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Abstract
Aim: To examine the association between a healthy diet, assessed by the Healthy Diet Indicator (HDI), and cognitive decline in older adults. Methods: Data from 21,837 participants aged
≥55 years from 3 cohorts (Survey in Europe on Nutrition and the Elderly, a Concerted Action
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[SENECA], Rotterdam Study [RS], Nurses’ Health Study [NHS]) were analyzed. HDI scores were
based on intakes of saturated fatty acids, polyunsaturated fatty acids, mono- and disaccharides, protein, cholesterol, fruits and vegetables, and fiber. The Telephone Interview for Cognitive Status in NHS and Mini-Mental State Examination in RS and SENECA were used to assess
cognitive function from multiple repeated measures. Using multivariable-adjusted, mixed
linear regression, mean differences in annual rates of cognitive decline by HDI quintiles were
estimated. Results: Multivariable-adjusted differences in rates in the highest versus the lowest HDI quintile were 0.01 (95% CI –0.01, 0.02) in NHS, 0.00 (95% CI –0.02, 0.01) in RS, and 0.00
(95% CI –0.05, 0.05) in SENECA with a pooled estimate of 0.00 (95% CI –0.01, 0.01), I2 = 0%.
Conclusions: A higher HDI score was not related to reduced rates of cognitive decline in European and American older adults.
© 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction

The world’s population aged over 60 years is predicted to double from 11 to 22% between
2000 and 2050 [1]. This demographic shift is likely to further increase the prevalence of agerelated diseases and disabilities in the near future. In 2013, there were 44.4 million people
with dementia worldwide, and this number will increase to an estimated 135.5 million in
2050 [2]. Identifying modifiable risk factors for cognitive decline as a precursor of dementia
is likely to be an important strategy for delaying the onset, and reducing the number of people
with dementia [3]; a healthy diet is hypothesized to reduce risk [4].
A common approach to explore the impact of nutrition is studying dietary patterns
comprising combinations of nutrients and foods. A frequently studied dietary pattern is the
Mediterranean diet, which is rich in fruits and vegetables and unsaturated fatty acids. Greater
adherence to the Mediterranean diet has been associated with a lower rate of cognitive
decline in a number of observational and interventional studies [5]. However, there is a need
to jointly study information from multiple studies to establish clear associations between a
healthful dietary pattern, cognitive function, and cognitive decline.
Recommending dietary patterns at an international level requires the operationalization
of globally applicable dietary guidelines. Therefore, the 1990 World Health Organization
(WHO) guidelines for a healthy diet [6] were translated into the Healthy Diet Indicator (HDI)
[7, 8]. These guidelines were developed to reduce chronic diseases, such as hypertension. As
hypertension has been shown to impact cognitive function [9–11], it has been hypothesized
that the HDI could reduce cognitive function decline.
The HDI based on initial WHO recommendations has been associated with a lower prevalence of cognitive impairment [12, 13]; however, the association between updated WHO
guidelines and cognitive decline has not been quantified. We therefore prospectively examined
the association between baseline HDI and cognitive decline at older age among 21,837 men
and women from Europe and the US by conducting a meta-analysis of individual participant
data from 3 population-based cohorts involved in the Consortium on Health and Ageing:
Network of Cohorts in Europe and the United States (CHANCES) [14]. We hypothesized that
a higher HDI score would be related to less cognitive decline.
Materials and Methods
Data Assessment and Harmonization
The aim of CHANCES is to combine prospective cohort studies to produce, improve, and clarify the
evidence on the distribution and risk factors of chronic diseases in the elderly and on their socioeconomic
impact (www.chancesfp7.eu). Data standardization and harmonization procedures were largely based upon
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the experience from the MORGAM project and previous experiences of project partners [15]. Data assessment
procedures included examination of availability and comparability of cohort data, questionnaires and
measurement procedures used in the individual cohorts, and methods for collection of data on health
outcomes [14, 16]. For the present study, CHANCES cohorts were selected with harmonized variables on
dietary intake and cognitive function, and covariates according to predefined rules.
Study Design and Population
We included participants aged ≥55 years from 3 cohorts, namely the cognitive substudy of the Nurses’
Health Study (NHS) from the US [17]; the Rotterdam Study (RS) from the Netherlands [18]; and the Survey
in Europe on Nutrition and the Elderly, a Concerted Action (SENECA) Study from Europe (Belgium, Denmark,
France, Italy, The Netherlands, Portugal, Spain, Switzerland, and Poland) [19].
NHS began in 1976, with 121,700 female registered nurses aged 30–55 years [17]. During 1995–2001,
women aged ≥70 years were invited to participate in a telephone-based study of cognitive function. For the
first interview, 93% of eligible women participated (n = 19,415). Follow-up assessments were performed up
to 3 times at 2-year intervals. RS began baseline measures between 1990 and 1993 in 7,983 men and women
aged ≥55 years [20]. The first follow-up examination took place between 1993 and 1994 in 6,315 participants (follow-up 88%) and continued in 1997, 1999, and 2001. The total SENECA population consisted of
2,585 European men and women aged 70–75 years at inclusion in 1988, and 124 participants were additionally added in a second wave in 1993. Follow-up measures were performed in 1993 and 1998 [19]. In all
cohorts, the collaborative research procedures were in accordance with the ethical standards of the responsible institutional or regional committees on human experimentation and informed consent was obtained
from all participants.
Dietary Assessment
Information on dietary intake was obtained with a validated 116-item semiquantitative Food Frequency
Questionnaire (FFQ) in NHS in 1994 and 1998 [17] and a validated 170-item FFQ in RS at baseline (1990–
1993) [20]. In SENECA, dietary intake was assessed in 1988 (n = 2,585) and 1993 (n = 1,301) by means of a
dietary history method including a 3-day food record and a frequency checklist of foods [19]. Participants
were interviewed by a dietician about their usual food consumption per day during the past month. Food
intake estimations were converted into nutrient intakes by multiplying the consumption of each food by its
nutrient content, using the US Department of Agriculture database in NHS and the Dutch food composition
table (NEVO) [21] in RS and SENECA. The FFQs and dietary history method provided information allowing
to estimate usual dietary intake per day during a specified period of time.
Healthy Diet Indicator
We used dietary intake immediately preceding the first cognitive assessment (ranging from 0 to 3 years
across the 3 cohorts) to estimate daily energy intake and to assess adherence to the updated WHO dietary
guidelines in 2003 [8]. From 15 dietary items listed in the guidelines, 7 items from which information was
available across all cohorts were included in the HDI. This resulted in an HDI including saturated fatty acids,
polyunsaturated fatty acids (PUFAs), mono- and disaccharides, protein, cholesterol, fruits and vegetables,
and dietary fiber. Not included in the score were the intake of n-3 PUFAs, n-6 PUFAs, trans-fatty acids, and
sodium due to unavailability of data across cohorts. Furthermore, as suggested before [7], we excluded total
fat and total carbohydrates from the HDI score calculation to avoid duplicating weights for these 2 components by the component factors and excluded nonstarch polysaccharide as it also overlapped with the recommendation for total dietary fiber. We also excluded monounsaturated fatty acids (MUFAs), because the WHO
guideline does not clearly specify the recommended intake of MUFAs in contrast to other fats. We applied a
recently developed continuous HDI scoring system [22] with scores ranging from 0 to 10 per dietary
component to provide greater variation between individuals and to overcome the use of definite cutoffs [22].
Intakes below the lower cutoff were assigned 0 points and intakes above the upper cutoff were assigned 10
points. Within a given range of intakes for each component, the range was divided into 10, and points were
given in proportion to the distance from the 0 point cutoff. The scoring criteria, as well as the median
component scores by cohort are shown in Table 1. Total HDI scores were divided into sex- and cohort-specific
quintiles based on study population intake distributions.
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Table 1. Scoring criteria of the HDI components based on the WHO’s 2003 guidelines for a healthy diet and mean component
intakes by country and sex
HDI componenta

