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Abstract
Objective: To examine the association between long-term intake of total and the six
classes of dietary flavonoids and decline in cognitive function over a follow-up
period of up to 15 years.
Design: In this longitudinal study, we evaluated change in eight cognitive domain
scores (verbal and visual memory, verbal learning, attention and concentration,
abstract reasoning, language, visuoperceptual organisation and the global func-
tion) based on three neuropsychological exams and characterised the annualised
change between consecutive exams. Long-term intakes of total and six flavonoid
classes were assessed up to four times by a validated FFQ. Repeated-measures
regression models were used to examine the longitudinal association between
total and six flavonoid classes and annualised change in the eight cognitive
domains.
Setting: The Framingham Heart Study (FHS), a prospective cohort study.
Participants: One thousand seven hundred and seventy-nine subjects who were
free of dementia, aged≥45 years and had attended at least two of the last three FHS
Offspring cohort study exams.
Results: Over a median follow-up of 11·8 years with 1779 participants, nominally
significant trends towards a slower decline in cognitive function were observed
among those with higher flavanol and flavan-3-ol intakes for global function, ver-
bal and visual memory; higher total flavonoids and flavonoid polymers for visual
memory; and higher flavanols for verbal learning.
Conclusions: In spite of modest nominal trends, overall, our findings do not
support a clear association between higher long-term flavonoid intake and slowing
age-related cognitive decline.
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Age-related cognitive decline is regarded as one of the
most important public health challenges in the USA
because of the rapidly growing population of older
adults(1,2). Diminished cognitive function compromises
the quality of life and independence of later life and
presents large societal and economic burdens(3–5).

To date, there are no effective means to alter the pro-
gression of age-related cognitive decline(6). Therefore,
the identification of strategies through which it can be

prevented, minimised or delayed may help immensely in
maintaining cognitive health across the adult life-span(6,7).
There is limited evidence that certain dietary patterns,
including the Mediterranean(8,9) and Dietary Approaches
to Stop Hypertension (DASH)(9,10) patterns, and a pattern
combining aspects of both, the Mediterranean–DASH
Intervention for Neurodegenerative Delay (MIND)(11)

dietary pattern, are associated with a slower age-related
cognitive decline. Thesedietarypatterns stress the importance
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of consuming plant-based foods such as fruits and vegetables.
Bioactive components of these foods have also been widely
explored for their potential neurocognitive benefits, particu-
larly polyphenols such as flavonoids(12–16).

Evidence from acute and short-term intervention studies
on possible neurocognitive effects of flavonoid-rich
foods is promising but limited by the brief duration of
exposure(17–24) and, thus, offer little understanding of the
long-term benefits of flavonoids on age-related changes in
cognitive health. On the other hand, available observatio-
nal studies investigating the relation between flavonoids or
flavonoid-rich food intake and changes in cognitive func-
tion have revealed inconclusive results. Yet, these existing
observational studies have many notable limitations. These
include the use of cross-sectional design, which precludes
the establishment of a causal relationship between flavo-
noid intake and cognition(25–29). Longitudinal studies of
the relation between flavonoid intake and age-related
cognitive changes also have limitations such as the lack
of repeated assessments of flavonoid intake during
follow-up(30–32), the utilisation of incomplete flavonoid
databases(33) and the use of insensitive cognitive assess-
ment tools such as the Mini-Mental State Examination
(MMSE)(31,32,34). Therefore, existing evidence for the long-
term association between flavonoid intake and age-related
changes in cognitive function is similarly limited.

To address the shortcomings in our current understand-
ing of the relationship between flavonoid intake and cog-
nitive health, we undertook this study to examine the
association between long-term intake of total and six
classes of dietary flavonoids based on repeated dietary
measures and decline in cognitive function using an
extensive battery of neuropsychological (NP) tests
assessed over a period of up to 15 years.

Methods

Study population
The Framingham Heart Study (FHS), a prospective cohort
study designed to explore the risk factors associated
with heart disease, started in 1948 with a total of 5209
individuals aged 28–62 years who were residents of
Framingham, Massachusetts, USA(35). In 1970, the
Framingham Offspring Study cohort was established
consisting of the 5124men andwomenwhowere offspring
of the original cohort and their spouses(36). About every
4 years, this Offspring cohort completes a series of ques-
tionnaires, laboratory and cardiovascular tests, and under-
goes a physical examination. Additionally, the cohort is
closely monitored for various incident outcomes, including
but not limited to CVD, stroke, diabetes, hypertension and
dementia.

The present study utilised data derived from the
Offspring cohort seventh (1998–2001), eighth (2005–2008)
and ninth (2011–2014) study examinations. NP testing

was initiated in the Offspring cohort as separately funded
ancillary studies and was performed in conjunction with
the seventh, eighth and ninth Offspring cohort exams. As
the parent and ancillary study examinations were not con-
ducted concurrently, it was possible for protracted time
differences between these exams. Therefore, we assigned
a 6-month lower cut-off and a 3-year upper cut-off for the
length of time between any exam cycle and NP testing.

Figure 1 displays the flow diagram of our study partici-
pants. Our eligibility criteria included age ≥45 years at
baseline, absence of dementia and attendance of at least
two of the three study exams as a minimum of two exams
were needed to establish change in NP tests. For partici-
pants free of dementia and aged ≥45 years at the seventh
exam and attended the eighth and/or ninth exam, we used
the seventh exam as their baseline exam. For thosewho did
not attend the seventh exam, but did attend the eighth and
ninth exams, we used the eighth exam as their baseline if
they were aged ≥45 years and were free of dementia at this
exam. Based on these criteria, there were 1918 eligible par-
ticipants who contributed a total of 2868 observations. Of
these observations, 196 were excluded because of an
inability to impute BMI (n 2), having fewer than two valid
dietary data points (n 136, as described below), or having
mild cognitive impairment (MCI) at exams 5 or 6 (n 58, as
described below). Our final sample comprised 2672 obser-
vations from 1779 eligible participants: 1527 observations
in the seventh–eighth exam interval, 1054 in the eighth–
ninth exam interval (893 individuals had observations
included in both the seventh–eighth and eighth–ninth
exam intervals), and 91 in the seventh–ninth exam interval.
Participants who attended all three exams had two obser-
vations, whereas those who attended two exams had only
one observation. We considered the rate of change in NP
test scores between exams as the study unit of observation.
This approach simplified the interpretation as there was
large variability between participants for time between
NP exams.

