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ABSTRACT

Background: Findings from existing prospective observational
studies on the protective associations of flavonoid intake and the risk
of Alzheimer disease and related dementias (ADRD) are inconsistent
largely due to limitations of these studies.

Objectives: To examine the prospective relation between total and 6
classes of dietary flavonoid intake and risk of ADRD and Alzheimer
disease (AD) while addressing limitations of earlier observational
studies.

Methods: We used data from the Framingham Heart Study Offspring
Cohort exams 5 through 9. Participants were ADRD-free with a
valid FFQ at baseline. Flavonoid intakes were updated at each exam
to represent the cumulative average intake across the 5 exams, and
were expressed as percentile categories of intake (<15th, >15th to
30th, >30th to 60th, >60th) to handle their nonlinear relation with
ADRD and AD. Cox proportional hazards regression was used to
estimate the HRs for the association between the flavonoid intakes
and incidence of ADRD and AD.

Results: Over an average follow-up of 19.7 y in 2801 participants
(mean baseline age = 59.1 y; 52% females), there were 193
ADRD events of which 158 were AD. After multivariate and
dietary adjustments, individuals with the highest (>60th percentile)
intakes of flavonols, anthocyanins, and flavonoid polymers had
a lower risk of ADRD relative to individuals with the lowest
intakes (<15th percentile), with HRs (95% CI; P-trend) of
0.54 (0.32, 0.90; P = 0.003) for flavonols, 0.24 (0.15, 0.39;
P < 0.001) for anthocyanins, and 0.58 (0.35, 0.94; P = 0.03)
for flavonoid polymers. The same pattern of associations was seen
with AD for flavonols and anthocyanins but not for flavonoid
polymers.

Conclusions: Our findings imply that higher long-term dietary
intakes of flavonoids are associated with lower risks of ADRD and
AD in US adults. ~ Am J Clin Nutr 2020;00:1-11.

Keywords: Alzheimer disease and related dementias, long-term
dietary flavonoid intake, polyphenols, Framingham Heart Study
Offspring Cohort, prospective cohort study

Introduction

Along with improvements in healthcare and medical technol-
ogy, the aging of the baby boom generation will result in an
unprecedented rise in the number of older Americans (1, 2).
Currently, there are >50 million Americans aged >65 y, and that
is projected to more than double by 2060 (3). A consequence
of this increase in older adults is the escalation of age-related
diseases (4, 5). Alzheimer disease (AD) and related dementias
(ADRD), a group of symptoms in which there is progressive
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deterioration in cognitive function severe enough to interfere with
a person’s daily living activities, are regarded as among the most
significant public health challenges largely affecting adults aged
>65y (6). AD is the most common form of dementia, making up
~60-80% of dementia cases. Currently, 5.8 million Americans
are living with AD, and by 2050 that is projected to escalate to
14 million (7).

Given the absence of effective drug treatments to prevent,
significantly attenuate, or ameliorate ADRD, extensive efforts
are being made to identify modifiable risk factors that can
lower the risk of developing ADRD, of which diet could
hold significant promise (8, 9). Increasing evidence suggests
that the Mediterranean diet, a dietary pattern that emphasizes
flavonoid-rich fruits and vegetables, has the potential to reduce
the risk of cognitive decline and ADRD (10-14). Flavonoids
are naturally occurring bioactive pigments found widely in
plant-based foods (15). Based on their chemical structure,
flavonoids are classified into 7 major classes, including flavan-
3-ols, flavonols, anthocyanins, flavones, flavanones, flavonoid
polymers, and isoflavones (16). Common sources of flavonoids
include anthocyanin-rich berries and red wine, flavanone-rich
citrus fruits and juices, flavan-3-ol-rich teas and dark chocolate,
flavone-rich parsley and celery, flavonol-rich onions and apples,
and isoflavone-rich soy products (15, 17-19).

Human intervention studies assessing the acute effects of
flavonoid-rich foods, such as cocoa (20, 21), blueberries (22,
23), and orange juice (24, 25), have revealed promising findings
in the areas of memory, attention, and executive function.
However, given the short duration of these trials, it is not
possible to extrapolate their findings to ADRD risk. Furthermore,
observational evidence relating flavonoid intake to ADRD risk is
limited primarily by inadequate assessment of flavonoid intake
as a result of either relying on a single dietary assessment
over the course of relatively long follow-up periods, inaccurate
capture and characterization of total flavonoid intake due to
using imprecise dietary assessment tools, or use of incomplete
flavonoid databases (26-29). In an effort to better understand
the role of dietary flavonoid intake in the risk of ADRD, we
undertook the present study to examine the relation between the
risk of ADRD and long-term intake of total dietary flavonoids
and 6 classes of flavonoids commonly consumed in Western diets,
while addressing the limitations of prior observational studies on
this relation.

Methods

Study population

The present study used data from the Framingham Heart Study
(FHS), a long-term ongoing cohort study designed to explore
cardiovascular disease risk factors in residents of the city of
Framingham, Massachusetts (30). The study was initiated in
1948 with a total of 5209 participants aged 28-62 y in the
original cohort. The Framingham Offspring Study Cohort was
established in 1970 and consisted of 5124 men and women
who were the children of the original cohort and their partners
(31). Approximately every 4 y, this cohort undergoes a physical
examination, and completes a series of questionnaires and
laboratory and cardiovascular tests. The cohort also undergoes
continuous surveillance for various incident outcomes such

as cardiovascular disease, stroke, diabetes, hypertension, and
dementia. For the purposes of conducting this study, we used
data derived from the Offspring Cohort exams 5 (1991-1995),
6 (1995-1998), 7 (1998-2001), 8 (2005-2008), and 9 (2011-
2014). We allowed participants’ baselines to be any of these 5
Offspring Cohort exams (as described below).