0
points

0 – 10
pointse

b, c

>15
>30
>400
>10
>20

Total dietary fiber, g/day
Fruits and vegetables, g/day

0
0

≥10–≤15
≥10–≤30
≥300–≤400
0–<6
0–<10 or
>15–≤20
0–<25
0–<400

Saturated fatty acids, en%
Mono- and disaccharides, en%b–d
Cholesterol, mg/dayc
Polyunsaturated fatty acids, en%b, c
Protein, en%b

10
points

NHS (women)

0–<10
9.3 (2.8)
0–<10
27.3 (7.3)
0–<300 181.5 (88.4)
≥6–≤10
5.6 (1.8)
≥10–≤15
17.0 (3.2)
≥25
≥400

5.4 (2.2)
400.8 (206.6)

RS

SENECA

men

women

men

women

14.9 (3.1)
21.6 (6.2)
259.1 (88.8)
7.6 (2.9)
17.0 (2.9)

14.7 (3.3)
22.7 (5.9)
215.5 (69.2)
6.9 (2.8)
17.9 (3.2)

14.3 (4.4)
19.1 (6.5)
314.9 (132.2)
6.2 (3.9)
15.1 (2.7)

14.8 (4.4)
20.3 (7.1)
272.0 (121.9)
6.2 (3.2)
15.1 (3.2)

18.3 (5.3)
429.0 (170.3)

16.2 (4.5)
461.8 (180.1)

22.2 (7.7)
563.3 (257.5)

18.5 (6.6)
497.3 (213.5)

HDI, Healthy Diet Indicator; WHO, World Health Organization; NHS, Nurses’ Health Study; RS, Rotterdam Study; en%, energy percent. Values are mean (SD).
Standard in accordance with WHO guidelines. The joint WHO Food and Agriculture Organization of the United Nations guidelines of 2003 do not clearly indicate
fiber cutoff values. Fulfillment of the fruit and vegetable recommendation and consumption of whole grains should sum to 20 g of nonstarch polysaccharides, which
equals approximately 25 g of dietary fiber. Total fat and total carbohydrates were excluded to avoid overlap with other components of the score. b Calculated without
energy from alcohol. c The cutoff value at which a participant would score 0 points was based on the 85th percentile of the population’s intake distribution.
Calculation of points for dietary intake between the upper limit and the standard intake for maximum number of points: 10 – (intake – recommendation upper limit)
× (10/standard upper limit – recommendation upper limit). d Mono- and disaccharides were studied instead of free sugars. e The range was divided into 10 and then
points were given in proportion to the distance from the 0 point cutoff.
a

