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Abstract: Healthy dietary patterns rich in flavonoids may benefit cognitive performance over time.
Among socioeconomically disadvantaged groups, the association between flavonoid intake and
measures of cognition is unclear. This study sought to identify associations between flavonoid intake
and cognitive performance among Healthy Aging in Neighborhoods of Diversity across the Life Span
(HANDLS) study participants (n = 1947) across three study visits. Flavonoid intakes were assessed
via two 24-h dietary recalls. Cognitive performance was assessed via the Trail Making Test (TMT)-
A and TMT-B, which provide measures of attention and executive function, respectively. Mixed
effects linear regression was used to model TMT scores over three study visits against visit 1 (v1)
flavonoid intake, time (years from v1), and the interaction between v1 flavonoid intake and time,
capturing both the cross-sectional association between flavonoid intake and time at v1 as well as the
longitudinal association between v1 flavonoid intake and the change in TMT scores over time. Prior
to adjustment, inverse cross-sectional associations at v1 were observed between (1) anthocyanidin
intake and TMT-A scores for the overall sample and (2) total flavonoid, anthocyanidin, flavan-3-ol,
flavone, and flavonol intake and TMT-B scores for the overall sample and among White adults. Only
the association between anthocyanidin intake and TMT-B at v1 among White adults persisted after
adjustment (for demographic characteristics such as age). One possible explanation for the few
significant associations is universally low flavonoid intakes resulting from the consumption of an
unhealthy dietary pattern.

Keywords: flavonoids; cognition; Trail Making Test; African Americans; HANDLS

1. Introduction

According to the United States (US) Health and Retirement Study, approximately
two out of three American adults experience some level of cognitive impairment (but
not dementia) at an average age of approximately 70 years [1]. Cognitive impairment
is characterized by trouble remembering, learning new things, concentrating, or making
decisions that affect everyday life and can vary from mild to severe [2]. Women have a
71% lifetime risk of experiencing cognitive impairment before death while men have a 61%
lifetime risk [1]. There are large disparities in the risk by race, with 72% of Black men and
83% of Black women experiencing impairment, compared to 57% and 66% of White men
and women, respectively [1]. Lifetime risk also varies with level of education, as those with
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less than a high school degree have the greatest risk compared to those with high school
or higher educational attainment [1]. However, the mechanisms driving these disparities
have not been identified. A challenge for health professionals is to identify strategies to
minimize age-related cognitive decline, especially among high-risk populations.

There is evidence, although limited, that flavonoids and/or foods rich in flavonoid
compounds have the potential to improve cognition at the preclinical and clinical levels [3,4].
Meta-analyses of randomized controlled trials with multiple populations suggest that
flavonoid intake offers protective neurocognitive benefits across a lifespan [5]. Associations
differ by food source, which may reflect the bioavailability of flavonoids and flavonoid
subclasses [3,5–7], the ability of the flavonoid to cross the blood–brain barrier, and the
diversity in gut microbiome-generated flavonoid metabolites. These metabolites can also
be transported by the vagus nerve and systemic circulation to the brain [8–10]. However,
findings from both observational and longitudinal studies describing associations between
flavonoid intake and cognitive measures have been inconsistent [6,11–16]. This may be due
to differences in the populations studied, the dietary and/or cognitive assessment methods
employed, and/or the other explanatory variables that are included in the models [17].

Impaired executive function and overall cognition are symptoms of major depression,
a disease that affects approximately 21 million Americans annually [18]. Flavonoid con-
sumption is associated with a decreased risk of developing depression [19]. There is also
evidence that diets rich in flavonoids reduce the risk of developing dementia and have the
potential to improve symptoms in individuals with Alzheimer’s disease [20,21]. The role
of flavonoids and their potential impact as natural therapies in mental health and neurolog-
ical disorders, such as Alzheimer’s and Parkinson’s diseases, is under investigation. Our
knowledge of the roles and benefits of flavonoids on mental health and related diseases
is limited and needs expansion, especially since flavonoids are abundantly available in
plant-based foods and beverages [22,23].

Many studies in the literature describing associations between flavonoid intake and
cognition have analyzed samples comprised primarily of White adults with average to
above-average income and/or education [6,11,12,24]. As previously noted, the factors
contributing to the disparities in lifetime risk of cognitive impairment among Black versus
White adults warrant exploration. The Healthy Aging in Neighborhoods of Diversity
across the Life Span (HANDLS) study provides the opportunity to investigate potential
differences in flavonoid–cognition associations by race, as the sample is comprised of urban
African American and White adults aged 30–64 from diverse socioeconomic backgrounds.
Previous research documented significantly lower flavonoid intakes for African American
HANDLS study participants compared to White study participants [25]. The objective of
this study was to determine if associations exist between flavonoid intake and cognitive
performance among a socioeconomically diverse sample, overall, and stratified by race,
using the HANDLS study.

2. Methods
2.1. Study Sample

A total of 3720 adults aged 30–64 years were enrolled in the HANDLS study, all of
whom resided in Baltimore City, Maryland, USA, in 13 specifically determined neighbor-
hoods. Race was self-reported as African American or White. The baseline visit (visit 1) of
this prospective cohort study was initiated in August 2004 and ended in March 2009. A
detailed description of the study design and procedures is available online [26,27].

