Medium 0.01 (~0.07, 0.09) 0.02 (—0.07, 0.10) 0.02 (—0.06, 0.10) 0.00 (—0.08, 0.08)

Medium x age 0.00 (~0.00, 0.01) 0.00 (~0.00, 0.01) 0.00 (—0.00, 0.00) 0.00 (~0.00, 0.01)

High 0.03 (~0.06, 0.12) 0.03 (—0.06, 0.12) 0.03 (—0.06, 0.12) 0.02 (—0.08, 0.11)
High x age 0.01 (0.00, 0.01) 0.00 (0.00, 0.01) 0.00 (—0.00, 0.01) 0.00 (0.00, 0.01)

HDI Level? Medium 0.01 (—0.05, 0.06) 0.02 (=0.04,0.07)  —0.00 (—0.06, 0.06) 0.01 (=0.05, 0.07)
High 0.10 (0.03, 0.17) 0.12 (0.05, 0.19) 0.09 (0.02, 0.16) 0.11 (0.04, 0.18)

Change> Medium —0.04(=0.12,0.04)  —0.03(=0.11,0.05)  —0.04(—0.12,0.04)  —0.03 (—0.11, 0.05)

Medium x age 0.00 (—0.00, 0.01) 0.00 (—0.00, 0.01) 0.00 (—0.00, 0.01) 0.00 (—0.00, 0.01)

High 0.04 (—0.05, 0.13) 0.05 (—0.04, 0.15) 0.04 (—0.06, 0.13) 0.05 (—0.04, 0.14)

High x age 0.00 (0.00, 0.01) 0.00 (0.00, 0.01) 0.00 (—0.00, 0.01) 0.00 (—0.00, 0.01)

mDHDI5-index ~ Level? Medium 0.02 (—0.05, 0.08) 0.01 (=0.06,0.07)  —0.01(—0.07,0.05)  —0.01 (—0.07, 0.06)
High 0.12 (0.06, 0.19) 0.11 (0.04, 0.17) 0.08 (0.01, 0.14) 0.10 (0.04, 0.17)

Change3 Medium 0.01 (=0.07,0.09)  —0.00(—0.09,0.08)  —0.02(—0.10,0.06)  —0.02(—0.10, 0.07)

Medium x age 0.00 (—0.00, 0.00) 0.00 (—0.00, 0.00) 0.00 (—0.00, 0.00) 0.00 (—0.00, 0.00)

High 0.06 (—0.03, 0.14) 0.04 (—0.04, 0.13) 0.03 (—0.06, 0.12) 0.05 (—0.04, 0.14)

High x age 0.00 (0.00, 0.01) 0.00 (0.00, 0.01) 0.00 (—0.00, 0.01) 0.00 (—0.00, 0.01)

!Estimates are calculated in contrast to cognitive function in the lowest tertile, using linear mixed model analyses with random intercept and random
slope, including the following covariates: model I: age (centered at 45), age2 (centered at 45), sex, level of education, and apoE4 gene variant; model II:
model I 4+ physical activity, smoking, marital status, energy intake, vitality, and mental health; model IIIa: model II + cholesterol ratio, diabetes,
hypertension, waist circumference, and CVA; model I1Ib: model IT + CRP. Number of subjects (observations) in the models were as follows: I, 3504
(10,719); 11, 3496 (10,601); I1Ia, 3483 (10,443); and I1Ib, 3416 (10,056). Negative estimates denote worse cognitive function or faster cognitive decline
compared with the cognitive function or cognitive decline in the lowest tertile. CRP, C-reactive protein; CVA, cerebrovascular accident; HDI, Healthy Diet
Indicator; mDHD15-index, modified Dutch Healthy Diet 2015 index; mMDS, modified Mediterranean Diet Score.

2Estimates in the “level model” for differences in level of cognitive function between tertiles are from models without interaction terms of tertiles x age.

3Estimates in the “change model” for differences in cognitive function and cognitive decline between tertiles are from models with interaction terms of
tertiles x age.

with cognitive decline in the Mediterranean region than in
non-Mediterranean regions (17). Our results contribute to the
evidence that in a non-Mediterranean region also, better adher-
ence is associated with both better cognitive function (54) and
slower global cognitive decline. These results were not limited to
adherence to the Mediterranean diet, but were also observed for

development of memory function (cognitive reserve), but less in
the maintenance of memory function with aging.