Assessment of Cognitive Function
In NHS, the Telephone Interview of Cognitive Status (TICS) [23], a telephone adaptation of the MiniMental State Examination (MMSE) was administered first at baseline (1995–2001), then at approximately
2-year intervals, with up to 3 repeated measures. The TICS contains measures of orientation, immediate
verbal recall, registration, opposites, current events, serial subtraction, counting, and other elements and
assesses global cognitive performance, with scores ranging from 0 to 41.
The MMSE [24] assessed global cognitive function in RS in 1990, 1993, 1997, 1999, and 2001, and in
SENECA in 1993 and 1999. The MMSE includes questions on orientation to time and place, registration,
attention and calculation, recall, language, and visual construction, resulting in a score from 0 to 30. A correlation of 0.94 between TICS and MMSE and a high test-retest reliability for TICS (r = 0.97) was reported [23].
Higher TICS or MMSE scores indicate better cognitive performance.
We calculated z-scores at each time point using cohort-specific distributions of scores at first cognitive
assessment allowing comparability of findings across cohorts.
Other Variables
Demographic, health, and lifestyle information was obtained from self-administered questionnaires.
Height and weight were measured at baseline in RS and SENECA and self-reported in NHS [25]. Physical
activity was assessed by validated questionnaires for elderly by estimating mean energy expended per week
in NHS (in metabolic equivalent-hours, METs) and as being vigorously physically active in SENECA and RS.
In RS, physical activity was assessed 6 years after baseline as no baseline measure was available. Prevalence
of diabetes mellitus, myocardial infarction, high blood pressure, depression, and hypercholesterolemia was
obtained by questionnaires. In SENECA, hypercholesterolemia was estimated on use of dyslipidemia medications.
Population for Analysis
We excluded participants with incomplete dietary intake data (n = 2,144 NHS, n = 2 RS, n = 16 SENECA),
without at least 1 cognitive assessment (n = 1,771 RS, n = 1,676 SENECA), and missing data for physical
activity (n = 111 NHS, n = 1,769 RS), resulting in a total population of 21,837 participants (17,160 NHS, 3,660
RS, and 1,017 SENECA).
Statistical Analyses
Means and standard deviations were calculated for normally distributed continuous variables, and
numbers and percentages were calculated for categorical variables.
In the primary approach, we modelled trajectories of repeated cognitive measures using linear mixed
models [26], with follow-up time from baseline as the time metameter. The linear model included an intercept
representing the baseline level of cognitive score and a slope representing annual cognitive change as well
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as a random intercept and random slope accounting for interindividual variability. Linear trends across quintiles of HDI score were examined using a continuous variable in which participants in a given HDI quintile
were assigned the median value.
In a secondary approach, all repeated measures of cognitive function were averaged to create an
outcome representing long-term cognitive status. Averaging repeated measures of cognition attenuates variability in each single cognitive assessment, which may be helpful when cognition is measured over a relatively short follow-up period with a modest decline over time in healthy, educated participants in NHS, RS,
and SENECA [17, 27]. Mean differences in cognitive status across quintiles of HDI score were modelled using
linear regression.
Adjustments were made for confounding factors that have been related to both dietary intake and
cognitive function: age, sex, education (low, middle, high) (model 1), and employment history (employed,
housekeeper, unemployed/retired), BMI (<22, 22–25, ≥25–30, ≥30 kg/m2), smoking status (never, former,
current), energy intake (cohort specific quintiles), alcohol intake (<1, 1–14.9, ≥15 g/day), physical activity
(yes/no vigorous exercise in RS and SENECA, quintiles of METS in NHS), and depression (yes/no) (model 2).
Vascular conditions (history of diabetes [yes/no], myocardial infarction [yes/no], high blood pressure [yes/
no], and hypercholesterolemia [yes/no]) were tested as mediators by adding them to the full model (model
3). In the linear regression model studying long-term cognitive status, a study center variable was added to
SENECA to adjust for differences in baseline MMSE score between study centers. For BMI, 4.4% was missing
in NHS; for employment, data were missing for 3.7% in RS; in SENECA, data were missing for education
(5.9%) and depression (15%); thus, a specific missing category was created for these 4 variables. For all other
covariates, participants with missing information were <1% of the sample and were assigned to the reference
group. In subgroup analyses, we repeated our primary analyses while stratifying by sex (not applicable in
NHS), baseline cognitive function (worst 10% vs. best 90%), age (median split), BMI (<25 vs. ≥25), and
having any major cardiovascular risk factor (high blood pressure, hypercholesterolemia, myocardial
infarction). As a sensitivity analysis, we determined the potential impact on our estimates of a learning effect
when participants are administered the same cognitive tests multiple times by averaging the first 2 cognitive
assessments within NHS and RS to derive a more robust baseline measure variable as first cognitive
assessment and then repeating our analysis.
Subsequently, we summarized the multivariable-adjusted mean differences in slopes of the fifth quintile
versus first quintile per cohort by random effects pooling by using DerSimonian and Laird random effects
models [28], accounting for differences in sample size and the possibility of statistical heterogeneity among
the studies. Between-study heterogeneity was assessed using the I2 statistic [29], expressing the percentage
of variation attributable to between-study heterogeneity. All statistical analyses were carried out using SAS,
version 9.3, software (SAS Institute Inc., Cary, NC, USA). For random effects meta-analyses, we used the
metaphor package in R, version 3.2.0 (R Foundation for Statistical Computing, Vienna, Austria). p values <0.05
were considered significant.

Results

General Characteristics
Median HDI scores were 44.6 (range 13.3–62.5) in NHS, 45.5 (range 14.4–62.9) in RS, and
47.9 (range 20.6–69.9) in SENECA. At the first cognitive assessment, mean age of participants
was 74.2 (2.3) years in NHS, 65.7 (7.3) in RS, and 78.0 (2.8) in SENECA. Across all cohorts,
participants with a higher HDI score were more likely to be physically active, higher educated,
never smokers, normal weight, to have higher energy intakes, and a history of myocardial
infarction and to be less likely to have a history of diabetes (Table 2).
Relation between HDI Score and Cognitive Decline
A higher HDI score was not associated with cognitive decline in the basic adjusted model
(adjusted mean differences in rates between extreme quintiles = 0.005 [95% CI –0.005, 0.016],
p trend = 0.17 in NHS, 0.001 [95% CI –0.014, 0.015], p trend = 0.69 in RS, and 0.008 [95% CI
–0.041, 0.052], p trend = 0.49 in SENECA), or in the multivariable-adjusted model (0.005, [95%
CI –0.006, 0.016]), p trend = 0.20 in NHS, –0.002 [95% CI –0.016, 0.013], p trend = 0.98 in RS
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Table 2. Baseline characteristics of participants in the NHS (n = 17,160), RS (n = 3,660) and SENECA (n = 1,017) by extreme
cohort- and sex-specific quintiles of HDI score
NHS

RS

SENECA

quintile 1
(n = 3,422)

quintile 5
(n = 3,431)

quintile 1
(n = 731)

quintile 5
(n = 731)

quintile 1
(n = 202)

quintile 5
(n = 203)

HDI score

35.7
[32.6 – 37.7]

52.7
[51.4 – 54.4]

36.4
[33.8 – 38.2]

53.2
[51.9 – 55.2]

38.1
[35.4 – 40.2]

57.1
[55.3 – 59.23]

Age, years

74.1 (2.3)

74.4 (2.4)

66.3 (7.4)

65.6 (6.3)

77.8 (2.8)

78.0 (2.8)

Men

N/A

N/A

40.8

40.8

49.0

48.8

Educational level
Low
Middle
High

78
16
6

77
16
6

34
57
8

29
60
11

53
30
10

49
33
10

BMI
≤21
22 – 24
25 – 29
≥30

19
24
33
20

22
27
34
14

8
28
50
15

11
34
44
12

9
22
43
20

12
20
44
14

Physical activitya

13.8 (18.7)

18.3 (22.1)