Figure 1 displays the flow of our study population and
their baseline frequencies. To be eligible for the current study,
participants had to be free of ADRD and have a valid FFQ (as
described below) at their baseline study exam. They also had to
be aged >50 y at the end of Offspring Cohort exam 5 to allow
sufficient time during follow-up to reach an age at which they
would be at a reasonable risk for ADRD (i.e., all participants
would be aged >70 y by the end of follow-up). A total of 3127
participants were aged >50 y at the end of exam 5. Of these,
146 participants did not have a valid FFQ at their respective
baseline exam, and an additional 8 had ADRD (of which 7 had
AD) at their baseline exam resulting in a total of 2973 and 2974
eligible participants for the ADRD and AD analyses, respectively.
An additional 172 and 174 participants were excluded from
the ADRD and AD analyses, respectively, due to /) having a
censoring date that was at or prior to the participant’s baseline
exam (as described below) (n = 4, ADRD; n = 8, AD); 2) the
last available flavonoid intake data being prior to the participant’s
baseline exam (n = 17, ADRD; n = 15, AD); 3) missing covariate
data across all 5 Offspring exam cycles (n = 151, ADRD;
n = 149, AD); or 4) missing a cognitive impairment date that
did not allow determination of a censoring date (as described
below) (n =2, AD). Our final sample consisted of 2801 and 2800
participants for the ADRD and AD analyses, respectively. The
baseline frequency of the 2801 and 2800 participants available for
the ADRD and AD analyses was as follows: baseline at Offspring
exam 5: 2525 (ADRD), 2524 (AD); baseline at Offspring exam
6: 180 (ADRD and AD); baseline at Offspring exam 7: 67
(ADRD and AD); baseline at Offspring exam 8: 29 (ADRD
and AD).

The original data collection protocols were approved by the
Institutional Review Board at Boston University Medical Center,
and written informed consent was obtained from all participants.
The present study protocol was reviewed and approved by the
Tufts University Health Sciences Institutional Review Board.

Flavonoid exposures
Dietary assessment.

Participants’ dietary intakes were assessed at the fifth through
the ninth Offspring Cohort exam cycles using a validated
semiquantitative FFQ developed by Willett et al. (32). Before
each exam cycle, the FFQs were mailed to free-living participants
who were given instructions to complete the questionnaire
recording the frequency of foods consumed over the past 12
mo, and to bring it to their exam appointment. The FFQ is
comprised of a list of 126 foods with a standard serving size
and a selection of 9 frequency categories ranging from “never
or <one serving/month” to “>six servings/day.” The FFQ also
allowed participants to include <4 extra food items that were
essential elements of their diets but were not included among
the 126 food items on the FFQ. Participants were also asked
to provide information on the use of dietary supplements, type
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Eligible participants from the Framingham Offspring Cohort:
(1) Free of Alzheimer’s disease and related dementias

(ADRD)/Alzheimer’s disease (AD)
(2) Age > 50 at the end of exam 5

(3) Have a valid food frequency questionnaire at baseline exam
(n=2973, ADRD analyses; n = 2974, AD analyses)

Having a censoring date that is at/prior
—»| participant’s baseline exam
(n =4, ADRD analyses; n = 8, AD analyses)

A

[ n=2969, ADRD analyses; n = 2966, AD analyses ]

Last available dietary data are prior to participant’s
—»| bascline exam
(n=17, ADRD analyses; n = 15, AD analyses)

v

[ n=2952, ADRD analyses; n =2951, AD analyses ]

Missing covariate data across all 5 exams
(n=151, ADRD analyses; n = 149, AD analyses)

v

[ n=2801, ADRD analyses; n = 2802, AD analyses ]

| »| Missing cognitive impairment/censoring date
(n =2, AD analyses)

[ n=2801, ADRD analyses; n = 2800, AD analyses ]

.

Baseline frequency

ADRD analyses (n cases 193):
Exam 5: n =2525

AD analyses (n cases 158):
Exam 5: n=2524

Exam 6: n =180 Exam 6: n =180
Exam 7: n =67 Exam 7: n =67
Exam 8: n =29 Exam 8: n=29

FIGURE 1 Flowchart for selection of study participants.

of breakfast cereal most commonly consumed, types of fats
and oils typically used, and frequency of consumption of fried
foods. Intakes of food components, including both nutrients and
nonnutrients, were computed by multiplying the frequency of
consumption of each food item by the nutrient content of the
specified portions. An FFQ was judged as invalid if reported
energy intakes were <600 kcal/d or >4000 kcal/d for women,
and >4200 kcal/d for men, respectively, or if >12 food items
were left blank.

A direct evaluation of the validity of flavonoid intake from the
FFQ used in the current study has not been performed. However,
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
documented (33). It showed relatively high correlations between
intakes from the FFQ and 7-d diet records for the key dietary
sources of flavonoids in the Framingham Offspring cohort. The
food items consisted of red wine (r = 0.83), orange juice (r

= 0.78), tea (r = 0.77), oranges (r = 0.76), apples/pears (r =
0.70), and strawberries (r = 0.38). Although flavonoid-containing
supplements were uncommon up through the Offspring Cohort
exam 9, we included supplemental flavonoid intake from dietary
supplements that could be identified.

Characterizing flavonoid intakes.

The exposure of interest of the present study was the habitual
intake of 6 flavonoid classes commonly consumed in the
US diet including flavonols, flavones, flavanones, flavan-3-ols,
anthocyanins, flavonoid polymers, and their total intake. We used
the USDA flavonoid content of foods and the proanthocyanidin
databases to derive flavonoid intake information (34). The sum
of the consumption frequency of each food multiplied by the
content of the specific flavonoid for the specified portion size was
used to calculate the intakes of individual flavonoid compounds.
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The flavonoid classification by Cassidy et al. (35) was used
to define the 6 flavonoid classes. Total flavonoid intake was
calculated as the sum of intakes of the 6 flavonoid classes.
Because the habitual intakes of isoflavones are very low in the
US diet (36, 37), we did not include this flavonoid class in our
analyses.