Flavonoid exposures

Dietary assessment
Dietary intakes of the participants were assessed at the
fifth through the eighth Offspring cohort exam cycles
using a validated semi-quantitative FFQ developed by
Willett et al. (Harvard FFQ)(37). The FFQs were mailed
to the participants before the examination, and the partici-
pants were asked to bring the completed questionnaire
with them to their appointment. The FFQ consists of a
list of 126 foods with a standard serving size and a selec-
tion of nine frequency categories ranging from ‘never or
<1 serving/month’ to ‘≥6 servings/d’. Participants were
asked to report their frequency of consumption of each
food item during the last year. Participants could also add
up to four additional foods that were important compo-
nents of their diets but were not listed on the questionnaire.
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The FFQ also includes separate questions about use of
vitamin and mineral supplements and type of breakfast
cereal most commonly consumed. Intakes of food com-
ponents, including both nutrients and non-nutrients,
were computed by multiplying the frequency of con-
sumption of each food item by the nutrient content of
the specified portions.

The validity of flavonoid intake from the Harvard FFQ
has not been directly evaluated, but the validity of food
intake measurements based on a comparison between
the FFQ and two 7-d diet records collected during the
year time interval covered by the FFQ has been previously
reported(38). This comparison revealed relatively high correla-
tion coefficients between intakes from the FFQ and 7-d diet
records for the major dietary sources of flavonoids in the
Framingham Offspring cohort. These foods included red
wine (0·83), orange juice (0·78), tea (0·77), oranges (0·76),
apples/pears (0·70) and strawberries (0·38).

Validity of FFQ
An FFQ was judged as invalid if (i) reported energy
intakes were <2510 kJ/d (<600 kcal/d) or >16 736 kJ/d
(>4000 kcal/d) for women, and >17 573 kJ/d (>4200 kcal/d)
for men; (ii) >12 food items were left blank; or (iii) partici-
pants had signs of significant cognitive decline (MCI) due
to the concern of the accuracy of dietary reporting by indi-
viduals with evidence of cognitive impairment short of mild

dementia. For this purpose, we defined MCI as performance
falling belowMMSE education-adjusted cut-off scores (score
<22 for <7 years of education, score <24 for 8–11 years of
education, score <25 for high school graduate, and score
<26 for any education beyond high school)(39). Any partici-
pant who had MCI at either exam 5 or 6 was excluded.

Characterising flavonoid intakes
The exposure of interest was the habitual intake of total and
six principal flavonoid classes commonly consumed in the
US diet, including flavanols, flavones, flavanones, flavan-
3-ols, anthocyanins and flavonoid polymers, which were
derived using the USDA flavonoid content of foods and
the proanthocyanidin databases(40,41). Intakes of individual
flavonoid compounds were calculated as the sum of con-
sumption frequency of each food multiplied by the content
of the specific flavonoid for the specified portion size. To
define the six flavonoid classes, we used the flavonoid clas-
sification of Cassidy et al.(42). Total flavonoid intakes were
calculated by the addition of intakes of all six flavonoid
classes. Isoflavone intakes were not evaluated, as their
habitual consumption in the US diet is very low(43–45).
We categorised our exposure into quartile categories of
intake. Given the available evidence on the potential neu-
rocognitive benefits of total flavonoids(31,46–48) and the
four flavonoid classes – flavanols(15,29,46), flavanones(17,20),
flavan-3-ols(19,21) and anthocyanins(18,22,23,48) –we considered

Eligible Framingham Heart Study Offspring cohort participants:
(1) Age ≥ 45 years at their baseline exam
(2) Free of dementia
(3) With at least two neuropsychological test measures

(n 1918 participants/2868 observations)

<2 Valid FFQ/mild cognitive
impairment at exam 5 or 6
(n 138 participants/194 observations)

n 1780 participants/
2674 observations 

Unable to impute BMI
(n 1 participant/2 observations)

Exam interval 7–8
(n 1527 observations)

Exam interval 7–9
(n 91 observations)

n 1779 participants/ 
2672 observations

Exam interval 8–9
(n 1054 observations)

Fig. 1 Eligible FraminghamHeart Offspring cohort study participants and observations, which represent the annualised change inNP
tests between study exams
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these flavonoid classes as our primary exposures. As lim-
ited data are available on the possible protective cognitive
effects of flavones and flavonoid polymers, they were con-
sidered as secondary exposures.

Neuropsychological outcomes
The outcome of this study was the annualised change in
cognitive function as assessed by a battery of NP tests that
target various cognitive domains. Table 1 displays the NP
test battery administered to the Framingham Offspring
cohort along with their associated cognitive domains(49).
Our analyses comprised 13 commonly used NP tests to
assess cognitive decline in the following eight cognitive
domains: (i) verbal memory, (ii) visual memory, (iii) verbal
learning, (iv) attention and concentration, (v) abstract rea-
soning, (vi) language, (vii) visuoperceptual organisation
and (viii) global cognitive function. For cognitive domains
represented by more than one NP test (verbal and visual
memory, verbal learning, and attention and concentration),
overall domain scores were calculated by averaging all of
their associated NP test scores. The remaining NP tests
(abstract reasoning, language and visuoperceptual organi-
sation) each represented a unique cognitive domain. We
also calculated a global cognitive function domain score
by averaging all the individual scores from the aforemen-
tioned cognitive domains. As higher scores for the attention
and concertation domain reflected poorer performance,
we subtracted this domain score from the sum of other
domains in creating the average. As each NP test score was
scaled differently, we used z-scores to create standardised

cognitive domain scores, which were calculated by sub-
tracting each participant’s score on a given NP test from
the overall mean score of our sample for that NP test
divided by the sample standard deviation.

Covariates
We considered the following covariates as potential con-
founders in our analyses: age, sex, education (≤high school
graduate, some or college graduate, >college graduate),
prevalent stroke, hypercholesterolaemia, hypertension
and diabetes, having at least one apo E ε4 (ApoE ε4) allele,
BMI (kg/m2), current smoking status (smoking within the
past year: yes/no), physical activity index (PAI) expressed
inmetabolic equivalents (Mets)(50), total energy intake (TEI,
kJ/d), overall diet quality (as assessed by the 2010 Dietary
Guidelines Adherence Index, DGAI)(51), vitamin and min-
eral supplement use, and dietary intakes of non-nutritive
sweetened beverages(52) (servings per week), caffeine
(mg/d), alcohol (g/d), n-3 fatty acids EPA and DHA (g/d)
and lutein and zeaxanthin (mcg/d).