83

89

8

9

Employment history
Employed
Homemaker
Other/retired

5
7
88

4
7
89

79
11
10

78
9
13

75
17
9

78
12
10

Smoking
Never
Former
Current

44
44
12

48
46
6

30
39
31

36
46
18

55
30
15

60
30
10

History of disease
Myocardial infarction
Hypertension
Hypercholesterolemia
Diabetes
Depression

6
56
60
11
10

5
55
67
9
9

9
36
2
9
9

11
37
3
6
9

24
32
11
16
19

32
37
6
13
19

Dietary variables
Energy intake, kcal
Alcohol, g

1,518 (572)
5.3 (10.4)

1,806 (497)
4.6 (8.6)

2,007 (609)
12.1 (15.8)

2,053 (414)
7.46 (10.6)

1,897 (618)
12.6 (18.1)

2,071 (607)
10.7 (8.9)

HDI components
Saturated fatty acids
PUFAs
Mono- and disaccharides
Protein
Cholesterol, g
Fruit and vegetables, g
Dietary fiber, g

11.7 (3.2)
5.5 (2.3)
26.2 (7.8)
18.5 (3.5)
221 (121)
286 (172)
4.1 (1.9)

8.1 (1.7)
6.3 (1.4)
26.2 (6.1)
15.0 (1.9)
166 (68)
505 (205)
6.8 (2.3)

16.9 (3.1)
6.5 (3.6)
21.5 (6.1)
18.6 (3.3)
285 (105)
395 (193)
14.6 (4.7)

13.1 (2.5)
7.7 (1.7)
23.2 (6.0)
16.2 (2.4)
204 (55)
500 (149)
20.1 (4.4)

16.6 (4.4)
6.3 (4.1)
20.8 (7.3)
16.9 (3.9)
351 (144)
465 (246)
17.0 (6.9)

12.2 (3.6)
6.4 (2.2)
17.9 (6.3)
13.9 (1.7)
239 (78.5)
604 (255)
23.9 (7.5)

MMSE/TICS

33.8 (2.7)

33.8 (2.7)

27.9 (1.5)

28.1 (1.6)

26.9 (2.7)

26.3 (2.7)

HDI, Healthy Diet Indicator; NHS, Nurses’ Health Study; RS, Rotterdam Study; PUFAs, polyunsaturated fatty acids. Data are presented
as median [IQR], mean (SD), or %. a Physical activity in NHS represented in metabolic-equivalent hours, in RS and SENECA as % vigorous
physical activity. Dietary variables represent mean intakes per day expressed in energy percentages, unless otherwise noted.
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Table 3. Multivariable-adjusted mean differences in annual rates of cognitive change by cohort- and sexspecific quintiles of baseline HDI score

Model 1a

Model 2b

NHS (n = 17,160)
Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
p trend

Ref.
–0.004 (–0.014, 0.006)
0.013 (0.003, 0.023)
0.002 (–0.008, 0.012)
0.005 (–0.005, 0.016)
0.17

Ref.
–0.004 (–0.014, 0.007)
0.012 (0.002, 0.023)
0.002 (–0.009, 0.012)
0.005 (–0.006, 0.016)
0.20

RS (n = 3,660)
Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
p trend

Ref.
0.000 (–0.014, 0.015)
0.012 (–0.003, 0.026)
0.004 (–0.011, 0.018)
0.001 (–0.014, 0.015)
0.69

Ref.
0.000 (–0.015, 0.014)
0.010 (–0.004, 0.025)
0.002 (–0.013, 0.016)
–0.002 (–0.016, 0.013)
0.98

SENECA (n = 1,017)
Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
p trend

Ref.
–0.015 (–0.063, 0.034)
0.022 (–0.028, 0.071)
0.006 (–0.043, 0.055)
0.008 (–0.041, 0.057)
0.49

Ref.
–0.029 (–0.079, 0.019)
0.017 (–0.033, 0.066)
0.000 (–0.049, 0.049)
0.002 (–0.047, 0.052)
0.52

HDI, Healthy Diet Indicator; NHS, Nurses’ Health Study; RS, Rotterdam Study; Ref., reference. Values are
mean differences (95% confidence interval). a Adjusted for age, gender, and education. b Additionally adjusted
for employment status, BMI, smoking status, energy intake, alcohol intake, physical activity, and depression.

Mean difference (95% CI)

Cohort (region)
NHS (America)

0.005 (–0.006, 0.016)

RS (Netherlands)

–0.002 (–0.016, 0.012)

SENECA (Europe)

0.002 (–0.047, 0.052)

Overall, I2 = 0%

0.002 (–0.006, 0.011)

–0.06 –0.04 –0.02

0

0.02 0.04 0.06

Fig. 1. Cohort- and sex-specific and pooled mean differences in the annual rate of cognitive change in relation
to highest vs. lowest quintile of adherence to the WHO guidelines and cognitive decline, adjusted for age, gender (TS and SENECA), education, employment status, BMI, smoking status, calorie intake, alcohol intake, physical activity, and depression in the Consortium on Health and Ageing: Network of Cohorts in Europe and the
United States (CHANCES), 1988–2011. Cohorts are ordered according to cohort size, beginning with the largest cohort. I2 is expressed as the percentage of total variability caused by heterogeneity. All data were obtained
from CHANCES (www.chancesfp7.eu). Bars indicate 95% confidence intervals (CIs). NHS, Nurses’ Health
Study; RS, Rotterdam Study; SENECA, Survey in Europe on Nutrition and the Elderly, a Concerted Action.
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Table 4. Multivariable-adjusted mean differences in annual rates of cognitive change by cohort- and sexspecific quintiles of baseline HDI score by cardiovascular risk factor history in SENECA

Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
p trend
p interaction

No cardiovascular risk factor
(n = 495)

Cardiovascular risk factor
(n = 522)

Ref.
–0.077 (–0.149, –0.005)
–0.053 (–0.128, 0.021)
–0.061 (–0.132, 0.010)
–0.048 (–0.122, 0.027)
0.23

Ref.
0.022 (–0.045, 0.087)
0.076 (0.010, 0.142)
0.076 (0.009, 0.143)
0.056 (–0.009, 0.121)
0.03
0.03