Identification and classification of ADRD and AD events

Our primary outcomes of interest included incidence of ADRD
and AD, both of which were determined a priori. We assessed
incident ADRD and AD through December 2016. Participants
were determined to be at risk of developing dementia if they
experienced a decline in routinely administered Mini-Mental
State Examination scores or any of the neuropsychological (NP)
tests given at the Framingham NP Ancillary Exams. They were
also determined to be at risk if they were referred by FHS staff
and physicians at Clinical Offspring or NP Ancillary Exams or
if suspected cognitive decline was reported by self, family, or
evidenced in primary care physician/nursing home records. These
individuals were flagged and brought to a diagnostic consensus
review conducted by a panel that included >1 neurologist and
>1 neuropsychologist to determine if ADRD was evident based
on the criteria for a diagnosis of dementia outlined in the criteria
in the fourth edition of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV) (38). Participants were required to
have symptoms for >6 mo. Numerous sources of information
were used, when available, to establish the diagnosis, including
examinations by FHS investigators, hospital and nursing home
records, data from structured family interviews, and brain
imaging data. Additional information about type of dementia
and disease progression (when applicable) was also recorded.
Participants with AD met the National Institute of Neurological
and Communicative Diseases and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA)
criteria for definite (autopsy cases only), probable, or possible
AD (39).

Supplemental Figure 1 illustrates the classification criteria
for ADRD and AD. Participants who were not flagged for NP
evaluation were considered to be free of dementia and cognitive
impairment. Those who were flagged for NP evaluation were
classified as follows:

1) Those with no evidence of dementia based on the review
were classified as either (a) impaired if there was evidence
of any cognitive impairment, or (b) not impaired if the
review found no evidence of impairment.

2) Those with evidence of dementia who did not meet the
DSM-IV criteria were identified as having unclassified
dementia if they had available data on either the last date
documented to be cognitively intact or date of cognitive
impairment onset, or were excluded if no dates were
available.

3) Those who were identified to have dementia based on
the DSM-IV criteria were classified as having either (a)
ADRD if they had available dementia diagnosis dates, or
(b) unclassified dementia if they were missing dementia
diagnosis dates but had available data on either the last date
documented to be cognitively intact or date of cognitive
impairment onset.

4) Those identified as having ADRD were classified as (a)
AD if they met the NINCDS-ADRDA AD criteria, or (b)
dementia without AD if they did not meet the NINCDS-
ADRDA AD criteria.

Based on this approach, there was a total of 193 ADRD and
158 AD events at follow-up. We assumed that those flagged for
NP evaluation but deemed not impaired were similar to those
who were not impaired and not flagged for NP evaluation and
we combined these groups for our analyses. We defined the
“unclassified dementia” group as a catch-all category for ADRD
that we could not otherwise classify or treat as ADRD because of
limited data.

Ascertainment of death.

In addition to being monitored for various incident outcomes,
participants were also continuously observed for incidence of
death. For each death incident, a committee of 3 experienced
investigators used information from the FHS and hospitalization
records, and when accessible, autopsy findings, in order to
determine the underlying cause of death (40). We used the death
dates to establish the censoring for those who died without
dementia.

Covariates

A number of potential confounders were considered in our
analyses based on established or suspected risk factors for
dementia (41-44). This included age, sex, education (up to
and including high-school graduate, some or college graduate,
beyond college graduate), total energy intake (TEI; kilocalories
per day), apoE ¢4 allele (having >1 apoE ¢4 allele), smoking
status (never, current, former), physical activity index (PAI)
expressed in metabolic equivalents (Mets) (45), BMI (kg/m?),
prevalent stroke, hypercholesterolemia, hypertension, diabetes,
dietary intakes of w-3 fatty acids EPA and DHA (grams per day),
lutein and zeaxanthin (micrograms per day), and alcohol (grams
per day), overall diet quality, as assessed by the 2010 Dietary
Guidelines for Americans Adherence Index (DGAI) (46), and
vitamin and mineral supplement use.

Stroke was defined by the presence of any of the following
events: atherothrombotic infarction of brain, cerebral embolism,
intracerebral hemorrhage, and subarachnoid hemorrhage (47).
We assessed hypercholesterolemia based on use of cholesterol-
lowering medication or having total cholesterol concentrations
>200 mg/dL. Likewise, we defined hypertension by use of blood
pressure—lowering medication or having systolic and/or diastolic
blood pressure >130 mmHg and >80 mmHg, respectively.
Diabetes was established by any of the following criteria: /)
taking oral hypoglycemic medication; 2) insulin use; 3) fasting
blood glucose concentrations >126 mg/dL; or 4) nonfasting
blood glucose concentrations >200 mg/dL.

Statistical analyses
Main analyses.

We used SAS software (version 9.4; SAS Institute) to
perform all our analyses. All analyses were prespecified, with
the exception of the categorization of flavonoid intake data
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using non—quantile-based cutoff values (see below). Participants
were followed from baseline until the occurrence of any of
the following events: ADRD, AD, death, or third consecutive
follow-up exam with missing dietary intake data. They were
censored at the dates at which these events occurred. We did
not use interval censoring because the vast majority of ADRD
diagnosis dates (93.3%) did not correspond to a study exam
date. Additionally, participants who were identified as impaired
or having unclassified dementia were censored at either the last
date documented to be cognitively intact or date of cognitive
impairment onset, whichever was available. If both dates were
available, we used the latter date. Those who did not develop
any of the above-mentioned events were followed up until the
end of the study (December 12, 2016), at which time they were
censored.

After inspecting the nature of the relation between the
flavonoid exposures and ADRD or AD incidence, we determined
that the associations were mostly nonlinear, and risk increased
more dramatically in individuals with flavonoid intakes in the
lowest 30% compared with higher intake levels. Consequently,
we were unable to adequately display categorical analyses
using common cutoff values such as quartiles or quintiles. To
appropriately model the nonlinearity using percentile categories,
it was necessary to create multiple categories to characterize
the lower flavonoid intakes. We chose to use the following
cutoff values to characterize the changes in the HRs across the
following intake categories: <15th percentile, >15th to <30th
percentile, >30th to <60th percentile, and >60th percentile,
while maintaining a minimum sample size among the smaller
categories of >400 participants.

We updated flavonoid intake at each exam by using the
cumulative average of intakes from all exams prior to censoring,
except as noted below. In the event that a participant was missing
intake data at >1 of the follow-up exams, the cumulative average
of flavonoid intake was based on existing intake data. Likewise,
we used the same cumulative average approach to update
our covariates at each exam. These covariates included TEI,
smoking, PAI, BMI, prevalent stroke, diabetes, hypertension,
hypercholesterolemia, DGAI, multivitamin and mineral use, and
dietary intakes of w-3 fatty acids (EPA and DHA), lutein and
zeaxanthin, and alcohol. We used the baseline value for the
following covariates: age, sex, education, and apoE ¢4 allele.