All participants were provided with a protocol booklet and watched a video that
explained the study procedures before giving written informed consent [27]. The study
protocol was approved by the Institutional Review Board of the National Institutes of
Health. Data for this study, a secondary analysis, were derived from visit 1 and the third
and fifth follow-up examinations (visit 3, 2009–2013, and visit 5, 2017–2020, respectively).

The analytical sample consisted of 1947 participants with complete dietary data at
visit 1 and at least one test result for both the Trail Making Test (TMT)-A and TMT-B, the
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response variables measuring cognitive performance, across visits 1, 3, and 5 (Figure 1).
Sample participants were excluded if they had a score of <24 on the Mini-Mental State
Exam (MMSE), a tool assessing the subset of cognitive status including attention, language,
memory, orientation, and visuospatial proficiency [28]. A score of <24 indicates cognitive
impairment [29].
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Figure 1. Flow diagram for study participation selection from Wave 1, HANDLS 2004–2009. Ab-
breviations: TMT, Trail Making Test, and MMSE, Mini-Mental State Exam. a The primary analytic
sample consisted of the 1947 adults shown here. However, an additional analysis used the 2140 adults
available prior to the exclusion for MMSE, while a second additional analysis used the 846 adults
that remained after excluding 1101 individuals <50 years of age at visit 1.

2.2. Assessment of Flavonoid Intake

Intake of total flavonoids and five flavonoid classes was calculated from two 24-h
dietary recalls collected in person by trained interviewers using the US Department of
Agriculture (USDA) Automated Multiple Pass Method [30]. Participants were provided
an illustrated food model booklet and measurement aids (ruler, measuring spoons, and
cups) to assist them in recalling portion sizes of foods and beverages consumed. The
USDA Food and Nutrient Database for Dietary Studies 3.0 was used to assign food codes
with associated energy and nutrient profiles to all the foods and beverages reported in the
recalls [31].

The USDA food codes provided the link between the dietary data and flavonoid
composition data from the Database for Flavonoid Values for USDA Survey Food Codes
2007–2010 [32,33]. Mean dietary flavonoid intakes were estimated from foods and beverages
only; no data were collected on baseline supplement intakes. For this study, 2-day mean
intakes of energy, anthocyanidins, flavan-3-ols (inclusive of catechins, theaflavins, and
thearubigins), flavanones, flavones, flavonols, and total flavonoids (summative total of the
five previously listed classes plus isoflavones) were calculated.

2.3. Cognitive Measures

The TMT, a neuropsychological test, consists of two parts, A and B. It requires a variety
of mental abilities for successful performance, including letter and number recognition,
mental flexibility, visual scanning, and motor function [34]. TMT-A is generally regarded as
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measuring the attention, visual search, and motor skills domains that are associated with
the non-dominant (right) cerebral hemisphere [35]. TMT-B is generally seen as a measure of
the executive function, motor skills, speed of attention, and visual search domains, which
are associated with the dominant (left) cerebral hemisphere [35].

Scores for both the TMT-A and TMT-B were obtained from participants at visits 1,
3, and 5. Prior to the start of both assessments, sample tests were performed to ensure
the participant understood the task. In TMT-A, the participant drew a line to connect
consecutive numbers, from 1 to 25. In TMT-B, the participant connected numbers and
letters in an alternating progressive sequence, from a number to a letter, then a letter to a
number, i.e., the sequence was from 1 to A, A to 2, 2 to B, B to 3, and so on. A stopwatch was
used to record the time to complete each part, in seconds. The examiner started timing each
part as soon as the instructions were completed and the participant was signaled to begin.
Participants were allowed 5 min to complete each part of the TMT. The time to completion
of TMT-A and TMT-B, in seconds, was recorded separately and used in the analyses.

2.4. Statistical Analyses
2.4.1. Basic Model

Longitudinal mixed linear models were used to explore the associations between the
response variables, TMT-A and TMT-B, collected over three time points (visits 1, 3, and
5) and visit 1 flavonoid intake. The aim of the modeling was to assess the associations
between (1) flavonoid intake and TMT scores at visit 1 (cross-sectional) and (2) flavonoid
intake at visit 1 and the change in TMT scores over time (longitudinal). The natural log
(ln) of TMT-A and TMT-B was modeled, as both variables exhibited a strong right skew.
A basic unadjusted model including only the variables needed to address the aims was
fit, as well as three adjusted models that added covariates with the potential to affect
test performance (e.g., age at baseline) to the basic model. The basic model included
fixed effects for flavonoid intake at visit 1, time measured as years from visit 1, and the
interaction between visit 1 flavonoid intake and time. It also included a random intercept
with an unstructured covariance matrix to capture the correlation between repeated visits
on a single subject. The fixed effects coefficient for visit 1 flavonoid intake captures the
relationship between visit 1 flavonoid intake and visit 1 ln(TMT), addressing the first aim.
In other words, it captures the effect of baseline flavonoid intake on ln(TMT) when time = 0
(i.e., at baseline visit 1) or the cross-sectional flavonoid intake–cognition relationships. The
fixed effects coefficient for the interaction between visit 1 flavonoid intake and time captures
the relationship between visit 1 flavonoid intake and the change in ln(TMT) over time,
addressing the second aim (i.e., the longitudinal flavonoid intake–cognition relationships).
The remaining three models used 15 covariates grouped as demographic, lifestyle, or
clinical characteristics to adjust the basic statistical model.