HDI, Healthy Diet Indicator; Ref., reference. Cardiovascular risk factor or disease included high blood
pressure, hypercholesterolemia, or myocardial infarction. Values are mean differences (95% confidence
interval). Scores were adjusted for age, education, study center, employment status, BMI, smoking status,
energy intake, alcohol intake, physical activity, and depression.

and 0.002 [95% CI –0.047, 0.052], p trend = 0.52 in SENECA) (Table 3). Pooled analyses
showed no association between highest HDI scores and cognitive decline (pooled multivariable-adjusted mean difference = 0.002 [95% CI: –0.006, 0.011], I2 = 0%) (Fig. 1). Adding
mediators to the model (type 2 diabetes mellitus, myocardial infarction, hypertension, and
hypercholesterolemia) did not affect the estimates (adjusted mean differences in rates
between extreme quintiles 0.006 [95% CI –0.005, 0.017], p trend = 0.15 in NHS, –0.002 [95%
CI –0.017, 0.012], p trend = 0.98 in RS, and –0.001 [95% CI –0.049, 0.048], p trend = 0.56 in
SENECA, respectively). Subgroup analyses by sex, baseline cognitive function, age, and BMI
did not show differences by strata or statistical interaction. Among those with a history of
cardiovascular risk factors, there was less cognitive decline with the highest HDI score in
SENECA (p trend = 0.03, p interaction = 0.03; Table 4). Furthermore, in sensitivity analyses
to address practice effects, in the RS and NHS where >2 repeated measures were available,
we used models where the average of the first 2 cognitive assessments was considered as the
new baseline from which cognitive change was evaluated; the results did not differ from the
main analyses (data not shown).
Relation between the HDI Score and Cognitive Status
The HDI score was not associated with cognitive status in NHS, RS, and SENECA in the
basic adjusted model (p trend = 0.28 in NHS, 0.19 in RS, and 0.34 in SENECA), or in the multivariable-adjusted model (p trend = 0.87 in NHS, 0.27 in RS, and 0.25 in SENECA) (Table 5).
Discussion

In the present consortium study, including 21,837 older men and women from Europe
and the US, we found that a healthier diet adhering to the most recent WHO guidelines was
not associated with a slower rate of cognitive decline, nor with cognitive status at older ages,
which is in contrast to the findings between other dietary patterns [30–32] and cognition.
As the HDI was developed to prevent chronic diseases, we hypothesized that it could also
impact cognitive function. Previously, 2 cross-sectional studies assessed the association
between a higher HDI score and cognitive impairment and reported a lower prevalence of
cognitive impairment in 1,049 Italian older men (odds ratio 0.75 [95% CI 0.58–0.97] [13])
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Table 5. Multivariable-adjusted mean differences in average cognitive status by cohort- and sex-specific
quintiles of baseline HDI score

Model 1a

Model 2b

NHS (n = 16,807)
Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
p trend

Ref.
0.00 (–0.04, 0.05)
0.04 (–0.01, 0.08)
0.00 (–0.04, 0.05)
0.03 (–0.02, 0.07)
0.28

Ref.
–0.02 (–0.06, 0.03)
0.01 (–0.03, 0.06)
–0.02 (–0.07, 0.02)
0.00 (–0.04, 0.04)
0.87

RS (n = 3,660)
Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
p trend

Ref.
0.02 (–0.08, 0.12)
0.06 (–0.04, 0.16)
0.06 (–0.04, 0.15)
0.06 (–0.04, 0.15)
0.19

Ref.
0.01 (–0.09, 0.11)
0.04 (–0.06, 0.14)
0.04 (–0.06, 0.14)
0.06 (–0.04, 0.15)
0.27

SENECA (n = 1,017)
Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
p trend

Ref.
0.00 (–0.19, 0.19)
0.25 (0.06, 0.45)
0.01 (–0.19, 0.20)
–0.12 (–0.31, 0.08)
0.34

Ref.
–0.02 (–0.21, 0.18)
0.25 (0.05, 0.44)
–0.01 (–0.20, 0.19)
–0.14 (–0.34, 0.06)
0.25

HDI, Healthy Diet Indicator; NHS, Nurses’ Health Study; RS, Rotterdam Study; Ref., reference. Variables
are mean differences (95% confidence interval). a Adjusted for age, gender, education, and study center
(SENECA only). b Additionally adjusted for employment status, BMI, smoking status, energy intake, alcohol
intake, physical activity, and depression.