For participants diagnosed with ADRD, we used a 1825-d (5-
y) cutoff to determine when to stop updating their dietary and
covariate data. If the difference between a participant’s ADRD
diagnosis date and the exam prior to ADRD diagnosis was >1825
d, we stopped the update at the exam prior to which ADRD was
diagnosed. However, if the difference was <1825 d, then we
stopped updating his/her dietary and covariate data at 2 exams
prior to the exam at which ADRD was diagnosed. For participants
who died without developing ADRD, we stopped updating their
dietary and covariate data at the exam prior to their death. For
those missing intake data at 3 consecutive follow-up exams, we
stopped updating their dietary and covariate data at the second
missing follow-up exam. For participants identified as impaired
or having unclassified dementia, we stopped updating their
dietary and covariate data at the exam prior to which information
on cognitive impairment was available (either last known date to
be cognitively intact or date of cognitive impairment onset, as
described above). Finally, for participants who survived until the

end of the study, we stopped updating their dietary and covariate
data at the last exam (exam 9).

We used Cox proportional hazards regression models to
estimate the HRs for the prospective association between total
and 6 classes of flavonoids, expressed as percentile-based
categories of intake, and incidence of ADRD and AD. We
considered the following 3 cumulative models in our analyses:

1) Model 1 (basic model): adjusted for age, sex, education,
apoE ¢4 allele, and TEL

2) Model 2 (lifestyle and clinical): adjusted for model 1
covariates + PAI, smoking status, BMI, prevalent stroke,
diabetes, hypertension, and hypercholesterolemia.

3) Model 3 (dietary model): adjusted for model 1 and model 2
covariates + overall dietary quality (DGAI), multivitamin
and mineral supplement use, and dietary intakes of alcohol,
-3 fatty acids (EPA and DHA), and lutein and zeaxanthin.

Sensitivity analyses.

In addition to our main analyses, we performed several
sensitivity analyses to verify several criteria used in this study.
These included testing the influence of sex, baseline age, and
apoE ¢4 allele on the relation between flavonoid intake and
risk of ADRD. This was done by performing sex, baseline age,
and apoE ¢4 interactions with total and the 6 flavonoid classes.
Given the potential for differences in risk factors for ADRD
diagnosed at younger and older ages, such as a stronger genetic
disposition for younger cases whereas older cases might be more
environmentally driven, we also performed stratified analyses by
age at ADRD diagnosis (48). This was done by stratifying our
sample into 2 groups: those diagnosed with ADRD at >80 y
and <80 y (the mean age at ADRD diagnosis in our participants
was 79.7 y). Further, we tested the impact of excluding subjects
who were identified as impaired or having unclassified dementia.
Finally, we explored the influence of increasing the length of time
between ADRD diagnoses and stopping the update of flavonoid
intake and covariate data assessment from >1825 d (>5y) to
>3650d (=10y).

Results

Table 1 presents the median, 15th, 30th, and 60th percentile
values, which were used to define the intake categories for each
flavonoid class based on the cumulative average of participants’
intakes.

Table 2 displays the baseline characteristics of the study
participants based on total sample and 4 categories of total
flavonoid intake. The overall mean baseline age (95% CI) of
the study participants was 59.1 y (58.9, 59.4 y), of which
52.0% were females. On average, participants were highly
educated (60.4% with at least a college degree), had light
physical activity, and were overweight (BMI = 27.8). They
also had low prevalence of smoking, diabetes, and stroke, and
high prevalence of hypertension and hypercholesterolemia, as
well as moderate DGAI scores. Relative to those in the lowest
category of total flavonoid intake, participants in the highest
category were older, more women, educated, physically active,
consumed more calories, had a better overall diet quality; and
higher consumption of w-3 fatty acids (EPA and DHA), lutein
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TABLE 1 Cumulative average of flavonoid intake of study participants'

Flavonoid intake category cutoff values

Flavonoid class? Median 15th percentile 30th percentile 60th percentile
Flavonols 12.3 6.4 9.0 14.2
Flavones 1.89 0.74 1.23 2.18
Flavanones 383 9.7 214 47.6
Flavan-3-ols 28.0 10.7 17.2 35.5
Anthocyanins 13.4 4.0 8.0 16.4
Flavonoid polymers 145.3 60.4 94.0 179.3
Total flavonoids? 251.7 122.6 174.6 296.8

Members of the Framingham Heart Study Offspring cohort at the fifth through the ninth examinations cycles;

n=2801.
ZPresented in milligrams per day.

3Total flavonoids does not include isoflavones because they were not assessed in this study.

and zeaxanthin, and multivitamin and mineral supplements.
They also smoked less and had lower BMI and prevalence of
hypercholesterolemia. Factors such as having >1 apoE ¢4 allele,
prevalence of diabetes, hypertension, and stroke, and amount of
alcohol intake were not associated with the level of total flavonoid
intake.

Supplemental Table 1 displays the top contributing foods for
total flavonoids and each flavonoid class in our study population
at exam 5. The same foods, tea and apples/pears, were the
most common sources of flavonols, flavan-3-ols, and flavonoid
polymers, whereas oranges and orange juice were the most
common food sources of flavones and flavanones.

Results of the Cox proportional hazards regression models
indicated that after multivariable and dietary adjustments, indi-
viduals with the highest (>60th percentile) intakes of flavonols,
anthocyanins, and flavonoid polymers had a lower risk of ADRD
relative to individuals with the lowest intakes (<15th percentile),
with HRs (95% CI; P-trend) of 0.54 (0.32, 0.90; P = 0.003) for
flavonols, 0.24 (0.15, 0.39; P < 0.001) for anthocyanins, and 0.58
(0.35, 0.94; P = 0.03) for flavonoid polymers (Table 3, model
3). Results were essentially the same for AD albeit somewhat
attenuated for flavonoid polymers, which could be a consequence
of a smaller number of AD events (187 ADRD compared with
153 AD events) (Table 4).