2.4.2. Demographic Model

The demographic model was adjusted to the basic model for the following covariates:
baseline (visit 1) age in years; age-squared (to allow for a non-linear relationship between
age and cognition); sex assigned at birth (male or female); self-reported race (African
American or White); income; education; and literacy. Income was indexed by poverty
below or above 125% of the 2004 US Health and Human Services Poverty Guidelines (125%
equals a yearly income of USD 23,563 for a family of four in 2004) [36]. Education was
captured in years. Literacy was measured via the Wide Range Achievement Test-3rd edition
(WRAT3) reading score, which was calculated as the sum of total correctly pronounced
letters and words [37].

2.4.3. Lifestyle Model

In addition to the covariates included in the demographic model, the lifestyle model
included current smoking status, current illicit drug use, and mean energy intake (kcal)
based on two 24-h recalls. At the time of visit 1, illicit drugs were defined as marijuana,
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opiates, and cocaine. Cigarette smokers and users of drugs were categorized as current or
never/former users [27].

2.4.4. Clinical Model

In addition to the covariates included in the demographic model, the clinical model
included diabetes, hypertension, high serum cholesterol, the Center for Epidemiologic
Studies Depression Scale (CES-D) score, and body mass index (BMI). These covariates have
been associated with cognitive performance [2,12,38,39]. Diabetes mellitus was based on
three measures, namely, a fasting glucose level concentration of >126 mg/dL (7.0 mmol/L),
self-reports, and/or taking medication for diabetes [27]. This variable was coded as a
dichotomous variable (diabetic versus not diabetic); the pre-diabetic was grouped with
the not diabetic group. Hypertension was defined as having an average of seated and
standing systolic blood pressure >140 mm Hg, an average of seated and standing diastolic
blood pressure > 90 mm Hg [40], a history of blood pressure medication use, and/or a
self-report of hypertension. Fasting venous blood specimens were collected from partici-
pants in the morning and analyzed by Quest Diagnostics, Inc. (Chantilly, VA, USA). The
serum total cholesterol (mg/dL) was assessed using a spectrophotometer (Olympus 5400,
Olympus, Melville, NY, USA). High serum cholesterol was defined as having a fasting
blood level > 200 mg/dL, self-reports, and/or taking medication to lower serum choles-
terol. Depressive symptoms were measured by the 20-item CES-D, a symptom rating scale
assessing self-reported depressed mood [41]. BMI (kg/m2) was calculated from measured
weight and height. A calibrated Med-weigh model 2500 digital scale was used to measure
weight. Height was measured with the HANDLS study participant’s heels and back against
a stadiometer (Novel Products, Inc., Rockton, IL, USA).

2.4.5. Missing Data

Several covariates had missing data: education (<1% of values), WRAT3 score (<1%),
current smoking status (11%), current illicit drug use (30%), diabetes status (6%), hyperten-
sion status (16%), high cholesterol status (6%), CES-D (5%), and BMI (5%). Missing data for
these variables were imputed using a discriminant function for the categorical variables
and predictive mean matching for the continuous variables. Twenty imputed datasets
were created. To avoid bias in estimates, all variables included in the analysis model were
included in the imputation model [42]. Therefore, imputation models included ln(TMT-
A), ln(TMT-B), race, time, baseline (visit 1) flavonoid intakes (total and class-specific),
interactions between flavonoid intakes and time, age, age-squared, sex, poverty status,
education, WRAT3 score, smoking status, illicit drug use, total energy intake, diabetes
status, hypertension status, high cholesterol status, CES-D, and BMI.

2.4.6. Model Detail

All statistical analyses were performed using SAS v 9.4. All models were fit for the
entire analytic study sample and stratified by race. Separate models were used for total
flavonoids and each flavonoid class (anthocyanidins, flavan-3-ols, flavanones, flavones,
and flavonols). Two additional analyses were performed: (1) limiting the sample to
adults ≥50 years of age and (2) including subjects that were initially excluded from the
analytic sample based on visit 1 MMSE. Regression estimates were reported for a 10-unit
increase in flavonoid intake. Statistical significance was set at α = 0.0083 after applying a
Bonferroni adjustment of α = 0.05/6 to account for the 6 different flavonoid intake values
being assessed.

3. Results
3.1. Study Sample Description

At visit 1, the analytical sample of n = 1947 adults had an average age of 48 years; 42%
were male and 16% had diabetes (Table 1). The mean years of education was 12.3. Thirty
percent of the sample had not completed high school. Among White adults (n = 823), 31%
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lived at <125% poverty, compared to 50% of African American adults (n = 1124). Approxi-
mately 56% of White participants had high serum cholesterol and 38% had hypertension,
compared to 44% and 49% of African American participants, respectively. Moreover, ap-
proximately 47% of the overall sample were current cigarette smokers and 18% were current
users of marijuana, opiates, and/or cocaine.

Table 1. Description of visit 1 characteristics, overall analytical sample, and race, HANDLS 2004–2009.