and in a group of 1,651 Italian older men and women (odds ratio 0.85 [95% CI 0.77–0.93]
[12]). Our study, using a much larger population, a prospective design, and the updated HDI
guidelines, did not confirm previous findings.
The lack of significant associations could be a result of low variability in cognitive function
as measured by the MMSE and TICS due to the ceiling effects of these tests. Future studies on
cognitive functioning should preferably include tests that are able to measure areas of
cognition most affected by common dementing illnesses, such as memory, attention, language
and visuospatial abilities [33]. However, in our cohorts, we have observed associations between major risk factors and cognitive change based on TICS [34–38]. Two previous studies
examining the initial HDI guidelines used the MMSE [13] and an extended and validated
version of the MMSE, namely the 0- to 70-point neuropsychological test [12], to assess
cognitive function. Although these tests are comparable to the tests that we used, the outcome
was differently defined. We studied cognitive function and cognitive decline, whereas the
previous studies evaluated cognitive impairment based on predefined cutoffs. This latter
approach does not allow a distinction between initial level and change [33]. Furthermore, as
our cohorts included relatively healthy, well-educated participants compared to the other
populations [12, 13], it is possible that our participants reported healthy diets at baseline
with an overall good cognitive functioning, limiting the ability to detect an association between
the HDI and cognitive decline. Nonetheless, we had extremely high ability to identify even
modest associations given our very large sample size. Previous studies used the initial HDI
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including pulses and nuts, which were not part of the updated HDI. While we did not include
nuts and pulses from the original HDI, the nutrients that would be neuroprotective from these
foods, such as MUFAs, PUFAs, protein and fiber, would have been captured by the updated
HDI, making it less likely that the omission of these 2 foods would explain the null findings.
Another point to consider is that due to the limited amount of dietary information across
the 3 cohort studies, we included 7 out of 10 HDI components. However, we aimed to increase
variability within the HDI score by using the recently developed continuous calculation
system based on 7 dietary components (range 0–70 points) as proposed by Jankovic et al.
[22]. It has been shown that using 7 components rather than 10 HDI components (where
instead of polyunsaturated fat in the 7-component HDI model, n-3 PUFAs, n-6 PUFAs are used
in addition to trans-fatty acids and sodium) resulted in less heterogeneity when studying the
HDI in multiple cohort studies [22]. To test the effect of using 7 HDI components only compared
to using 10 HDI components, we studied 10 HDI components in NHS and found similar null
findings, indicating this probably does not explain our null findings.
Other dietary patterns that have been shown to be related to cognitive function and
decline in European and American observational studies in older adults include the Mediterranean diet [17, 39–46], the Dietary Approaches to Stop Hypertension (DASH) diet [42, 44,
47], and the Healthy Eating Index (HEI) [45, 48]. Dietary intervention studies with the Mediterranean diet [30, 31] and the DASH diet [32] confirmed these findings. These food-based
scores include high intakes of vegetables, fruits, legumes, whole grains, nuts, fish, MUFAs,
PUFAs, moderate amounts of low-fat dairy products and alcohol and low amounts of red and
processed meats, and the MUFA-to-saturated fats ratio.
More recently, dietary components linked to neuroprotection and cognitive function
have been summarized into 1 dietary pattern score, namely the Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet [49]. The MIND diet is a hybrid of the Mediterranean-DASH diets and includes high intakes of green leafy vegetables, other vegetables,
nuts, berries, beans, whole grains, fish, poultry, olive oil, and wine and low amounts of red
meats, butter and stick margarine, cheese, pastries and sweets, and fried/fast food. This diet
has been related to slower cognitive ageing in a single study of 960 older adults (mean age
81.4 years) of the Memory and Aging Project [49]. As the HDI does not include the majority
of these components [8], or specific components shown to be associated with cognitive
function, such as green leafy vegetables [36, 50] and berries [34], it could be that the HDI was
well-designed to reduce the risk of chronic diseases in general, but not cognitive function. In
contrast, the inclusion of very specific food items limits the possibility to jointly study effect
estimates of multiple studies and to target multiple diseases at once by means of 1 dietary
pattern, as does the HDI.
In stratified analyses, we observed less cognitive function decline with higher HDI scores
in participants reporting a history of cardiovascular risk factors in SENECA. As the HDI has
been developed to prevent chronic diseases, including hypertension, and as hypertension has
been associated with a worse cognitive function [9–11], it was hypothesized that this group
at high-risk for cognitive decline would benefit from a healthy diet such as the HDI. Biologically, the blood pressure-lowering effect of the HDI reduces thickening of the vessel wall,
leading to less vascular narrowing, resulting in less thickening of the media and atheromatous
plaques within larger cerebral arteries. This could result in a lower risk of rupture of these
plaques which could cause complete occlusion of arteries and infarction of surrounding
tissues [51].
The availability of harmonized dietary intake variables is a major strength of the present
study. Furthermore, the use of harmonized outcome variables and covariates reduces heterogeneity. Additionally, 4 HDI components are expressed as energy percentage, increasing the
comparability of diet between different cohorts using different dietary assessment methods.
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Another advantage is the relatively long follow-up time of cognitive function with multiple
repeated measures (NHS and SENECA 6 years, RS 10 years), which could have been sufficient
to measure changes in cognitive function, as other studies were able to measure changes in
cognitive function after 4–5 years of follow-up [39, 52]. Another strength is that we were able
to study changes in cognitive function over time, allowing us to use all available data of all
cohorts using a comparable measure across cohorts. Finally, studying dietary intake prior to
the cognitive assessments including many years of follow-up minimized possible reverse
causation.
It may be considered a limitation that we used 1 dietary intake assessment, assuming
stable diets over time. Additional analyses confirmed that dietary intakes were similar over
multiple time points in NHS and SENECA (data not shown). Furthermore, FFQs rely on participants’ estimates of food intake, which can lead to misclassification of dietary pattern
adherence. This is a common limitation of studies of diet, and our results from SENECA using
a dietary history method did not result in different conclusions. Lastly, although we have tried
to differentiate between a healthy lifestyle and a healthy diet by extensively adjusting for risk
factors for cognitive decline, residual confounding remains possible due to unmeasured or
imprecisely measured covariates.
We demonstrated that greater adherence to the WHO dietary guidelines for a healthy diet
was not associated with reduced rates of cognitive decline in European and American older
adults.
Acknowledgements
The research leading to these results has received funding from the European Union Seventh Framework
Programme (FP7/2007–2013) under grant agreement No. HEALTH-F3-2010-242244 as part of the Consortium on Health and Ageing (CHANCES) project. The CHANCES project is coordinated by the Hellenic
Health Foundation, Greece. We would like to acknowledge all CHANCES partners involved in the data harmonization. Participants, staff and investigators of the NHS are gratefully acknowledged.

Disclosure Statement
The authors declare no conflict of interest.

References
1
2
3
4
5
6
7
8
9

United Nations, Department of Economic and Social Affairs, Population Division: World Population Ageing
2013. New York, United Nations, 2013.
Alzheimer’s Disease International: World Alzheimer Report 2015: The Global Impact of Dementia: An Analysis
of Prevalence, Incidence, Cost and Trends. London, Alzheimer’s Disease International, 2015.
Alzheimer’s Association: 2015 Alzheimer’s disease facts and figures. Alzheimers Dement 2015;11:332–384.
Gustafson DR, Clare Morris M, Scarmeas N, Shah RC, Sijben J, Yaffe K, Zhu X: New perspectives on Alzheimer’s
disease and nutrition. J Alzheimers Dis 2015;46:1111–1127.
van de Rest O, Berendsen AM, Haveman-Nies A, de Groot CPGM: Dietary patterns, cognitive decline, and
dementia: a systematic review. Adv Nutr 2015;6:154–168.
World Health Organization: Diet, nutrition, and the prevention of chronic diseases. Report of a WHO study
group. World Health Organ Tech Rep Ser 1990;797:1–204.
Huijbregts P, Feskens E, Rasanen L, Fidanza F, Nissinen A, Menotti A, Kromhout D: Dietary pattern and 20 year
mortality in elderly men in Finland, Italy, and the Netherlands: longitudinal cohort study. BMJ 1997; 315:
13–17.
Nishida C, Uauy R, Kumanyika S, Shetty P: The joint WHO/FAO expert consultation on diet, nutrition and the
prevention of chronic diseases: process, product and policy implications. Public Health Nutr 2004;7:245–250.
Duron E, Hanon O: Hypertension, cognitive decline and dementia. Arch Cardiovasc Dis 2008;101:181–189.