TABLE 2 Age- and sex-adjusted baseline characteristics of participants for total sample and percentile categories of total flavonoid intake'

Total flavonoid intake percentile category

Total sample <15th >15th to 30th >30th to 60th >60th

Characteristic (n = 2801)? (n=421) (n=419) (n=2841) (n=1120) P-trend?
Total flavonoid intake,* mg/d 212.7 (2.3, 2323) 62.1(2.3,93.2) 117.4(93.3,140.9) 192.2 (141.0, 260.7) 421.1 (260.8, 2323)

Age’y 59.1 (58.9, 59.4) 58.0 (57.3, 58.7) 59.3 (58.6, 60.0) 58.9 (58.4,59.4) 59.7 (59.2, 60.1) 0.001
Female,® % 52.0 (50.2, 53.9) 46.2 (41.5,51.0) 51.1(46.3,55.9) 50.2 (46.8, 53.5) 55.9(53.0, 58.9) <0.001
Education: at least college degree,® % 60.4 (58.6, 62.3) 46.8 (42.1,51.5) 57.3 (52.7, 62.0) 62.1 (58.8, 65.4) 65.5 (62.6, 68.3) <0.001
apoE &4 allele,”® % 22.4 (20.8, 24.0) 20.6 (16.4, 24.8) 21.2 (17.0,25.3) 22.7 (19.8, 25.6) 23.4(20.9,25.9) 0.23
Total energy intake, kcal/d 1835 (1813, 1858) 1420 (1366, 1474) 1649 (1595, 1703) 1851 (1813, 1889) 2051 (2018, 2084) <0.001
PAIL?>> Mets 34.5(34.2,34.7) 33.8 (33.2,34.4) 34.2 (33.6, 34.8) 34.6 (34.2,35.0) 34.7 (34.3,35.0) 0.03
Current smoker,>® % 17.3(15.9, 18.7) 34.0 (30.4, 37.5) 19.2 (15.6,22.7) 142 (11.7,16.7) 12.7 (10.5, 14.9) <0.001
BMIL,? kg/m? 27.8 (27.6, 28.0) 28.3 (27.8,28.7) 28.1(27.7,28.6) 28.1(27.7,28.4) 27.2(26.9,27.5) <0.001
Diabetes,>® % 9.2(8.2,10.3) 8.6(5.9,11.4) 10.7 (8.0, 13.5) 8.5(6.5,10.4) 9.5(7.8,11.2) 0.84
Hypertension,® % 61.7 (59.9, 63.4) 61.4 (56.9, 66.0) 64.4 (59.8, 68.9) 61.3 (58.1, 64.5) 61.0 (58.2, 63.8) 0.51
Stroke,® % 1.1 (0.7, 1.5) 1.5(0.5,2.5) 1.2(0.2,2.2) 1.2(0.5,1.9) 0.9 (0.2, 1.5) 0.25
Hypercholesterolemia,>® % 63.0 (61.3, 64.8) 63.2 (58.6, 67.7) 64.9 (60.4, 69.5) 65.9 (62.7, 69.1) 60.1 (57.3, 63.0) 0.03
DGAI?»? 60.4 (60.0, 60.8) 51.3 (50.3, 52.3) 58.1(57.1,59.1) 61.4 (60.6, 62.1) 64.1 (63.5, 64.7) <0.001
-3 fatty acid intake: EPA and DHA,> g/d ~ 0.26 (0.25, 0.27) 0.19(0.17, 0.22) 0.23(0.21, 0.25) 0.25(0.24, 0.27) 0.30 (0.29, 0.32) <0.001
Lutein and zeaxanthin intake,” pg/d 3258 (3159, 3358) 1956 (1708, 2204) 2639 (2391, 2888) 3249 (3073, 3424) 3991 (3839, 4144) <0.001
Alcohol intake,” g/d 10.9 (10.3,11.5) 9.5(7.9,11.1) 9.3(7.7,10.9) 12.2(11.1,13.3) 11.1 (10.2, 12.1) 0.15
Multivitamin and mineral supplement 29.1 (274, 30.8) 23.4(19.1,27.8) 26.4 (22.1,30.7) 29.1 (26.1,32.2) 32.2(29.5, 34.8) 0.001

use.® %

! Age and sex-adjusted mean or prevalence (95% ClIs) of characteristics for members of the Framingham Heart Study Offspring Cohort at the fifth through the
eighth exam cycles based on analysis of covariance. DGAI, Dietary Guidelines for Americans Adherence Index; Mets, metabolic equivalents ; PAI, physical activity

index.

2Number missing: education, 127; apoE €4, 161; PAI, 142; smoking, 2; BMI, 7; diabetes, 12; hypercholesterolemia, 10; DGAL, 266.

3P values represent the test of linear trend across percentile categories of total flavonoid intake and were based on linear regression models with the median intake

of each percentile category assigned to individuals with intake in that category, and this quartile median variable was used as a continuous measure in the regression

models.

4Values are medians; minimum and maximum in parentheses.

3 All values are age- and sex-adjusted (least-squares) means; 95% Cls in parentheses.
6 All values are age- and sex-adjusted (least-squares) percentages; 95% Cls in parentheses.
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TABLE 3 HRs (95% ClIs) of Alzheimer disease and related dementias (ADRD) events over 26 y of follow-up based on a 5-y cutoff between ADRD
diagnosis and updated flavonoid intake data'

Flavonoid intake percentile category

Flavonoid class <15th >15th to 30th >30th to 60th >60th P-trend?
Flavonols (n® = 420/36) (n = 420/36) (n =841/63) (n = 1120/58)

Model 14 1.00 (ref.) 1.00 (0.62, 1.59) 0.89 (0.58, 1.36) 0.58 (0.37,0.91) 0.004

Model 2° 1.00 (ref.) 0.96 (0.60, 1.56) 0.84 (0.54, 1.29) 0.51(0.32, 0.82) 0.001

Model 3¢ 1.00 (ref.) 1.00 (0.61, 1.64) 0.85 (0.53, 1.35) 0.54 (0.32, 0.90) 0.003
Flavones (n = 420/31) (n =420/21) (n = 841/47) (n=1120/94)