Characteristic
All Adults
(n = 1947)

White Adults
(n = 823)

African American
Adults

(n = 1124)
¯
X ± SE

¯
X ± SE

¯
X ± SE

Energy Intake (kcal/d) 2015 ± 22 2036 ± 32 1999 ± 30
Age, years 48.06 ± 0.21 48.28 ± 0.33 47.90 ± 0.28

WRAT3 score 43.09 ± 0.16 45.89 ± 0.23 41.05 ± 0.21
CES-D 14.58 ± 0.25 14.80 ± 0.40 14.41 ± 0.32

Body Mass Index 29.98 ± 0.18 30.05 ± 0.26 29.93 ± 0.23
Education (yrs) 12.31 ± 0.06 12.56 ± 0.10 12.13 ± 0.07

% ± SE % ± SE % ± SE

Male Sex 41.60 ± 1.12 40.58 ± 1.71 42.35 ± 1.47
Poverty < 125% a 42.01 ± 1.12 31.11 ± 1.61 50.00 ± 1.49
High Cholesterol 49.25 ± 1.18 56.37 ± 1.81 44.03 ± 1.56

Diabetes 15.83 ± 0.83 15.80 ± 1.29 15.85 ± 1.10
Hypertension 44.58 ± 1.14 38.13 ± 1.72 49.31 ± 1.50

Current smoker 47.24 ± 1.16 43.78 ± 1.80 49.78 ± 1.54
Current drug user b 17.84 ± 0.89 12.29 ± 1.18 21.90 ± 1.27

Abbreviations: SE, standard error; WRAT3, Wide Range Achievement Test-3rd ed; CES-D, Center of Epidemiolog-
ical Studies-Depression; kcal/d, kilocalories/day; yrs, years. a Poverty < 125% of 2004 DHHS levels [36]. b Drug
use is defined as illicit drugs, specifically, marijuana, cocaine, and opiates.

The intake of total flavonoids and all flavonoid classes was highly skewed. For total
flavonoids, the mean intake was 253 mg with a standard error (SE) of 11.5 mg, whereas
the median was 68.1 mg with an interquartile range (IQR) of 19.7–297.5 mg (Table 2). On
a weight basis, flavan-3-ols accounted for approximately 85% of intake. The mean and
median intake of flavan-3-ols was 214 mg (SE = 11.1 mg) and 14.7 mg (IQR = 3.3–248.1 mg),
respectively, followed by flavonols (mean 18.1 mg, SE = 0.5 mg; and median 12.9 mg,
(IQR = 6.2–23.7 mg)). The median score on the TMT-A was 31 s (IQR = 25–41 s) and the
median score on the TMT-B was 87 s (IQR = 62–139 s).

Table 2. Visit 1 flavonoid intake and cognitive function, HANDLS 2004–2009.

Characteristic ¯
X ± SE Median IQR (Q1–Q3)

Total 253.31 ± 11.54 68.11 (19.66–297.47)
Flavonols 18.14 ± 0.46 12.85 (6.18–23.69)
Flavones 0.62 ± 0.02 0.32 (0.11–0.76)

Flavanones 12.44 ± 0.62 0.38 (0.00–11.82)
Flavan-3-ols 214.43 ± 11.13 14.73 (3.30–248.11)

Anthocyanins 6.61 ± 0.45 0.36 (0.00–3.39)
TMT-A 37.88 ± 1.06 31.00 (25.00–41.00)
TMT-B 144.58 ± 3.53 87.00 (62.00–139.00)

Abbreviations: SE, standard error; IQR, interquartile range; Q, quartile; mg, milligrams; sec, seconds; TMT, Trails
Making Test.

3.2. Flavonoid-TMT A and B Associations

Among all study subjects, the basic model demonstrated a significant association be-
tween visit 1 anthocyanidin intake and visit 1ln(TMT-A) scores. For a 10-unit (mg) increase
in anthocyanidin intake, the ln(TMT-A) would be expected to decrease by 0.013 units at
visit 1 (seconds; p = 0.006; Table 3). The association is depicted in Figure 2, where at time = 0
(i.e., visit 1), the predicted value for ln(TMT-B) is lower (i.e., predicted cognition is higher)
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for larger values of visit 1 anthocyanidin intake. This association was not significant after
covariate adjustment in the demographic, lifestyle, or clinical models. There was no signifi-
cant relationship between visit 1 flavonoid intake and change in ln(TMT-A) over time. An
example of this lack of association over time is shown in Figure 2. The parallel lines indicate
that differing levels of visit 1 anthocyanidin intake are not associated with differences in
the rate of change in cognition over time. In addition, there were no significant associations
between visit 1 flavonoid intake and either visit 1 ln(TMT-A) or change in ln(TMT-A) over
time among White adults (Table S1) or African American adults (Table S2) when stratified
by race.

There were several significant associations between visit 1 flavonoid intake and visit
1 ln(TMT-B) among all study subjects using the basic model. A significant decrease in
ln(TMT-B) was observed for a 10-unit increase in intake of total flavonoids and all flavonoid
classes except flavanones (Table 4). The significant associations included intake of total
flavonoids (β̂ = −0.001, p = 0.001), flavones (β̂ = −0.887, p < 0.001), flavonols (β̂ = −0.030,
p < 0.001), flavan-3-ols (β̂ = −0.001, p = 0.002), and anthocyanidins (β̂ = −0.031, p < 0.001).
However, there were no significant associations between visit 1 flavonoid intake and
change in ln(TMT-B) over time. In addition, the significant associations did not persist after
adjusting for covariates in the demographic, lifestyle, or clinical models.

Among White adults, significant associations between visit 1 flavonoid intake and
visit 1 ln(TMT-B) exist for flavone intake (β̂ = −0.745, p-value < 0.001) and anthocyanidin
intake (β̂ = −0.044, p-value < 0.001) in the basic model (Table 5). The only association to
persist with further adjustment was that between anthocyanidin intake and ln(TMT-B)
score and it was found in the demographic model only (ˆ = −0.022, p-value = 0.006). No
significant associations were observed among African American adults (Table 6).