225

Dement Geriatr Cogn Disord 2017;43:215–227
DOI: 10.1159/000464269

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/dem

Berendsen et al.: Association of Adherence to a Healthy Diet with Cognitive Decline in
European and American Older Adults

10
11
12
13
14

15
16

17
18
19
20
21
22

23
24
25
26

27
28
29
30
31
32
33
34

Singh-Manoux A, Marmot M: High blood pressure was associated with cognitive function in middle-age in the
Whitehall II study. J Clin Epidemiol 2005;58:1308–1315.
Waldstein SR, Brown JR, Maier KJ, Katzel LI: Diagnosis of hypertension and high blood pressure levels negatively affect cognitive function in older adults. Ann Behav Med 2005;29:174–180.
Correa Leite ML, Nicolosi A, Cristina S, Hauser WA, Nappi G: Nutrition and cognitive deficit in the elderly: a
population study. Eur J Clin Nutr 2001;55:1053–1058.
Huijbregts PP, Feskens EJ, Rasanen L, Fidanza F, Alberti-Fidanza A, Nissinen A, Giampaoli S, Kromhout D:
Dietary patterns and cognitive function in elderly men in Finland, Italy and the Netherlands. Eur J Clin Nutr
1998;52:826–831.
Boffetta P, Bobak M, Borsch-Supan A, Brenner H, Eriksson S, Grodstein F, Jansen E, Jenab M, Juerges H,
Kampman E, Kee F, Kuulasmaa K, Park Y, Tjonneland A, van Duijn C, Wilsgaard T, Wolk A, Trichopoulos D,
Bamia C, Trichopoulou A: The Consortium on Health and Ageing: Network of Cohorts in Europe and the United
States (CHANCES) project-design, population and data harmonization of a large-scale, international study. Eur
J Epidemiol 2014;29:929–936.
Evans A, Salomaa V, Kulathinal S, Asplund K, Cambien F, Ferrario M, Perola M, Peltonen L, Shields D, TunstallPedoe H, Kuulasmaa K: MORGAM (an international pooling of cardiovascular cohorts). Int J Epidemiol 2005;
34:21–27.
Kuulasmaa K, Palosaari T (eds), Contributors from Partners of the Consortium on Health and Ageing: Network
of Cohorts in Europe and the United States (CHANCES): CHANCES cohort descriptions, assessment of the availability and quality of data, and definitions of variables. MORGAM Project e-publications. 2015. http://www.
thl.fi/publications/morgam/chances_d9/index.html.
Samieri C, Okereke OI, Devore EE, Grodstein F: Long-term adherence to the Mediterranean diet is associated
with overall cognitive status, but not cognitive decline, in women. J Nutr 2013;143:493–499.
Hofman A, Brusselle GG, Darwish Murad S, van Duijn CM, Franco OH, Goedegebure A, Ikram MA, Klaver CC,
Nijsten TE, Peeters RP, Stricker BH, Tiemeier HW, Uitterlinden AG, Vernooij MW: The Rotterdam Study: 2016
objectives and design update. Eur J Epidemiol 2015;30:661–708.
Van ‘t Hof MA, Hautvast JG, Schroll M, Vlachonikolis IG: Design, methods and participation. Euronut SENECA
investigators. Eur J Clin Nutr 1991;3:5–22.
Hofman A, Grobbee DE, de Jong PT, van den Ouweland FA: Determinants of disease and disability in the
elderly: The Rotterdam Elderly Study. Eur J Epidemiol 1991;7:403–422.
RIVM: Nevo-online versie 2011, 4.0. Bilthoven, RIVM, 2011.
Jankovic N, Geelen A, Streppel MT, de Groot LC, Orfanos P, van den Hooven EH, Pikhart H, Boffetta P, Trichopoulou A, Bobak M, Bueno-de-Mesquita HB, Kee F, Franco OH, Park Y, Hallmans G, Tjonneland A, May AM,
Pajak A, Malyutina S, Kubinova R, Amiano P, Kampman E, Feskens EJ: Adherence to a healthy diet according
to the World Health Organization guidelines and all-cause mortality in elderly adults from Europe and the
United States. Am J Epidemiol 2014;180:978–988.
Brandt J, Spencer M, Folstein M: The telephone interview for cognitive status. Neuropsychiatry Neuropsychol
Behav Neurol 1988;1:111–117.
Folstein MF, Folstein SE, McHugh PR: “Mini-mental state.” A practical method for grading the cognitive state
of patients for the clinician. J Psychiatr Res 1975;12:189–198.
Rimm EB, Stampfer MJ, Colditz GA, Chute CG, Litin LB, Willett WC: Validity of self-reported waist and hip
circumferences in men and women. Epidemiology 1990;1:466–473.
Dubois B, Feldman HH, Jacova C, Cummings JL, Dekosky ST, Barberger-Gateau P, Delacourte A, Frisoni G, Fox
NC, Galasko D, Gauthier S, Hampel H, Jicha GA, Meguro K, O’Brien J, Pasquier F, Robert P, Rossor M, Salloway
S, Sarazin M, de Souza LC, Stern Y, Visser PJ, Scheltens P: Revising the definition of Alzheimer’s disease: a new
lexicon. Lancet Neurol 2010;9:1118–1127.
Devore EE, Kang JH, Stampfer MJ, Grodstein F: The association of antioxidants and cognition in the Nurses’
Health Study. Am J Epidemiol 2013;177:33–41.
DerSimonian R, Laird N: Meta-analysis in clinical trials revisited. Contemp Clin Trials 2015;45:139–145.
Higgins JP, Thompson SG: Quantifying heterogeneity in a meta-analysis. Stat Med 2002;21:1539–1558.
Martinez-Lapiscina EH, Clavero P, Toledo E, Estruch R, Salas-Salvado J, San Julian B, Sanchez-Tainta A, Ros E,
Valls-Pedret C, Martinez-Gonzalez MA: Mediterranean diet improves cognition: the PREDIMED-NAVARRA
randomised trial. J Neurol Neurosurg Psychiatry 2013;84:1318–1325.
Martinez-Lapiscina EH, Clavero P, Toledo E, San Julian B, Sanchez-Tainta A, Corella D, Lamuela-Raventos RM,
Martinez JA, Martinez-Gonzalez MA: Virgin olive oil supplementation and long-term cognition: the PREDIMEDNAVARRA randomized, trial. J Nutr Health Aging 2013;17:544–552.
Smith PJ, Blumenthal JA, Babyak MA, Craighead L, Welsh-Bohmer KA, Browndyke JN, Strauman TA, Sherwood
A: Effects of the dietary approaches to stop hypertension diet, exercise, and caloric restriction on neurocognition in overweight adults with high blood pressure. Hypertension 2010;55:1331–1338.
Morris MC, Evans DA, Hebert LE, Bienias JL: Methodological issues in the study of cognitive decline. Am J
Epidemiol 1999;149:789–793.
Devore EE, Kang JH, Breteler MM, Grodstein F: Dietary intakes of berries and flavonoids in relation to cognitive
decline. Ann Neurol 2012;72:135–143.