Model 14 1.00 (ref.) 0.75 (0.43, 1.31) 0.60 (0.38, 0.95) 0.86 (0.55, 1.32) 0.92

Model 2° 1.00 (ref.) 0.76 (0.44, 1.33) 0.57 (0.35,0.91) 0.83 (0.53, 1.30) 0.99

Model 3° 1.00 (ref.) 0.83 (0.47, 1.46) 0.61 (0.38, 0.99) 0.92 (0.57, 1.48) 0.72
Flavanones (n = 418/26) (n = 422/20) (n = 840/38) (n=1121/109)

Model 14 1.00 (ref.) 0.62 (0.34, 1.11) 0.49 (0.30, 0.81) 0.88 (0.56, 1.37) 0.22

Model 2° 1.00 (ref.) 0.61 (0.34, 1.10) 0.48 (0.29, 0.80) 0.84 (0.53, 1.33) 0.32

Model 3° 1.00 (ref.) 0.66 (0.36, 1.20) 0.52 (0.31, 0.88) 0.92 (0.57, 1.49) 0.21
Flavan-3-ols (n =419/33) (n =422/36) (n = 840/49) (n = 1120/75)

Model 1* 1.00 (ref.) 1.13 (0.7, 1.83) 0.74 (0.47, 1.16) 0.77 (0.50, 1.20) 0.19

Model 2° 1.00 (ref.) 1.08 (0.66, 1.75) 0.66 (0.41, 1.06) 0.68 (0.44, 1.07) 0.09

Model 3° 1.00 (ref.) 1.03 (0.63, 1.70) 0.65 (0.40, 1.05) 0.69 (0.43, 1.09) 0.13
Anthocyanins (n = 420/49) (n=421/32) (n = 840/65) (n=1120/47)

Model 14 1.00 (ref.) 0.52 (0.33, 0.82) 0.53 (0.36, 0.77) 0.29 (0.19, 0.45) <0.001

Model 25 1.00 (ref.) 0.50 (0.32, 0.79) 0.53 (0.36, 0.78) 0.26 (0.16, 0.40) <0.001

Model 3¢ 1.00 (ref.) 0.48 (0.30, 0.77) 0.49 (0.32, 0.74) 0.24 (0.15, 0.39) <0.001
Flavonoid polymers (n = 420/33) (n =420/34) (n = 840/57) (n=1121/69)

Model 14 1.00 (ref.) 0.90 (0.55, 1.47) 0.70 (0.45, 1.10) 0.60 (0.38, 0.95) 0.03

Model 2° 1.00 (ref.) 0.88 (0.54, 1.44) 0.63 (0.40, 1.00) 0.53 (0.33, 0.85) 0.008

Model 3° 1.00 (ref.) 0.88 (0.53, 1.46) 0.65 (0.40, 1.05) 0.58 (0.35,0.94) 0.03
Total flavonoids (n =419/27) (n =421/30) (n = 841/61) (n = 1120/75)

Model 1* 1.00 (ref.) 0.96 (0.56, 1.63) 0.94 (0.58, 1.50) 0.78 (0.48, 1.27) 0.22

Model 25 1.00 (ref.) 0.91 (0.53, 1.56) 0.86 (0.53, 1.39) 0.68 (0.41, 1.12) 0.08

Model 3° 1.00 (ref.) 0.89 (0.51, 1.55) 0.90 (0.54, 1.48) 0.73 (0.43, 1.24) 0.18

'"Mean follow-up time of 19.7 y.

2P values for the test of linear trend across percentile categories were based on linear regression models with the median intake of each percentile
category assigned to individuals with intake in that category, and this percentile median variable was used as a continuous measure in regression models.

31 represents the number of participants/ADRD events per percentile category for model 1.

“Model 1 adjusted for age, sex, education, apoE &4 allele, and total energy intake; total n = 2801; n ADRD events = 193.

SModel 2 adjusted for model 1 covariates + physical activity index, smoking status, BMI, prevalent stroke, diabetes, hypertension, and

hypercholesterolemia; total n = 2797; n ADRD events = 189.

%Model 3 adjusted for model 1 and model 2 covariates + overall dietary quality, vitamin and mineral supplement use, and dietary intakes of alcohol, -3
fatty acids (EPA and DHA), lutein, and zeaxanthin; total n = 2795; n ADRD events = 187.

To determine if declining cognitive function in the years prior
to ADRD diagnosis might affect the quality of dietary reporting,
we performed a sensitivity analysis extending the length of time
between flavonoid intake assessment (i.e., stopping the update
of cumulative flavonoid intake) and ADRD diagnosis from 5 y
(1825 d) to 10y (3650 d). The change in lag time between ADRD
diagnosis and the update of flavonoid intake resulted in the loss
of 55 ADRD cases because their lag times were prior to their
baseline exams. However, stopping the update of flavonoid intake
at a minimum of 10y prior to diagnosis did not substantially alter
the associations between the 3 aforementioned flavonoid classes
and risk of ADRD, although the associations with flavonoid
polymers were modestly attenuated (Supplemental Table 2,
model 3). We also observed significant protective associations
with higher total flavonoid intakes, which is a finding that
we did not observe with our primary analyses. Individuals
with the highest intakes (>60th percentile) of total flavonoids
were ~40% less likely to develop ADRD (HR: 0.58; 95%

CI: 0.32, 1.08; P-trend = 0.05) than individuals who had the
lowest intakes (<15th percentile) (Supplemental Table 2, model
3). Further, we performed sensitivity analyses to examine the
influence of age at ADRD diagnosis on the associations with
flavonoid intake. We observed stronger inverse associations
between intakes of total flavonoids and the flavonoid classes
flavonols, anthocyanins, and flavonoid polymers, and risk of
ADRD among those diagnosed with ADRD at >80 y relative
to those diagnosed at <80 y (data not shown). In those aged
<80 y the association with anthocyanins persisted whereas the
associations with total flavonoids and the other flavonoid classes
were attenuated. We also examined the modification of the
observed associations by baseline age, sex, and presence of
the apoE ¢4 allele and did not see any significant interactions
(data not shown). Additionally, removing participants who
were identified as impaired or having unclassified demen-
tia from the analyses did not change the results (data not
shown).
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TABLE 4 HRs (95% ClIs) of Alzheimer disease (AD) events over 26 y of follow-up based on a 5-y cutoff between AD diagnosis and updated flavonoid

intake data'