We defined stroke as having any of the following: athe-
rothrombotic infarction of brain, cerebral embolism, intra-
cerebral haemorrhage and subarachnoid haemorrhage(53).
Hypercholesterolaemia was determined by either taking
cholesterol-lowering medication or having total choles-
terol levels ≥5·2 mmol/l. Hypertension was defined as
either taking blood pressure-lowering medication or hav-
ing systolic or diastolic blood pressure ≥130 and/or
≥80 mmHg, respectively(54). Diabetes was assessed by
any of the following criteria: (i) taking oral hypoglycaemic

Table 1 Components of the neuropsychological (NP) test battery

Cognitive domain NP test measure
Range

(min–max)
Number of
observations

Number of
participants

Higher score
indicates

Verbal memory WMS-III Logical Memory–Immediate
Recall

WMS-III Logical Memory–Delayed
Recall

WMS-III Logical Memory–Delayed
Recognition

0–23
0–23
0–11

2641
2630
2635

1769
1760
1760

Better performance

Visual memory WMS-III Visual Reproductions–
Immediate Recall

WMS-III Visual Reproductions–
Delayed Recall

WMS-III Visual Reproductions–
Delayed Recognition

0–14
0–140
0–4

2636
2623
2619

1763
1756
1754

Better performance

Verbal learning WMS-III Paired Associates–
Immediate Recall

WMS-III Paired Associates–Delayed
Recall

0–21
0–10

2598
2609

1746
1742

Better performance

Attention and
concentration

Trail-making Test A (Trails A)
Trail-making Test B (Trails B)

0·10–7·0
0·32–10·0

2582
2506

1727
1682

Poorer performance

Abstract reasoning WAIS-III Similarities subtest 0–26 2648 1767 Better performance
Language Boston Naming Test (30-item

version)
0–30 2602 1747 Better performance

Visuoperceptual
organisation

Hooper Visual Organisation Test 0–30 2524 1701 Better performance

Global function An average of individual cognitive
domain scores

WMS, Wechsler Memory Scale; WAIS, Wechsler Adult Intelligence Scale.
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medication, (ii) insulin use, (iii) fasting blood glucose
levels ≥ 7 mmol/l, (iv) non-fasting blood glucose levels
≥11·1 mmol/l.

In attempts to minimise missing covariate data in our
analyses, we imputed the following continuous covariates:
height, BMI and PAI. Height was imputed by bringing for-
ward height data from the previous exam. BMIwas imputed
by using the available weight and imputed height data. PAI
was imputed by determining the median PAI score of the
sample who had available PAI data, stratified by gender,
BMI, age and perceived health status, and applying those
medians to participants with missing PAI data.

Statistical analyses

Main analyses
All data analyses were performed using SAS software
(version 9.4; SAS Institute, Cary, NC). Our analyses focused
on the standardised annualised change in the following
eight cognitive domain scores: verbal and visual memory,
verbal learning, attention and concentration, abstract rea-
soning, language, visuoperceptual organisation and the
global function. The change in each NP test score was cal-
culated for each participant as the difference between NP
tests at two exam cycles with valid data. Further, we divided
the change by the exam interval length (in years) to create
the standardised annualised change. As the standardised
annualised change was small across all cognitive domains,
wemultiplied it by 1000 to reduce the number of significant
decimal points for the purpose of display in the tables. We
used the standardised annualised change as our outcome
to correct for the unequal time intervals between the exam
cycles and to allow for missing the intermediate exam. To
assess long-term flavonoid intake at each exam interval, we
used the cumulative average of flavonoid intakes from
Offspring exams 5 through 7/8. That is, for exam intervals
7–8 and 7–9, we used the cumulative average of flavonoid
intakes from Offspring exams 5 through 7, and for exam
interval 8–9, we used the cumulative average of flavonoid
intakes from Offspring exams 5 through 8. Participants
were required to have at least two valid FFQs to establish
long-term/cumulative flavonoid intake. We categorised
our exposures of interest, which included the cumulative
average of total and six classes of flavonoids (flavanols, fla-
vones, flavanones, flavan-3-ols, anthocyanins, flavonoid
polymers) by quartiles of intake based on cumulative
intake through each participant’s baseline.

Repeated-measures regression model (SAS PROC
MIXED) was used to examine the longitudinal association
between long-term total and each of the classes of dietary
flavonoids and the standardised annualised change in the
eight cognitive domain scores within exam intervals across
the follow-up. Linear trend assessments across quartile
categories of intake were performed using the median
value of intake within each category treated as a continuous
variable. We used baseline data for non-dietary covariates

and cumulative average data for dietary covariates for each
exam interval. To minimise missing categorical covariate
data, ApoE ε4 and prevalent diabetes and hypercholester-
olaemia included a third category formissing data.We used
a nominal P-value of 0·05 to present our results, which was
not adjusted for the number of associations that were
tested. Dunnett’s correction for multiple comparisons
was used to assess any significant differences between
means of cognitive scores in the three higher quartile
categories relative to those in the lowest intake category
for the eight cognitive domains.

Our main analyses consisted of the following four
models:

1. Model 1 (basic model): sex, age, education, TEI, ApoE
ε4 and baseline measure of the cognitive domain score
(i.e., the score at the beginning of exam interval).

2. Model 2 (clinical model): Model 1 covariatesþ BMI,
prevalent stroke, diabetes, hypertension and hyper-
cholesterolaemia.

3. Model 3 (lifestyle model): Model 1 covariatesþ PAI
and smoking status.

4. Model 4 (dietary model): Model 1 covariatesþ overall
dietary quality, vitamin and mineral supplement use
and dietary intakes of non-nutritive sweetened bever-
ages, caffeine, alcohol, n-3 fatty acids (EPA and DHA),
and lutein and zeaxanthin.

Sensitivity analyses
In addition to our main analyses, we tested the potential
effect modification of sex, age, ApoE ε4 and lag time
between NP ancillary exams at which NP testing was per-
formed and their corresponding clinical exams at which
dietary information was collected.