Nutrients 2024, 16, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 2. Linear prediction of ln(TMT-A), by time and visit 1 anthocyanidin levels, among all study 
subjects using the basic model, HANDLS 2004–2020. 
Figure 2. Linear prediction of ln(TMT-A), by time and visit 1 anthocyanidin levels, among all study
subjects using the basic model, HANDLS 2004–2020.



Nutrients 2024, 16, 1360 8 of 17

Table 3. Association a between visit 1 flavonoid intake and ln(TMT-A) for all study participants, HANDLS 2004–2020.

Basic Model b Demographic Model c Lifestyle Model d Clinical Model e

β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value
Flavonoid Main Effect: Association between visit 1 flavonoid intake and visit 1 ln(TMT-A)

Total Flavonoids −0.00034 ± 0.00019 0.065 0.00011 ± 0.00017 0.523 0.00014 ± 0.00017 0.401 0.00005 ± 0.00017 0.759
Flavones −0.20026 ± 0.09613 0.037 0.08503 ± 0.08817 0.335 0.13137 ± 0.08862 0.138 0.08991 ± 0.08762 0.305
Flavonols −0.01021 ± 0.00468 0.029 0.00131 ± 0.00426 0.759 0.00491 ± 0.00433 0.256 0.00067 ± 0.00424 0.874
Flavonones −0.00209 ± 0.00350 0.549 −0.00461 ± 0.00316 0.144 −0.00308 ± 0.00318 0.332 −0.00399 ± 0.00314 0.205
Flavan-3-ols −0.00032 ± 0.00019 0.096 0.00013 ± 0.00018 0.453 0.00015 ± 0.00018 0.381 0.00007 ± 0.00017 0.697
Anthocyanidins −0.01301 ± 0.00473 0.006 −0.00395 ± 0.00432 0.361 −0.00199 ± 0.00434 0.647 −0.00281 ± 0.00431 0.514

Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time
Total Flavonoids −0.00001 ± 0.00002 0.823 −0.00001 ± 0.00002 0.618 −0.00001 ± 0.00002 0.634 −0.00001 ± 0.00002 0.631
Flavones −0.02099 ± 0.01207 0.082 −0.02334 ± 0.01195 0.051 −0.02449 ± 0.01196 0.041 −0.02318 ± 0.01195 0.052
Flavonols 0.00003 ± 0.00059 0.964 −0.00012 ± 0.00059 0.838 −0.00010 ± 0.00059 0.863 −0.00015 ± 0.00059 0.798
Flavonones −0.00017 ± 0.00043 0.690 −0.00027 ± 0.00043 0.526 −0.00028 ± 0.00043 0.506 −0.00024 ± 0.00043 0.569
Flavan-3-ols 0.00000 ± 0.00002 0.864 −0.00001 ± 0.00002 0.673 −0.00001 ± 0.00002 0.688 −0.00001 ± 0.00002 0.682
Anthocyanidins −0.00003 ± 0.00050 0.953 −0.00018 ± 0.00049 0.719 −0.00018 ± 0.00049 0.717 −0.00014 ± 0.00049 0.770

Abbreviations: TMT, Trail Making Test; SE, standard error. a Associations are reported for a 10-unit increment in visit 1 flavonoid intake. b Basic model includes fixed effects for visit 1
flavonoid intake, time, and visit 1 flavonoid intake*time. c Demographic model is the basic model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in
years, and Wide Range Achievement Test (WRAT) scores. d Lifestyle model is the demographic model adjusted for current smoking status, current drug use, and total energy intake at
visit 1. e Clinical model is the demographic model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass
index (BMI).

Table 4. Association a between visit 1 flavonoid intake and ln(TMT-B) for all study participants, HANDLS 2004–2020.

Basic Model b Demographic Model c Lifestyle Model d Clinical Model e

β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value
Flavonoid Main Effect: Association between visit 1 flavonoid intake and visit 1 ln(TMT-B)

Total Flavonoids −0.00105 ± 0.00031 0.001 −0.00015 ± 0.00027 0.586 −0.00011 ± 0.00027 0.684 −0.00022 ± 0.00026 0.410
Flavones −0.88659 ± 0.16112 <0.001 −0.15912 ± 0.13936 0.254 −0.10337 ± 0.14033 0.461 −0.13482 ± 0.13754 0.327
Flavonols −0.03028 ± 0.00787 <0.001 −0.00363 ± 0.00673 0.590 0.00078 ± 0.00685 0.910 −0.00422 ± 0.00665 0.526
Flavonones 0.00860 ± 0.00589 0.144 0.00591 ± 0.00499 0.237 0.00813 ± 0.00502 0.106 0.00738 ± 0.00493 0.134
Flavan-3-ols −0.00103 ± 0.00033 0.002 −0.00016 ± 0.00028 0.569 −0.00014 ± 0.00028 0.621 −0.00025 ± 0.00027 0.372
Anthocyanidins −0.03067 ± 0.00799 <0.001 −0.00381 ± 0.00686 0.578 −0.00120 ± 0.00689 0.862 −0.00115 ± 0.00678 0.865
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Table 4. Cont.