Possible explanations of findings

higher adherence to the WHO dietary guidelines and the Dutch
guidelines. Although the 3 dietary indices were only moderately
correlated, the magnitudes of the associations between the indices
and (change in) cognitive function were similar.

The observation that dietary indices were associated with
level of memory function, but not with change in memory
function might indicate that a healthy diet plays a role in the

Possible mechanisms underlying the associations between
adherence to healthy diets and (change in) cognitive function
include effects on inflammation levels and oxidative stress in the
brain (55, 56) and effects on cardiovascular risk factors (57).
The healthy diets are characterized by higher consumption of
vegetables and fruits and a higher unsaturated to saturated fatty
acid ratio and are therefore high in antioxidants, such as vitamin

TABLE 3 Differences in level of cognitive function between the highest and lowest tertile of adherence to healthy diets

at age 65 y!
Global cognitive Information
function Memory function processing speed Cognitive flexibility
Dietary indices Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)
mMDS 2.0(0.8,3.4) 2.3(0.7,3.9) 1.7 (0.3, 3.4) 1.1 (0.0, 2.2)
HDI 2.2(1.0,3.6) 2.1(0.5,3.7) 1.2 (—0.008, 2.5) 1.6 (0.5,2.7)
mDHD15-index 2.0(0.9,3.4) 2.4 (0.9, 4.0) 1.5(0.2,3.1) 1.5(0.3,2.9)

IDifferences were calculated as the difference in calendar age [mean (95% CI)] between the highest and lowest
adherence tertiles where cognitive function was at the level of 65-y-olds in the lowest tertile. Calculations are based on
associations between adherence to the dietary indices and cognitive function in linear mixed model analyses, adjusted for
age, age?, sex, level of education, apoE4 gene variant, physical activity, smoking, marital status, energy intake, vitality,
and mental health, and, only if significant, the interaction term between adherence tertiles and calendar age. Positive
differences denote a higher level of cognitive function in the highest adherence tertile compared with the lowest adherence
tertile at age 65 y. HDI, Healthy Diet Indicator; mDHD15-index, modified Dutch Healthy Diet 2015 index; mMDS,

modified Mediterranean Diet Score.
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FIGURE 2 Cognitive domains (z-scores) as a function of calendar age by tertiles of modified Mediterranean Diet Score (mMDS), Healthy Diet Index
(HDI), and modified Dutch Heathy Diet 15 index (mDHD15-index). Values were adjusted for sex, level of education, apoE4 genotype, marital status, physical

activity, smoking, total energy intake, mental health, and vitality (model II).

C and E, B-carotene, and polyphenols, and anti-inflammatory
nutrients, such as n—-3 PUFAs (58). These nutrients decrease
inflammation and oxidative stress in the brain (59), processes
that affect neuronal pathways and disturb physiological mediators
involved in cognitive processes (60). Midlife cardiovascular
risk factors are associated with accelerated cognitive decline
at midlife (61). However, adjusting for CRP or cardiovascular
risk factors did not essentially alter the results, suggesting that
these factors are not the main mechanisms in the associations,
or that the dietary indices are not strongly enough associated
with these factors. In participants carrying 2 apoE4 alleles, being
at higher risk of developing Alzheimer’s disease, we observed
larger cognitive benefits of adherence to the Dutch Healthy Diet
2015 Index. So, for genetically predisposed persons, consuming
a healthy diet might be one way to partly counteract one’s higher
risk of accelerated cognitive decline.

Scores on dietary indices were based not only on different
guidelines, but also on different scoring methods: for the

mMDS, cutoff values are based on population-based sex-specific
medians; for the HDI and mDHD15-index, predefined cutoff
values are used based on absolute intake values. For the mMDS
and HDI, only values 0 and 1 are given for (non) adherence on
each component; for the mDHD15-index, a continuous scale (0—
10) was used to indicate whether or not participants complied
with components of the guideline. This makes mMDS and
HDI less sensitive scores than the mDHD15-index. However,
the FFQ used is valid to rank persons based on their dietary
intake, and not to assess their absolute dietary intake (31).
Therefore, scores based on absolute intake (HDI and mDHD15-
index) will introduce more noise in classification than scores
based on ranking (mMDS). Based on the 3 scores, we explored
relative adherence to dietary guidelines by comparing the highest
and the lowest adherence tertiles. Despite misclassification, for
all 3 dietary indices significant differences in both cognitive
function as well as cognitive decline were observed between the
highest and lowest adherence tertiles, even in our population
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TABLE 4 Differences in cognitive decline from age 55 to 75 y between the highest and lowest tertile of adherence to

healthy diets'