Results

Cumulative flavonoid intake quartile category description
(median (minimum, maximum)) of our sample (n 1779)
at baseline across total flavonoids and six flavonoid classes
is presented in Table 2. Table 3 displays the baseline char-
acteristics of participants (n 1779) based on total and
extreme quartiles of cumulative total flavonoid intake.
Overall, the mean age (95 % CI) of the participants
was 60·8 (60·4, 61·2) years, and 55·9 % were female.
Participants were, on average, overweight, highly edu-
cated, moderately physically active and had a low preva-
lence of smoking, diabetes and stroke. However, they
had a high prevalence of hypertension and hypercholes-
terolaemia and had, on average, moderate 2010 DGAI
scores, a measure of overall diet quality. Relative to par-
ticipants with lower intakes of total flavonoids, those
with higher intakes were more likely to be women, highly
educated and physically active, and to consume more
calories and a higher-quality diet. They also smoked less
and had a lower BMI.
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Findings of the repeated-measures regression analyses
relating long-term intake of total and six flavonoid classes
to standardised annualised change in the eight cognitive
domains were largely null, even at a nominal P-value
of 0·05 (Tables 4a–h and online supplementary material,
Supplemental Tables 1–8). Nominally significant trends
towards a slower decline in cognitive function among
those with the highest flavanol intakes were seen in at
least three of the four statistical models of the following
four cognitive domains: global function (Table 4a and
online supplementary material, Supplemental Table 1), ver-
bal memory (Table 4b and online supplementary material,
Supplemental Table 2), visual memory (Table 4c and online
supplementary material, Supplemental Table 3) and verbal
learning (Table4d and online supplementary material,
Supplemental Table 4). However, after Dunnett’s correction
for multiple comparisons, the mean scores in the highest

quartile category of flavanols was only significantly
different from those in the lowest quartile category for
verbal memory (Table 4b and online supplementary
material, Supplemental Table 2; models 1–3) and visual
memory (Table 4c and online supplementary material,
Supplemental Table 3; models 1 and 2) cognitive
domains. The same nominal significant trends were seen
for flavan-3-ols in at least three of the four statistical
models of the global, verbal, and visual memory cogni-
tive domains. Yet, after Dunnett’s correction, relative
to those in the lowest quartile category of flavan-3-ol
intakes, the mean scores of those in the highest quartile
category was significantly different only for the verbal
memory (models 1–3) and visual memory (model 2) cog-
nitive domains. As well, similar trends were observed for
flavonoid polymers in all the four statistical models, and
for total flavonoids in two of the four statistical models of

Table 2 Cumulative flavonoid intake quartile category description for members of the Framingham Study Offspring cohort at baseline

Flavonoid quartiles

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Flavonoid class (mg/d) Median Min, Max Median Min, Max Median Min, Max Median Min, Max

Total flavonoids 114·71 19·07, 155·25 199·39 155·66, 245·75 301·76 246·01, 389·68 532·06 389·99, 2021·20
Flavanols 6·053 1·347, 7·920 9·905 7·923, 11·733 13·963 11·735, 16·883 21·423 16·900, 78·015
Flavones 0·700 0·025, 1·100 1·482 1·103, 1·870 2·266 1·880, 2·693 3·465 2·700, 10·978
Flavanones 9·27 0·00, 18·85 29·50 18·86, 39·56 52·78 39·86, 61·91 79·44 61·95, 310·05
Flavan-3-ols 10·27 0·05, 15·30 20·83 15·35, 28·00 37·43 28·02, 53·63 89·67 53·92, 411·11
Anthocyanins 3·48 0·00, 6·03 8·88 6·04, 11·66 15·42 11·70, 19·61 27·34 19·63, 168·55
Flavonoid polymers 55·14 0·57, 79·63 106·80 79·80, 138·09 177·89 138·15, 241·47 351·16 241·78, 1530·24

Table 3 Age- and sex-adjusted baseline characteristics of participants based on total sample and extreme quartiles of cumulative total
flavonoid intake

Characteristic Total sample (n 1779)*

Total flavonoid intake quartile category

Quartile 1 (n 445) Quartile 4 (n 445) Ptrend†

Total flavonoid intake (mg/d)‡ 246 19, 2021 115 19, 155 532 390, 2021
Age (years)§ 60·8 60·4, 61·2 60·3 59·5, 61·1 60·9 60·1, 61·7 0·35
Female (%)‖ 55·9 53·6, 58·2 50·7 46·1, 55·3 69·0 64·4, 73·6 <0·0001
BMI (kg/m2)§ 28·0 27·8, 28·2 28·6 28·2, 29·1 27·1 26·6, 27·6 <0·0001
>College degree (%)‖ 74·4 72·4, 76·4 66·1 62·1, 70·0 77·9 73·9, 82·0 0·0006
ApoE ε4 (%)*‖ 23·1 21·1, 25·1 23·3 19·3, 27·2 25·5 21·5, 29·6 0·24
Current smoker (%)‖ 10·0 8·6, 11·4 15·3 12·5, 18·0 8·3 5·5, 11·1 0·003
Physical activity index (Mets)§ 37·4 37·2, 37·7 36·7 36·2, 37·3 38·0 37·4, 38·6 0·0005
Diabetes (%)*‖ 9·8 8·5, 11·2 11·6 8·9, 14·3 7·3 4·6, 10·0 0·07
Hypertension (%)‖ 58·9 56·7, 61·2 60·1 55·6, 64·5 56·0 51·5, 60·6 0·14
Stroke (%)‖ 1·4 0·8, 1·9 0·5 0·0, 1·6 1·4 0·3, 2·5 0·42
Hypercholesterolaemia (%)*‖ 63·2 61·0, 65·5 64·6 60·2, 69·1 61·2 56·7, 65·8 0·26
Oral hypoglycaemic medication use (%)‖ 5·3 4·3, 6·3 5·1 3·1, 7·1 4·0 1·9, 6·0 0·35
Cholesterol-lowering medication use (%)‖ 22·0 20·1, 23·9 24·5 20·7, 28·3 17·9 14·1, 21·8 0·06
Hypertension medication use (%)‖ 31·8 29·8, 33·9 32·3 28·2, 36·4 28·7 24·6, 32·9 0·20
Total energy intake (kJ/d)§ 7905 7805, 8005 6760 6573, 6948 8673 8483, 8864 <0·0001
DGAI§ 60·5 60·0, 60·9 54·5 53·6, 55·4 63·2 62·3, 64·1 <0·0001

DGAI, Dietary Guideline Adherence Index.
*37 missing ApoE ε4, 11 missing diabetes, 11 missing hypercholesterolaemia, 24 missing DGAI.
†P-values for the test of linear trend across extreme quartile categories of total flavonoid intakewere based on linear regressionmodels with themedian intake of each extreme
quartile category assigned to individuals with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
‡Values are medians; minimum and maximums in parentheses.
§All values are age- and sex-adjusted (least-squares) means; 95% CIs.
‖All values are age- and sex-adjusted (least-squares) percentages; 95% CIs.
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Table 4a Mean annualised change in the standardised rate× 1000* of cognitive decline over a median follow-up of 11·8 years, across
quartiles of total and six classes of flavonoid intake: global function cognitive domain†