226

Dement Geriatr Cogn Disord 2017;43:215–227
DOI: 10.1159/000464269

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/dem

Berendsen et al.: Association of Adherence to a Healthy Diet with Cognitive Decline in
European and American Older Adults

35
36
37
38
39
40

41
42
43
44

45
46
47
48
49
50
51
52

Kalmijn S, Janssen JA, Pols HA, Lamberts SW, Breteler MM: A prospective study on circulating insulin-like
growth factor I (IGF-I), IGF-binding proteins, and cognitive function in the elderly. J Clin Endocrinol Metab
2000;85:4551–4555.
Kang JH, Ascherio A, Grodstein F: Fruit and vegetable consumption and cognitive decline in aging women. Ann
Neurol 2005;57:713–720.
Kang JH, Logroscino G, De Vivo I, Hunter D, Grodstein F: Apolipoprotein E, cardiovascular disease and cognitive
function in aging women. Neurobiol Aging 2005;26:475–484.
Vercambre MN, Okereke OI, Kawachi I, Grodstein F, Kang JH: Self-reported change in quality of life with
retirement and later cognitive decline: prospective data from the Nurses’ Health Study. J Alzheimers Dis 2016;
52:887–898.
Féart C, Samieri C, Rondeau V, Amieva H, Portet F, Dartigues JF, Scarmeas N, Barberger Gateau P: Adherence
to a Mediterranean diet, cognitive decline, and risk of dementia. JAMA 2009;302:638–648.
Gardener S, Gu Y, Rainey-Smith SR, Keogh JB, Clifton PM, Mathieson SL, Taddei K, Mondal A, Ward VK, Scarmeas
N, Barnes M, Ellis KA, Head R, Masters CL, Ames D, Macaulay SL, Rowe CC, Szoeke C, Martins RN: Adherence
to a Mediterranean diet and Alzheimer’s disease risk in an Australian population. Transl Psychiatry 2012;
2:e164.
Tangney CC, Kwasny MJ, Li H, Wilson RS, Evans DA, Morris MC: Adherence to a Mediterranean-type dietary
pattern and cognitive decline in a community population. Am J Clin Nutr 2011;93:601–607.
Tangney CC, Li H, Wang Y, Barnes L, Schneider JA, Bennett DA, Morris MC: Relation of DASH- and Mediterranean-like dietary patterns to cognitive decline in older persons. Neurology 2014;83:1410–1416.
Tsivgoulis G, Judd S, Letter AJ, Alexandrov AV, Howard G, Nahab F, Unverzagt FW, Moy C, Howard VJ, Kissela
B, Wadley VG: Adherence to a Mediterranean diet and risk of incident cognitive impairment. Neurology 2013;
80:1684–1692.
Wengreen H, Munger RG, Cutler A, Quach A, Bowles A, Corcoran C, Tschanz JT, Norton MC, Welsh-Bohmer KA:
Prospective study of dietary approaches to stop hypertension- and Mediterranean-style dietary patterns and
age-related cognitive change: The Cache County Study on Memory, Health and Aging. Am J Clin Nutr 2013;98:
1263–1271.
Ye X, Scott T, Gao X, Maras JE, Bakun PJ, Tucker KL: Mediterranean diet, healthy eating index 2005, and
cognitive function in middle-aged and older Puerto Rican adults. J Acad Nutr Dietet 2013;113:276–281.
Trichopoulou A, Kyrozis A, Rossi M, Katsoulis M, Trichopoulos D, La Vecchia C, Lagiou P: Mediterranean diet
and cognitive decline over time in an elderly Mediterranean population. Eur J Nutr 2015;54:1311–1321.
Berendsen AA, Kang JH, van de Rest O, Feskens EJ, de Groot LC, Grodstein F: The dietary approaches to stop
hypertension diet, cognitive function, and cognitive decline in American older women. J Am Med Dir Assoc,
Epub ahead of print.
Samieri C, Sun Q, Townsend MK, Chiuve SE, Okereke OI, Willett WC, Stampfer M, Grodstein F: The association
between dietary patterns at midlife and health in aging: an observational study. Ann Intern Med 2013; 159:
584–591.
Morris MC, Tangney CC, Wang Y, Sacks FM, Barnes LL, Bennett DA, Aggarwal NT: Mind diet slows cognitive
decline with aging. Alzheimers Dement 2015;11:1015–1022.
Morris MC, Evans DA, Tangney CC, Bienias JL, Wilson RS: Associations of vegetable and fruit consumption with
age-related cognitive change. Neurology 2006;67:1370–1376.
Swales JD: Pharmacological treatment of hypertension. Lancet 1994;344:380–385.
Scarmeas N, Stern Y, Mayeux R, Manly JJ, Schupf N, Luchsinger JA: Mediterranean diet and mild cognitive
impairment. Arch Neurol 2009;66:216–225.

227