Flavonoid intake percentile category

Flavonoid class <15th >15th to 30th >30th to 60th >60th P-trend?
Flavonols (n® = 419/32) (n=421/29) (n = 840/53) (n = 1120/44)

Model 14 1.00 (ref.) 0.94 (0.56, 1.57) 0.90 (0.57, 1.43) 0.54 (0.33, 0.90) 0.005

Model 2° 1.00 (ref.) 0.87 (0.51, 1.47) 0.84 (0.53, 1.35) 0.47 (0.28, 0.79) 0.001

Model 3¢ 1.00 (ref.) 0.90 (0.52, 1.55) 0.86 (0.52, 1.43) 0.50 (0.28, 0.88) 0.004
Flavones (n=419/27) (n = 421/15) (n = 838/43) (n=1122/73)

Model 14 1.00 (ref.) 0.63 (0.34, 1.19) 0.65 (0.40, 1.05) 0.83 (0.52, 1.34) 0.96

Model 2° 1.00 (ref.) 0.64 (0.34, 1.20) 0.60 (0.37, 1.00) 0.79 (0.49, 1.29) 0.93

Model 3° 1.00 (ref.) 0.67 (0.36, 1.28) 0.63 (0.38, 1.06) 0.86 (0.51, 1.45) 0.84
Flavanones (n=418/22) (n = 422/15) (n = 840/35) (n = 1120/86)

Model 14 1.00 (ref.) 0.54 (0.28, 1.04) 0.53 (0.31, 0.91) 0.85(0.52, 1.39) 0.28

Model 2° 1.00 (ref.) 0.53 (0.27, 1.03) 0.51 (0.29, 0.88) 0.81(0.49, 1.34) 0.39

Model 3° 1.00 (ref.) 0.55 (0.28, 1.08) 0.53 (0.30, 0.94) 0.85(0.51, 1.44) 0.33
Flavan-3-ols (n =419/29) (n =421/30) (n = 840/39) (n = 1120/60)

Model 14 1.00 (ref.) 1.10 (0.65, 1.85) 0.71 (0.43, 1.16) 0.76 (0.47, 1.22) 0.23

Model 2° 1.00 (ref.) 1.06 (0.63, 1.80) 0.62 (0.37, 1.04) 0.68 (0.41, 1.11) 0.13

Model 3° 1.00 (ref.) 1.01 (0.58, 1.74) 0.61 (0.36, 1.03) 0.69 (0.41, 1.14) 0.21
Anthocyanins (n = 420/38) (n = 420/28) (n = 839/58) (n=1121/34)

Model 14 1.00 (ref.) 0.59 (0.36, 0.97) 0.62 (0.40, 0.95) 0.28 (0.17, 0.46) <0.001

Model 23 1.00 (ref.) 0.55 (0.33, 0.90) 0.60 (0.39, 0.93) 0.23 (0.13, 0.38) <0.001

Model 3° 1.00 (ref.) 0.51 (0.31, 0.86) 0.54 (0.34, 0.86) 0.20 (0.11, 0.36) <0.001
Flavonoid (n = 419/26) (n =421/30) (n = 840/45) (n = 1120/57)

polymers

Model 14 1.00 (ref.) 1.02 (0.59, 1.74) 0.74 (0.45, 1.24) 0.68 (0.41, 1.14) 0.10

Model 2° 1.00 (ref.) 1.00 (0.58, 1.71) 0.65 (0.39, 1.10) 0.61 (0.36, 1.02) 0.05

Model 3° 1.00 (ref.) 0.98 (0.56, 1.72) 0.66 (0.38, 1.14) 0.64 (0.37, 1.10) 0.11
Total flavonoids (n = 420/24) (n = 420/22) (n = 840/51) (n=1120/61)

Model 14 1.00 (ref.) 0.80 (0.45, 1.45) 0.94 (0.57, 1.57) 0.78 (0.46, 1.32) 0.40

Model 2° 1.00 (ref.) 0.77 (0.42, 1.39) 0.85 (0.50, 1.43) 0.68 (0.39, 1.16) 0.19

Model 3° 1.00 (ref.) 0.72 (0.39, 1.34) 0.87 (0.51, 1.50) 0.71 (0.40, 1.25) 0.31

'Mean follow-up time of 19.7 y.

2P values for the test of linear trend across percentile categories were based on linear regression models with the median intake of each percentile
category assigned to individuals with intake in that category, and this percentile median variable was used as a continuous measure in regression models.

3

n represents the number of participants/AD events per percentile category for model 1.

4“Model 1 adjusted for age, sex, education, apoE &4, and total energy intake; total n = 2800; n AD events = 158.
SModel 2 adjusted for model 1 covariates + physical activity index, smoking status, BMI, prevalent stroke, diabetes, hypertension, and

hypercholesterolemia; total n = 2796; n AD events = 155.

%Model 3 adjusted for model 1 and model 2 covariates + overall dietary quality, vitamin and mineral supplement use, and dietary intakes of alcohol, w-3
fatty acids (EPA and DHA), lutein, and zeaxanthin; total n = 2794; n AD events = 153.

Discussion

Our findings provide new evidence that diets higher in
flavonols, anthocyanins, and flavonoid polymers are associated
with a lower risk of developing ADRD. These associations were
sustained after accounting for a variety of potential confounders
including key nutrients related to ADRD risk and overall diet
quality. Similar findings were seen with AD risk for flavonols
and anthocyanins but the association with flavonoid polymers
was no longer statistically significant. We cannot, however,
rule out associations between flavonoid polymers and AD risk
because we observed a 36% lower AD risk for participants with
the highest polymer intakes relative to those with the lowest
intakes. Similarly, we cannot rule out associations between total
flavonoids and flavan-3-ols and ADRD or AD risk because
we observed a ~30% decreased risk of ADRD and/or AD for
participants with the highest intakes of these flavonoid classes.
Although these associations were not statistically significant in

our primary analyses, associations of this magnitude could be
critical in terms of their public health impact. We observed
modest differences between the results of the analyses based
on the 5-y and 10-y lag times for updating flavonoid intake.
This could be a consequence of either a small impact of
cognitive decline on the dietary assessment for the 5-y lag
or the exclusion of ~30% of the ADRD cases with the
10-y lag.