Flavonoid class

Flavonoid quartiles

Ptrend‡

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Total flavonoids§ –18·5 –22·8, –14·1 –18·3 –22·3, –14·3 –14·8 –18·9, –10·6 –14·9 –19·1, –10·7 0·19
Flavanols –20·1 –24·4, –15·9 –17·8 –21·9, –13·7 –14·8 –18·9, –10·7 –13·9 –18·0, –9·7 0·04
Flavones –16·0 –20·2, –11·9 –16·1 –20·1, –12·0 –16·8 –20·9, –12·7 –17·6 –21·8, –13·4 0·58
Flavanones –15·4 –19·5, –11·3 –15·7 –19·7, –11·6 –17·9 –21·9, –13·8 –17·6 –22·0, –13·3 0·36
Flavan-3-ols –20·6 –24·8, –16·3 –17·0 –21·0, –12·9 –15·3 –19·4, –11·2 –13·7 –17·8, –9·6 0·04
Anthocyanins –15·9 –20·3, –11·5 –16·3 –20·4, –12·2 –17·3 –21·3, –13·3 –16·9 –20·9, –12·9 0·77
Flavonoid polymers –18·4 –22·8, –14·0 –20·0 –24·0, –16·0 –13·5 –17·6, –9·5 –14·6 –18·7, –10·5 0·10

*All values are mean least-squares annualised change in global function cognitive domain score multiplied by 1000; 95% CIs.
†Of the total 2672 observations, there were 2255 complete data for global function cognitive domain.
‡P-values for the test of linear trend across quartile categories were based on linear regressionmodels with themedian intake of each quartile category assigned to individuals
with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
§Adjusted for age, sex, education, total energy intake, apo E ε4 and global function score at the beginning of the exam interval (model 1).

Table 4b Mean annualised change in the standardised rate × 1000* of cognitive decline over a median follow-up of 11·8 years, across
quartiles of total and six classes of flavonoid intake: verbal memory cognitive domain†

Flavonoid class

Flavonoid quartiles

Ptrend‡

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Total flavonoids§ –9·6 –19·0, –0·3 –9·6 –18·3, –0·8 0·0 –8·9, 8·8 –2·1 –11·0, 6·8 0·19
Flavanols –16·6 –25·9, –7·4 –3·2 –11·9, 5·6 –3·2 –12·0, 5·5 1·6‖ –7·3, 10·5 0·02
Flavones –9·1 –18·2, 0·0 –2·2 –10·9, 6·5 –6·6 –15·3, 2·2 –3·5 –12·6, 5·5 0·57
Flavanones –6·1 –15·1, 2·9 1·4 –7·3, 10·1 –11·0 –19·7, –2·3 –5·5 –14·7, 3·6 0·59
Flavan-3-ols –13·2 –22·4, –4·0 –4·6 –13·4, 4·2 –6·3 –15·1, 2·5 2·6 ‖ –6·2, 11·5 0·03
Anthocyanins –8·8 –18·3, 0·7 –5·4 –14·3, 3·5 –2·0 –10·7, 6·7 –5·4 –13·9, 3·2 0·67
Flavonoid polymers –11·9 –21·3, –2·4 –8·6 –17·3, 0·1 0·9 –7·8, 9·7 –2·2 –11·0, 6·7 0·16

*All values are mean least-squares annualised change in verbal memory cognitive domain score multiplied by 1000; 95% CIs.
†Of the total 2672 observations, there were 2603 complete data for verbal memory cognitive domain.
‡P-values for the test of linear trend across quartile categories were based on linear regressionmodels with themedian intake of each quartile category assigned to individuals
with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
§Adjusted for age, sex, education, total energy intake, apo E ε4 and verbal memory score at the beginning of the exam interval (model 1).
‖Significantly different from quartile 1 by Dunnett’s test (P< 0·05).

Table 4c Mean annualised change in the standardised rate × 1000* of cognitive decline over a median follow-up of 11·8 years, across
quartiles of total and six classes of flavonoid intake: visual memory cognitive domain†

Flavonoid class

Flavonoid quartiles

Ptrend‡

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Total flavonoids§ –43·9 –51·5, –36·3 –41·7 –48·7, –34·6 –35·9 –43·1, –28·8 –33·8 –41·0, –26·6 0·04
Flavanols –44·7 –52·2, –37·3 –41·1 –48·2, –34·0 –37·9 –45·0, –30·8 –31·6‖ –38·8, –24·4 0·01
Flavones –41·0 –48·4, –33·6 –36·3 –43·3, –29·3 –38·2 –45·3, –31·1 –39·7 –47·0, –32·4 0·95
Flavanones –38·6 –45·8, –31·3 –36·8 –43·8, –29·7 –41·5 –48·6, –34·5 –38·2 –45·6, –30·8 0·84
Flavan-3-ols –44·4 –51·8, –37·0 –38·6 –45·6, –31·5 –40·4 –47·6, –33·2 –31·9 –39·1, –24·8 0·02
Anthocyanins –37·9 –45·6, –30·1 –46·2 –53·4, –38·9 –33·0 –40·0, –26·0 –38·4 –45·3, –31·5 0·59
Flavonoid polymers –43·8 –51·4, –36·1 –44·3 –51·3, –37·2 –35·6 –42·7, –28·5 –32·0 –39·1, –24·8 0·01

*All values are mean least-squares annualised change in visual memory cognitive domain score multiplied by 1000; 95% CIs.
†Of the total 2672 observations, there were 2609 complete data for visual memory cognitive domain.
‡P-values for the test of linear trend across quartile categories were based on linear regressionmodels with themedian intake of each quartile category assigned to individuals
with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
§Adjusted for age, sex, education, total energy intake, apo E ε4 and visual memory score at the beginning of the exam interval (model 1).
‖Significantly different from quartile 1 by Dunnett’s test (P< 0·05).