Global cognitive

Information

function Memory function processing speed Cognitive flexibility
Dietary indices Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)
mMDS 7.4% (1.0, 14.9) — 9.5% (2.1, 18.4) —
HDI 6.5% (0.3, 13.7) — — —

mDHD15-index 6.5% (0.6, 13.6)

— 12.4% (5.5, 20.8)

10.3% (3.7, 18.3)

I Differences expressed in percentages [mean (95% CI)]. Calculations are based on associations between adherence to
the dietary indices and cognitive function, adjusted for age, age?, tertiles x age, sex, level of education, apoE4 genotype,
physical activity, smoking, marital status, energy intake, vitality, and mental health. Figures are only shown if differences in
cognitive decline between highest and lowest tertiles were statistically significant (P < 0.05). Positive differences denote less
cognitive decline in the highest tertile compared with the lowest tertile. HDI, Healthy Diet Indicator; mDHD15-index,
modified Dutch Healthy Diet 2015 index; mMDS, modified Mediterranean Diet Score.

where general adherence to guidelines was relative low. Less
misclassification and wider ranges of dietary intake in the
population probably will yield even larger cognitive differences
between high- and low-adherence groups.

The mMDS has some limitations regarding external validity,
because it is based on a relative ranking within the study
population, and therefore the absolute cutoff values can be
quite different between populations. It can be argued that the
Mediterranean dietary pattern defined in our study is not truly
Mediterranean (62). When the mMDS was calculated in elderly
persons in several European countries, the average score in The
Netherlands was 2.92, in contrast to an average score of 6.25
in Greece (36). In addition, the average intake of vegetables,
fruits, and fish in our cohort was lower, and the consumption
of dairy products somewhat higher than the average intake in
the European elderly (36). More recent scores as measures for
adherence to the Mediterranean diet, such as Pyramid (63) and
the Mediterranean Diet Adherence Score (MEDAS) (64), are
based on predefined cutoff values for dietary intake. Therefore
the use of these scores yields better external validity. However,
because these scores are highly correlated to the mMDS as we
used, conclusions would not change.

Diet is culturally determined and age-specific. However, the
HDI and DHD15 are based on absolute intakes and our analyses
have been adjusted for many potential confounders. In terms of
foods and nutrients, dietary guidelines in Europe and the United
States are comparable. Moreover, comparable results have been
found for MDS in other cohorts/populations. We believe that
associations we observed can be generalized to other populations
with comparable intake ranges. Therefore, conclusions will also
hold for, at least, other populations with predominantly Western
dietary habits.

Strengths and limitations

Major strengths of this study are its repeated measures
of cognitive function, diet and covariates, large sample size,
relatively young population, 3 dietary indices based on an
extensive, validated FFQ, a prospective design with a long
follow-up period of <20 y, and a low loss to follow-up
rate (<20% per 5 y). Another strength of our study is the
use of a battery of sensitive cognitive tests. Previous studies
on the association between adherence to dietary patterns and
cognition mainly used a more crude and less sensitive measure of

cognitive function based on the Mini-Mental State Examination
(65-67).

In addition, we were able to adjust for a wide variety of
potential confounders. Higher scores on our dietary indices could
simply be markers for an overall healthy lifestyle, education, and
wealth, each of which is associated with beneficial effects on
health. In our analyses, we adjusted for several lifestyle factors
and level of education, but the associations between dietary
indices and cognition remained. Especially for level of cognition
premorbid intelligence is a strong confounder. However, in
our study and others (68) level of education (as a proxy for
premorbid intelligence) or Intelligence Quotient less affected
change in cognitive function. We realize that level of education
is only a proxy measure for premorbid intelligence, and residual
confounding can be present. On the other hand, most important
determinants of cognitive function are age, sex, and level of
education. These variables are objectively measured, leaving less
room for residual confounding.

A limitation is that completing an FFQ strongly depends
on memory and therefore is vulnerable to recall bias, which
might be stronger for participants who already have symptoms of
cognitive impairment or dementia. However, sensitivity analyses
on a sample excluding participants with the lowest 2.5% score on
global cognitive function at baseline yielded comparable results.

Conclusion

In this prospective cohort study we observed that, compared
with lowest adherence, highest adherence to the dietary guide-
lines was associated with being 2 y cognitively younger at age
65 y, and 7% less global cognitive decline between the ages of
55 and 75 y. Adherence to a healthy diet could help to maintain a
healthy cognitive function with aging.
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