Basic Model b Demographic Model c Lifestyle Model d Clinical Model e

β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time

Total Flavonoids 0.00007 ± 0.00003 0.033 0.00006 ± 0.00003 0.070 0.00006 ± 0.00003 0.067 0.00005 ± 0.00003 0.091
Flavones 0.01514 ± 0.01644 0.358 0.01254 ± 0.01630 0.442 0.01169 ± 0.01633 0.474 0.01189 ± 0.01629 0.466
Flavonols 0.00177 ± 0.00082 0.031 0.00152 ± 0.00081 0.059 0.00154 ± 0.00081 0.057 0.00131 ± 0.00081 0.105
Flavonones −0.00038 ± 0.00059 0.521 −0.00052 ± 0.00059 0.370 −0.00054 ± 0.00059 0.360 −0.00055 ± 0.00059 0.345
Flavan-3-ols 0.00007 ± 0.00003 0.033 0.00006 ± 0.00003 0.067 0.00006 ± 0.00003 0.064 0.00006 ± 0.00003 0.085
Anthocyanidins 0.00044 ± 0.00068 0.520 0.00027 ± 0.00067 0.684 0.00026 ± 0.00067 0.697 0.00025 ± 0.00067 0.714

Abbreviations: TMT, Trail Making Test; SE, standard error. a Associations are reported for a 10-unit increment in visit 1 flavonoid intake. b Basic model includes fixed effects for visit 1
flavonoid intake, time, and visit 1 flavonoid intake*time. c Demographic model is the basic model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in
years, and Wide Range Achievement Test (WRAT) scores. d Lifestyle model is the demographic model adjusted for current smoking status, current drug use, and total energy intake at
visit 1. e Clinical model is the demographic model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass
index (BMI).

Table 5. Association a between visit 1 flavonoid intake and ln(TMT-B) for White study participants, HANDLS 2004–2020.

Basic Model b Demographic Model c Lifestyle Model d Clinical Model e

β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value
Flavonoid Main Effect: Association between visit 1 flavonoid intake and visit 1 ln(TMT-B)

Total Flavonoids −0.00027 ± 0.00030 0.371 −0.00018 ± 0.00026 0.505 −0.00016 ± 0.00026 0.539 −0.00024 ± 0.00026 0.364
Flavones −0.74494 ± 0.17815 <0.001 −0.34641 ± 0.15731 0.028 −0.31370 ± 0.15890 0.048 −0.33389 ± 0.15590 0.032
Flavonols −0.01483 ± 0.00817 0.070 −0.00545 ± 0.00705 0.439 −0.00389 ± 0.00713 0.585 −0.00635 ± 0.00700 0.364
Flavonones −0.01065 ± 0.00967 0.271 −0.00173 ± 0.00845 0.838 −0.00008 ± 0.00850 0.992 0.00119 ± 0.00839 0.887
Flavan-3-ols −0.00019 ± 0.00032 0.538 −0.00015 ± 0.00027 0.588 −0.00014 ± 0.00027 0.610 −0.00022 ± 0.00027 0.420
Anthocyanidins −0.04363 ± 0.00896 <0.001 −0.02208 ± 0.00802 0.006 −0.02080 ± 0.00806 0.010 −0.02031 ± 0.00797 0.011

Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time
Total Flavonoids 0.00005 ± 0.00003 0.118 0.00004 ± 0.00003 0.211 0.00004 ± 0.00003 0.204 0.00004 ± 0.00003 0.221
Flavones 0.02941 ± 0.01983 0.138 0.02882 ± 0.01967 0.143 0.02839 ± 0.01973 0.150 0.03199 ± 0.01963 0.103
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Table 5. Cont.

Basic Model b Demographic Model c Lifestyle Model d Clinical Model e

β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value
Flavonols 0.00161 ± 0.00087 0.063 0.00133 ± 0.00086 0.120 0.00135 ± 0.00086 0.117 0.00125 ± 0.00086 0.145
Flavonones −0.00033 ± 0.00117 0.778 −0.00042 ± 0.00115 0.713 −0.00046 ± 0.00116 0.693 −0.00050 ± 0.00115 0.664
Flavan-3-ols 0.00005 ± 0.00003 0.133 0.00004 ± 0.00003 0.230 0.00004 ± 0.00003 0.221 0.00004 ± 0.00003 0.237
Anthocyanidins 0.00112 ± 0.00081 0.169 0.00091 ± 0.00080 0.259 0.00088 ± 0.00081 0.274 0.00085 ± 0.00080 0.287

Abbreviations: TMT, Trail Making Test; SE, standard error. a Associations are reported for a 10-unit increment in visit 1 flavonoid intake. b Basic model includes fixed effects for visit 1
flavonoid intake, time, and visit 1 flavonoid intake*time. c Demographic model is the basic model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in
years, and Wide Range Achievement Test (WRAT) scores. d Lifestyle model is the demographic model adjusted for current smoking status, current drug use, and total energy intake at
visit 1. e Clinical model is the demographic model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass
index (BMI).

Table 6. Association a between visit 1 flavonoid intake and ln(TMT-B) for African American study participants, HANDLS 2004–2020.