1582 E Shishtar et al.

https://doi.org/10.1017/S136898001900394X Published online by Cambridge University Press

https://doi.org/10.1017/S136898001900394X


Table 4d Mean annualised change in the standardised rate × 1000* of cognitive decline over a median follow-up of 11·8 years, across
quartiles of total and six classes of flavonoid intake: verbal learning cognitive domain†

Flavonoid class

Flavonoid quartiles

Ptrend‡

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Total flavonoids§ –11·3 –20·5, –2·1 –18·5 –26·9, –10·0 –12·7 –21·3, –4·0 –7·3 –15·9, 1·3 0·23
Flavanols –18·7 –27·7, –9·7 –15·2 –23·7, –6·7 –10·1 –18·7, –1·5 –6·1 –14·7, 2·5 0·04
Flavones –11·8 20·7, –2·9 –13·5 21·9, –5·1 –13·5 22·1, –5·0 –10·8 19·6, –2·0 0·84
Flavanones –11·8 20·6, –3·1 –12·8 21·3, –4·4 –12·5 20·9, –4·0 –12·6 21·6, –3·6 0·93
Flavan-3-ols –17·2 26·1, –8·2 –12·1 20·6, –3·6 –12·7 21·3, –4·2 –8·0 16·6, 0·6 0·21
Anthocyanins –10·5 19·8, –1·2 –15·1 23·8, –6·5 –9·5 18·0, –1·0 –14·3 22·6, –6·0 0·73
Flavonoid polymers –10·6 19·8, –1·3 –19·2 27·6, –10·7 –11·5 20·0, –3·0 –8·3 16·9, 0·2 0·32

*All values are mean least-squares annualised change in verbal learning cognitive domain score multiplied by 1000; 95% CIs.
†Of the total 2672 observations, there were 2571 complete data for verbal learning cognitive domain.
‡P-values for the test of linear trend across quartile categories were based on linear regressionmodels with themedian intake of each quartile category assigned to individuals
with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
§Adjusted for age, sex, education, total energy intake, apo E ε4 and verbal learning score at the beginning of the exam interval (model 1).

Table 4e Mean annualised change in the standardised rate × 1000* of cognitive decline over a median follow-up of 11·8 years, across
quartiles of total and six classes of flavonoid intake: attention and concentration cognitive domain†

Flavonoid class

Flavonoid quartiles

Ptrend‡

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Total flavonoids§ 27·6 19·8, 35·4 25·8 18·6, 33·1 27·1 19·7, 34·4 34·0 26·7, 41·4 0·12
Flavanols 28·7 21·1, 36·4 29·6 22·3, 36·9 25·0 17·7, 32·3 31·3 23·9, 38·6 0·69
Flavones 29·1 21·5, 36·7 23·9 16·8, 31·1 27·4 20·1, 34·7 34·4 27·0, 41·9 0·20
Flavanones 28·8 21·4, 36·3 25·2 18·0, 32·4 29·0 21·8, 36·2 31·9 24·2, 39·6 0·40
Flavan-3-ols 28·1 20·5, 35·7 28·1 20·8, 35·4 27·9 20·6, 35·3 30·5 23·2, 37·8 0·58
Anthocyanins 27·7 19·9, 35·6 30·6 23·2, 38·1 31·4 24·2, 38·6 25·2 18·0, 32·3 0·41
Flavonoid polymers 25·0 17·1, 32·9 31·0 23·8, 38·3 25·3 18·0, 32·5 33·0 25·7, 40·3 0·21

*All values are mean least-squares annualised change in attention and concentration cognitive domain score multiplied by 1000; 95% CIs.
†Of the total 2672 observations, there were 2491 complete data for attention and concentration cognitive domain.
‡P-values for the test of linear trend across quartile categories were based on linear regressionmodels with themedian intake of each quartile category assigned to individuals
with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
§Adjusted for age, sex, education, total energy intake, apo E ε4 and attention and concentration score at the beginning of the exam interval (model 1).

Table 4f Meanannualised change in the standardised rate× 1000* of cognitive decline over amedian follow-up of 11·8 years, across quartiles
of total and six classes of flavonoid intake: abstract reasoning cognitive domain†

Flavonoid class

Flavonoid quartiles

Ptrend‡

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Total flavonoids§ –25·2 –34·7, –15·8 –14·7 –23·4, –5·9 –10·5 –19·3, –1·6 –21·1 –30·0, –12·2 0·97
Flavanols –26·6 –35·9, –17·3 –14·1 –22·9, –5·3 –10·8 –19·7, –2·0 –19·7 –28·6, –10·8 0·56
Flavones –21·2 –30·4, –12·0 –15·1 –23·8, –6·4 –21·5 –30·3, –12·6 –13·7 –22·7, –4·6 0·40
Flavanones –13·8 –22·9, –4·8 –16·5 –25·3, –7·8 –21·9 –30·6, –13·2 –18·7 –27·9, –9·6 0·36
Flavan-3-ols –25·9 –35·1, –16·7 –13·9 –22·7, –5·0 –11·7 –20·5, –2·9 –19·9 –28·8, –11·0 0·95
Anthocyanins –20·7 –30·2, –11·1 –20·0 –28·9, –11·0 –14·9 –23·6, –6·1 –16·2 –24·8, –7·6 0·49
Flavonoid polymers –23·3 –32·9, –13·8 –16·0 –24·8, –7·3 –10·2 –19·0, –1·5 –21·9 –30·7, –13·0 0·75

*All values are mean least-squares annualised change in abstract reasoning cognitive domain score multiplied by 1000; 95% CIs.
†Of the total 2672 observations, there were 2648 complete data for abstract reasoning cognitive domain.
‡P-values for the test of linear trend across quartile categories were based on linear regressionmodels with themedian intake of each quartile category assigned to individuals
with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
§Adjusted for age, sex, education, total energy intake, apo E ε4 and abstract reasoning score at the beginning of the exam interval (model 1).
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visual memory cognitive domain. Yet, none of the visual
memory scores in the upper quartile category means
of these two flavonoid classes were significantly different
from the means on the lowest intake quartile after
Dunnett’s correction except for flavonoid polymers in
model 2. None of the other flavonoid classes showed sim-
ilar inverse trends for any of the eight cognitive domains.

An assessment of effect modification (interaction tests)
of total and six classes of flavonoids by age and cognitive
function based on all the eight cognitive domains indicated
only seven nominally significant interactions between:
(i) flavones, flavanones and flavan-3-ols and age on global
function cognitive domain, (ii) flavones and age on verbal
learning cognitive domain, (iii) both total flavonoids and
flavonoid polymers and age on abstract reasoning cogni-
tive domain, and (iv) flavonoid polymers and age on
language cognitive domain (online supplementary
material, Supplemental Table 9). However, further
examination with age-stratified analyses (three age cat-
egories: 45–59, 60–69, 70þ) showed no meaningful
differences between the three age groups (data not

shown). We observed no nominally significant inter-
actions with sex (online supplementary material,
Supplemental Table 9). Additionally, we only observed
modest nominal significant interactions of ApoE ε4 with
flavones on verbal memory (P< 0·01), abstract reasoning
(P < 0·01) and language cognitive domains (P < 0·05)
(data not shown). Likewise, nominal significant inter-
actions of lag time were seen with total flavonoids
(P< 0·04), flavan-3-ols (P< 0·01) and flavonoid polymers
(P< 0·03) only on the visuoperceptual organisation cogni-
tive domain (data not shown). Given the large number of
interactions considered in our analyses (seven flavonoids
× eight cognitive outcomes × four interactions = 224
tests), we did not consider any of these interactions to
be informative.