The 5 earlier prospective observational studies that have
examined the relation between flavonoid intake and ADRD risk
revealed mixed results (26-29, 49). All earlier studies had >1
of the following limitations: /) misclassification of flavonoid
intakes due to use of flavonoid databases that were incomplete
and/or limited to a few flavonoid classes; 2) use of an inadequate
dietary assessment method, such as a single-day dietary recall, to
characterize usual flavonoid intake; 3) assessment of diet only
at baseline to characterize flavonoid intake over long follow-
up periods resulting in regression dilution bias (50, 51); 4)
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low statistical power due to small numbers of incident ADRD
cases; 5) bias due to failure to consider the possible impact
of predementia cognitive decline on dietary habits or diet
assessment; or 6) confounding due to failure to account for overall
diet quality because higher flavonoid intakes are associated with
healthier diets (52). Two of the studies observed a lower risk of
ADRD and AD with higher flavonoid intake in the overall sample
(26) or in smokers only (27). However, among other limitations,
incomplete flavonoid assessment was clearly demonstrated by
the overall low “total” flavonoid intakes (means of 14.4 and
28.5 mg/d), neither study adequately accounted for overall diet
quality, and only 1 of these studies (27) accounted for the
possible impact of impaired cognitive function on the assessment
of flavonoid intakes. The 3 studies that failed to observe any
associations between flavonoid intakes and ADRD risk (28, 29,
49) only assessed baseline flavonoid intake despite mean follow-
up periods of ~10-30 y. Two of these studies used a single 24-h
dietary recall to characterize flavonoid intake (28, 49). Whereas
1 of these studies used complete flavonoid data (mean flavonoid
intake of 500 mg/d) (49), the other 2 characterized flavonoid
intake based on either a limited flavonoid database (median
flavonoid intake of 27.6 mg/d) (29) or only on tea intake (mean
flavonoid intake of 4.1 mg/d) (28). The beneficial associations
observed in prior studies could be a result of bias associated with
failure to account for confounding by diet quality or potential
impact of cognitive impairment on dietary assessment, whereas
the negative studies are likely a result of misclassification of
flavonoid intakes based on the dietary assessment method or
regression dilution bias.

Although earlier evidence from in vitro studies suggested
that the beneficial neuroprotective effect of flavonoids is due
to their antioxidant potential (53), either by means of their
ability to scavenge reactive species or through influence on
intracellular redox status (54), more recent evidence has emerged
that flavonoids are more likely to exert favorable cognitive effects
by protecting neurons from neurotoxins and combating neuroin-
flammation (55-57). Two major direct and indirect mechanisms
seem to account for these favorable effects. Flavonoids and
some of their metabolites interact with essential protein and lipid
kinase signaling cascades in the brain resulting in the inhibition
of neurotoxin-induced apoptosis as well as the promotion of
neuronal viability. Also, flavonoids and some of their metabolites
cause favorable changes in cerebrovascular blood flow, which
in turn induce angiogenesis and neurogenesis (56, 58-60). It
is believed that, via these mechanisms, intake of flavonoid-rich
foods over the lifespan could hold promise in preventing or
minimizing age-associated cognitive decline.

We attempted to address the shortcomings of the earlier
observational studies of the relation between flavonoid intake and
ADRD risk. To address misclassification of flavonoid intakes,
the greatest shortcoming of most of the earlier studies, we
were able to use more complete flavonoid databases to better
capture flavonoid intake providing a mean dietary intake of total
flavonoids that was much higher than that in most previous
observational studies. To address the issue of potential regression
dilution bias, we assessed flavonoid intake multiple times (<5)
over a relatively long follow-up period (mean 19.7 y). Evidence
suggests that individuals who are diagnosed with ADRD display
cognitive deficits years before a clinical diagnosis is made (61).
As a result, the diet assessment closer to ADRD diagnosis could

be affected by changes to usual diet or the ability to accurately
report diet, leading to somewhat weaker associations. Therefore,
we used a 5-y cutoff to determine when to stop updating the
dietary intakes of subjects who were diagnosed with ADRD.
Results of our sensitivity analyses also implied that it is very
unlikely that we have misclassified the habitual flavonoid intakes
of subjects with ADRD. Because higher flavonoid intakes are
associated with healthier dietary patterns (62), we also believe
it is critical to account for the relation between flavonoid intakes
and healthier diets when examining the association between their
intake and ADRD incidence. We adjusted not only for overall diet
quality but also for other nutrients that are also associated with a
healthy diet and ADRD risk.

Although we were able to address many limitations seen in
earlier studies of flavonoid intake and ADRD, our findings were
not without limitations. We were unable to assess the independent
contributions of the individual flavonoid classes to ADRD
incidence because of the relatively strong correlations between
intakes of many of the individual flavonoids due to the common
food sources. The main sources of flavones and flavanones are
citrus fruits, whereas apples and tea are the most common sources
of flavonols, flavan-3-ols, and flavonoid polymers. Furthermore,
the nonlinear nature of the association between the flavonoid
intakes and ADRD and AD did not allow for simple continuous
or categorical modeling. To properly capture the nonlinearity,
we used narrower intake categories at lower flavonoid intakes,
resulting in fewer participants in those categories. This could have
limited our statistical power to detect more modest associations.
Also, as a consequence of the nonlinearity, our flavonoid
category cutoff values were not predesignated but data-driven.
Our analyses were also limited in that we could not account for
certain ADRD risk factors because they were not available to
us, such as cognitive status at young ages (63) and depression
status (64). Therefore, residual confounding cannot be ruled
out. Focusing on the flavonoid components alone independent
of their presence in the overall diet is another limitation of our
work because we might have failed to detect the synergistic or
antagonistic interactions between flavonoids and other nutrients
in the diet (65). A final limitation is the generalizability of our
results, because essentially all participants of the FHS Offspring
cohort were white and of European descent.

In conclusion, our findings are an important addition to the
limited evidence that higher long-term flavonoid intake could
reduce the risk of ADRD and AD. These findings also add to the
evidence that diet could be an important contributor to ADRD and
AD risk. Future studies in larger and more racially and ethnically
diverse subjects are warranted to confirm our findings.
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