Basic Model b Demographic Model c Lifestyle Model d Clinical Model e

β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value β̂ ± SE p-Value
Flavonoid Main Effect: Association between visit 1 flavonoid intake and visit 1 ln(TMT-B)

Total Flavonoids −0.00044 ± 0.00078 0.572 0.00028 ± 0.00069 0.689 0.00041 ± 0.00069 0.552 0.00037 ± 0.00068 0.584
Flavones −0.30104 ± 0.27141 0.268 0.12748 ± 0.24401 0.601 0.21299 ± 0.24538 0.385 0.15898 ± 0.24035 0.508
Flavonols −0.00647 ± 0.01531 0.673 0.00451 ± 0.01380 0.744 0.01712 ± 0.01434 0.233 0.00721 ± 0.01360 0.596
Flavonones 0.00499 ± 0.00705 0.479 0.00868 ± 0.00629 0.168 0.01140 ± 0.00634 0.072 0.00915 ± 0.00620 0.140
Flavan-3-ols −0.00057 ± 0.00081 0.481 0.00008 ± 0.00072 0.914 0.00014 ± 0.00072 0.847 0.00015 ± 0.00071 0.828
Anthocyanidins 0.01909 ± 0.01283 0.137 0.02348 ± 0.01144 0.040 0.02879 ± 0.01153 0.013 0.02559 ± 0.01127 0.023

Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time
Total Flavonoids 0.00008 ± 0.00008 0.293 0.00008 ± 0.00008 0.329 0.00008 ± 0.00008 0.318 0.00006 ± 0.00008 0.444
Flavones −0.01426 ± 0.02592 0.582 −0.01687 ± 0.02578 0.513 −0.01925 ± 0.02584 0.456 −0.02176 ± 0.02583 0.399
Flavonols 0.00108 ± 0.00159 0.497 0.00110 ± 0.00158 0.486 0.00113 ± 0.00158 0.475 0.00056 ± 0.00158 0.723
Flavonones −0.00025 ± 0.00071 0.727 −0.00040 ± 0.00071 0.577 −0.00041 ± 0.00071 0.563 −0.00041 ± 0.00071 0.562
Flavan-3-ols 0.00010 ± 0.00008 0.241 0.00009 ± 0.00008 0.264 0.00009 ± 0.00008 0.255 0.00008 ± 0.00008 0.359
Anthocyanidins −0.00108 ± 0.00109 0.321 −0.00106 ± 0.00108 0.325 −0.00108 ± 0.00108 0.317 −0.00109 ± 0.00108 0.313

Abbreviations: TMT, Trail Making Test; SE, standard error. a Associations are reported for a 10-unit increment in visit 1 flavonoid intake. b Basic model includes fixed effects for visit 1
flavonoid intake, time, and visit 1 flavonoid intake*time. c Demographic model is the basic model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in
years, and Wide Range Achievement Test (WRAT) scores. d Lifestyle model is the demographic model adjusted for current smoking status, current drug use, and total energy intake at
visit 1. e Clinical model is the demographic model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass
index (BMI).
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An additional analysis performed limited the study sample to adults ≥50 years of age
(n = 846). No significant associations were seen between visit 1 flavonoid intake and visit 1
ln(TMT-A) or the change in ln(TMT-A) over time in any of the four models among all adults
(Table S3), among White adults (Table S4), or among African American adults (Table S5).
Using the basic model, visit 1 ln(TMT-B) exhibited expected decreases of 0.786 units for
a 10-unit increase in visit 1 flavone intake (p-value = 0.003) and 0.037 units for a 10-unit
increase in visit 1 anthocyanidin intake (p-value = 0.001) among all study subjects (Table S6).
However, the associations did not persist after adjustment and no significant associations
were observed between visit 1 flavonoid intake and change in ln(TMT-B) over time. The
relationship between visit 1 anthocyanidin intake and visit 1 ln(TMT-B) using the basic
model was also observed among White adults (β̂ = −0.038, p-value = 0.001; Table S7) but
not among African American adults (Table S8). No other significant associations were
observed for ln(TMT-B) among White or African American adults aged 50 years and older.

In a second additional analysis (retaining individuals originally excluded because their
visit 1 MMSE was <24), significant associations were observed with the basic model only
between visit 1 flavonoid intake and visit 1 ln(TMT-A) among all adults for flavone intake
(β̂ = −0.309, p = 0.002), flavonols intake (β̂ = −0.015, p = 0.002), and anthocyanidin intake
(β̂ = −0.017, p = 0.001) and among White adults for anthocyanidin intake (β̂ = −0.017,
p = 0.003) (Tables S9–S11). The findings between visit 1 flavonoid intake and visit 1
ln(TMT-B) were similar to those seen in the original study sample, with significant as-
sociations in the basic model only for total flavonoids and all flavonoid classes except
flavanones among all adults (Table S12) and flavones and anthocyanidins among White
adults (Tables S13 and S14).

4. Discussion

This study sought to determine if dietary flavonoid intake based on multiple 24-h
dietary recalls was associated with cognitive function as assessed by the TMT-A and TMT-B
scores. The associations evaluated included flavonoid intake and cognitive scores at visit 1
(cross-sectional) as well as flavonoid intake at visit 1 and cognitive scores over three study
visits (longitudinal). To our knowledge, this is the first time that these relationships have
been investigated in a sample of exclusively urban African American and White adults who
present with multiple risk factors for diet-related disease, including cognitive impairment.

The basic model revealed several significant inverse associations between dietary
intake of flavonoids at visit 1 and TMT-B scores at visit 1 for the overall sample and for
White adults. In contrast, TMT-A scores were only inversely associated with anthocyanidin
intake at visit 1 and only for the overall sample. Only the association between TMT-B
and anthocyanidin intake at visit 1 among White adults was significant after covariate
adjustment and only in the demographic model. Further adjustment of clinical and lifestyle
characteristics mitigated the association. No other significant associations were found
between flavonoid intake and TMT-A or TMT-B scores after covariate adjustments, either
cross-sectionally or over time, for the overall sample, or among African American adults or
White adults.