Discussion

To the best of our knowledge, this is the most comprehen-
sive and longest longitudinal study to date to examine
the long-term relationship between flavonoid intake and

Table 4g Mean annualised change in the standardised rate × 1000* of cognitive decline over a median follow-up of 11·8 years, across
quartiles of total and six classes of flavonoid intake: language domain†

Flavonoid class

Flavonoid quartiles

Ptrend‡

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Total flavonoids§ –20·7 28·6, –12·8 –18·0 25·3, –10·7 –10·7 18·2, –3·3 –21·4 28·9, –14·0 0·72
Flavanols –23·8 31·6, –16·1 –15·0 22·3, –7·6 –15·0 22·4, –7·6 –17·2 24·7, –9·8 0·42
Flavones –15·5 23·2, –7·9 –18·2 25·5, –11·0 –18·0 25·4, –10·6 –19·0 26·6, –11·5 0·57
Flavanones –13·3 20·9, –5·8 –16·4 23·7, –9·1 –21·3 28·6, –14·0 –19·8 27·5, –12·1 0·18
Flavan-3-ols –20·4 28·0, –12·7 –16·9 24·3, –9·5 –16·9 24·3, –9·4 –16·8 24·2, –9·4 0·65
Anthocyanins –16·3 24·2, –8·3 –13·7 21·2, –6·1 –21·4 28·6, –14·1 –19·0 26·2, –11·8 0·47
Flavonoid polymers –22·0 29·9, –14·1 –19·3 26·6, –12·0 –8·3 15·6, –0·9 –21·6 29·0, –14·2 0·84

*All values are mean least-squares annualised change in language cognitive domain score multiplied by 1000; 95% CIs.
†Of the total 2672 observations, there were 2602 complete data for language cognitive domain.
‡P-values for the test of linear trend across quartile categories were based on linear regressionmodels with themedian intake of each quartile category assigned to individuals
with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
§Adjusted for age, sex, education, total energy intake, apo E ε4 and language score at the beginning of the exam interval (model 1).

Table 4h Mean annualised change in the standardised rate × 1000* of cognitive decline over a median follow-up of 11·8 years, across
quartiles of total and six classes of flavonoid intake: visuoperceptual organisation cognitive domain†

Flavonoid class

Flavonoid quartiles

Ptrend‡

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Total flavonoids§ –23·5 –32·1, –15·0 –20·6 28·5, –12·7 –24·2 32·3, –16·2 –16·7 24·9, –8·5 0·30
Flavanols –22·7 31·1, –14·3 –22·2 30·2, –14·2 –22·4 30·5, –14·3 –17·6 25·7, –9·5 0·37
Flavones –23·7 32·0, –15·4 –18·5 26·4, –10·5 –21·9 29·9, –13·8 –21·0 29·3, –12·8 0·85
Flavanones –20·9 29·1, –12·7 –22·2 30·2, –14·2 –21·1 29·0, –13·2 –20·6 29·1, –12·2 0·93
Flavan-3-ols –21·3 29·7, –13·0 –20·9 28·9, –12·9 –25·4 33·5, –17·3 –17·4 25·5, –9·3 0·42
Anthocyanins –16·2 24·8, –7·6 –21·9 30·1, –13·8 –25·3 33·2, –17·3 –21·1 28·9, –13·2 0·67
Flavonoid polymers –22·2 30·9, –13·6 –24·8 32·7, –16·8 –19·0 26·9, –11·0 –19·0 27·1, –10·9 0·44

*All values are mean least-squares annualised change in visuoperceptual organisation cognitive domain score multiplied by 1000; 95% CIs.
†Of the total 2672 observations, there were 2524 complete data for visuoperceptual organisation cognitive domain.
‡P-values for the test of linear trend across quartile categories were based on linear regressionmodels with themedian intake of each quartile category assigned to individuals
with intake in that category, and this quartile median variable was used as a continuous measure in regression models.
§Adjusted for age, sex, education, total energy intake, apo E ε4 and visuoperceptual organisation score at the beginning of the exam interval (model 1).
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age-related cognitive decline.We hypothesised that greater
intakes of total flavonoids and four flavonoid classes (flava-
nols, flavanones, flavan-3-ols and anthocyanins) would be
associated with improved maintenance of cognitive health
with age based on prior observations. However, we
observed only limited evidence among our 1779 partici-
pants of any beneficial associations between flavonoid
intake, regardless of its class, and decline in cognitive func-
tion. Although we observed nominally significant inverse
trends between higher intakes of flavanols and flavan-
3-ols and cognitive decline across multiple cognitive
domains (global function, verbal and visual memory), as
well as between higher intakes of total flavonoids and
flavonoid polymers on visual memory cognitive domain,
and flavanols on verbal learning cognitive domain, none
of these trends remained statistically significant after adjust-
ment for the number of flavonoid classes and cognitive
domains considered in these analyses. Some previous
observational studies have demonstrated associations
between higher flavanol and flavan-3-ol intakes and slower
cognitive decline(29,30,32), but flavonoid polymers have not
previously been reported to be associated with changes in
neurocognitive function.

Our null findings are in agreement with two prior longi-
tudinal studies(33,34), but are in contrast to four existing
longitudinal studies that demonstrated protective cognitive
effects of flavonoids and/or flavonoid-rich foods(30–32,48).
With reference to the two null studies, Nooyens et al.(33)

explored the relationship between dietary intake of flavo-
noids, as assessed by two FFQ assessments, and cognitive
decline in healthy middle-aged (mean age 55 years) adults
of the Doetinchem Cohort Study over a follow-up period of
5 years based on changes in four cognitive domain scores
(global function, memory function, speed of cognitive
processing and cognitive flexibility). No associations were
observed between extreme quintiles of flavonoid intake
and cognitive domains of global function, memory function
and speed of cognitive processing; unexpectedly, higher
flavonoid intake was associated with a greater decline
in cognitive flexibility. Similarly, Kalmijn et al.(34) did not
support a role for flavonoid intake, as measured by the
cross-check dietary history method at two time-points, in
the prevention of cognitive decline, as assessed by change
in the MMSE score of participants in the Zutphen Elderly
Study over 3 years of follow-up. As for the positive studies,
Root et al.(30) found that across quintiles of intake,
increased total flavanols was associated with less decline
in total cognitive function (a summed score of three cogni-
tive tests), over 6 years of follow-up in middle-aged US
individuals (mean age 54 years) of the Atherosclerosis
Risk in Communities study population. In contrast to our
approach, their dietary intake data were measured at only
one time-point that preceded the first cognitive function
testing by 3 years. Additionally, they had minimal adjust-
ment for overall diet quality. Another longitudinal study
examining the relation between flavonoid intake and

cognitive function among dementia-free French subjects
of the Personnes Agees QUID cohort aged ≥65 years
revealed that after 10 years of follow-up, individuals in
the two highest quartiles of flavonoid intake experienced
less cognitive decline, as assessed by change in the
MMSE score, relative to those in the lowest quartile of fla-
vonoid intake(31). This study also utilised dietary data from
one time-point (at baseline), used a less sensitive test of
cognitive function (MMSE) and had no adjustment for diet
quality. Moreira et al. examined the association between
the consumption of chocolate, a flavan-3-ol-rich food,
and cognitive decline in cognitively healthy Portuguese
participants aged ≥65 over a median follow-up of 4 years.
They found that dietary chocolate intake (yes/no), assessed
at baseline, was associated with a lower risk of cognitive
decline, as measured by change in the MMSE score, but
only among subjects with low daily consumption of caf-
feine (average intake <75 mg/d)(32). Overall, diet quality
was not accounted for in their analyses. Devore et al. pro-
spectively evaluated the effects of long-term intakes of
berries (strawberries and blueberries) and total and class-
specific flavonoids on cognitive function, as assessed by
two repeated assessments of three cognitive outcomes,
in older women (mean age 74 years) of the Nurse’s
Health Study over a period of 4 years(48). The study demon-
strated that, when comparing extreme categories of
intake, higher consumption of berries, anthocyanins
and total flavonoids were associated with slower rates
of cognitive decline in the global composite score. In
addition, higher intakes of blueberries and total flavonoids
were also associated with slower rates of cognitive decline
in both verbal memory composite score and telephone
interview of cognitive status.

Although some of these studies might have been limited
by the short follow-up period, a single dietary assessment
measure and/or a less sensitive cognitive assessment test,
these limitations would tend to underestimate the associa-
tion between flavonoid intake and cognitive function.
Therefore, it is unlikely that they are responsible for the dis-
cordant findings seen herein. Three out of four studies did
not account for overall diet quality, a major confounder of
the relationship between flavonoid intake and cognitive
health, which might have positively biased their results;
however, this is unlikely the cause of discrepancy with
our findings as we did not observe any statistically signifi-
cant associations prior to adjusting for diet quality. An
important consideration in the failure to observe a rela-
tionship between flavonoids and cognitive health is that
the effect of isolated flavonoid compounds may be rela-
tively small and may be difficult to detect given the mea-
surement error in the dietary and NP assessment tools,
except in very large population samples. Therefore, a
holistic dietary approach might be required to show
any protective cognitive effects of flavonoids, as seen in
studies exploring the neuroprotective effects of different
dietary patterns that contain flavonoid-rich foods such as

Flavonoids and cognitive function 1585

https://doi.org/10.1017/S136898001900394X Published online by Cambridge University Press

https://doi.org/10.1017/S136898001900394X


the Mediterranean(8,9), DASH(9,10) and the MIND(11), all of
which have revealed promising results.

We sought to address many earlier limitations of studies
assessing the long-term relationship between flavonoids
and cognitive function through the use of a more inclusive
approach. The strengths of our study include the prospec-
tive design, use of up to four dietary assessments of total
and all six classes of flavonoids, utilisation of three repeated
assessments of a sensitive battery of NP tests that target
eight cognitive domains, incorporation of more complete
flavonoid databases, adjustment of overall diet quality
and intake of key dietary components that have been asso-
ciated with cognitive function, exclusion of subjects with
MCI because of possible effects on dietary reporting, and
the relatively long follow-up time (median follow-up of
11·8 years). However, despite these strengths, we were
not able to confirm the positive associations between flavo-
noid intake and cognitive decline seen in earlier longi-
tudinal studies. Our study was limited in that we did not
use the most recent 2018 version of the USDA flavonoid
database, as it had not been incorporated into the
Harvard FFQ database at the time the analyses were per-
formed. Thus, the flavonoid content of some of the newly
added foods was not captured. However, given that
this represents only a small number of foods (including
different types of olives and olive oils, additional data on
blueberry varieties, updated and new data for cranberry
and raspberry products), it was unlikely that this influenced
the assessment of habitual dietary flavonoid intake.
Further, the 2007 version of the USDA flavonoid database
that was used for the current flavonoid content of the FFQ
database is still considered a complete flavonoid database
than those used in many of the earlier observational studies
on flavonoids and cognition. Another potential limitation is
that we assessed the overall mean change in cognitive
domain scores, which might not capture the effect of flavo-
noid intake on individuals with the most extreme change in
cognitive function. However, we explored the effect of
total and six flavonoid classes on the prevalence of extreme
MMSE score changes with the criterion being 0·5 unit loss
in the MMSE score per year over a median of 11·8 years
of follow-up, and did not see any significant associations
(data not shown). Possible reasons for not showing any
major effects with flavonoid intakes in those with extreme
changes in cognitive function are the relatively young age
of our study population at baseline (mean age 60·8 years),
as only 19·3 % were ≥70 years, and the exclusion of
participants with dementia. Moreover, lag time between
the NP ancillary study visits and their corresponding rou-
tine clinical exams at which flavonoid intake data were
obtained could have impacted our results. However, sen-
sitivity analyses assessing the influence of lag time on study
results did not show any significant impact. A final limita-
tion is the generalisability of our results as all participants

of the FHS Offspring cohort were white and of European
descent.

In summary, the notion that flavonoids may exert long-
term protective neurocognitive benefits remains unclear.
Based on up to four repeated dietary and three repeated
NP testing assessments over amedian follow-up of 11·8 years,
our results failed to assert any protective cognitive associa-
tions between total flavonoids and any flavonoid class in
the eight cognitive domains, apart from nominally significant
trends observed for total flavonoids, flavanols, flavan-3-ols
and flavonoid polymers. Our findings do not support an asso-
ciation between long-term higher flavonoid intakes and
improved cognitive performance, although we cannot rule
out such associations based on the nominally significant
observations in this study. Future research in larger and more
racially and ethnically diverse subjects with wide ranges of
flavonoid intake is warranted. There is also a need for more
studies assessing the cognitive effect of flavonoids as part of a
whole diet, taking into consideration various dietary compo-
nents concurrently as an overall dietary pattern.
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