The null associations were not unanticipated. Results from research studies of flavonoid-
cognitive associations have been inconsistent and even contradictory [43–49]. Those epidemi-
ological and intervention studies that did find positive associations between the increased
consumption of flavonoid-rich foods and cognitive function cite only weak effects [44,48]. For
instance, Desideri and colleagues [45] and Mastroiacovo and colleagues [46] both noted slight
improvements in TMT-A and TMT-B occurring with flavan-3-ol intakes of 520 or 993 mg,
respectively, compared to 48 mg over 8 weeks while Brickman and colleagues [47] found an
improvement only in TMT-B with flavan-3-ol intakes of 609 vs. 13 mg over 30 days. These
findings suggest that cognitive change over time may not be detectable in both TMT-A and
-B and that it may be dose-dependent. Other research has suggested such a dose-response
relationship [50]. The total mean flavonoid intake of the HANDLS study participants was
only 253 mg (median 68 mg, IQR 20–297 mg), which is well below the intakes cited in these
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previous studies showing positive associations. Additionally, the current recommendation for
flavan-3-ols intake to reduce the risk of other chronic diseases, namely, cardiovascular disease
and diabetes, is 400–600 mg/d [51] and the mean intake among HANDLS participants was
only 214 mg (median 15 mg, IQR 3–248 mg). Furthermore, previous research reported that
intakes of anthocyanidins and flavones were lower in the HANDLS study sample compared
to the US population with similar demographic characteristics examined in What We Eat in
America-National Health and Nutrition Examination Survey (WWEIA-NHANES) [32]. In
HANDLS, it has been shown that diet quality as assessed by the dietary inflammatory index
improved minimally over time [52], implying that the intake of flavonoids is also stable. It is
plausible that flavonoid intakes in the HANDLS study were too low to detect any associations
with cognitive measures.

The mechanisms by which flavonoids may improve cognitive function are not fully un-
derstood. The ability of flavonoids to improve cognition over short time frames may be me-
diated by peripheral vascular changes facilitating more efficient cerebral blood flow [43,44].
For example, anthocyanidins and their metabolites have neuroprotective actions, includ-
ing decreasing neuroinflammation, preventing excitotoxicity, preventing aggregation of
proteins, and activating pro-survival pathways while inhibiting pro-apoptotic pathways
and improving axonal health [50]. They have been shown to enter the brain and their
concentrations are correlated with cognitive performance [53,54], a possible explanation
for the inverse associations seen between anthocyanidin intake and TMT-A and TMT-B in
the basic models.

There is evidence that TMT performance declines in normal aging, with TMT-B
performance declining more rapidly than TMT-A performance in older adults [55,56]. TMT-
B is considered a measure of fluid intelligence [57]. Many fluid cognitive abilities, especially
psychomotor ability and processing speed, peak in the third decade of life and then decline
at an estimated rate of −0.02 standard deviations per year [58]. Evidence suggests that the
effects of flavonoids on cognition are mediated by age and are dose-dependent [50]. The
age of the sample at visit 1 ranged from 30 to 64 years with a mean follow-up of 12.1 years
among those subjects that completed visit 5, suggesting many participants were at or close
to their cognitive peak at baseline. Consequently, it is expected that any flavonoid–cognition
associations observed would only concern cognitive measures of more complex abilities,
such as those reflected in the TMT-B [50]. The observed minimally adjusted associations
between flavonoid intake and TMT-B might reflect the potential for improvements in the
complex abilities that comprise the executive function cognitive domain.

It is well-established that healthy dietary patterns are associated with more favorable
cognitive outcomes [58]. Overall, diet quality was low in HANDLS. The mean score for
diet quality evaluated by the Healthy Eating Index-2010 score of the HANDLS study partic-
ipants at visit 1 was 42.6 out of a possible 100 points with a range of 42–49 [52], compared
to a range of mean scores between 57.4 and 61.6 for US individuals of similar ages [59].
In addition, and perhaps at least as important, is the impact of other lifestyle behaviors
on cognitive outcomes that could attenuate any dietary influences on the brain [56]. The
HANDLS study sample has an extremely high prevalence of unhealthy lifestyle behaviors,
as evidenced by about 47% of the sample being classified as current smokers, as compared
to about 21% nationally in 2004 [60]. Smoking is widely associated with cognitive de-
cline [61–63]. The prevalence of chronic diseases among HANDLS study participants is
also high, often higher than the US national population. For example, at the baseline visit
of the HANDLS study, the prevalence of obesity was 42.1% [64]; diabetes, 16.5% [65]; and
hypertension, 45.2% [66]. In comparison, national estimates among adults for a similar
time frame were 32.2% for obesity [67], 10.3% for diabetes [68], and 29.3% for hyperten-
sion [69]. The benefits of flavonoids may be muted not only by their low intake but also
by the high prevalence of other lifestyle behaviors and health conditions that accelerate
cognitive decline.

This study has a few limitations. First, the 24-h dietary recalls were self-reported
and could have been affected by memory, aspects of cognitive reserve like education and
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income, and social desirability bias [70,71]. However, the dietary data collection method,
the automated multiple-pass method, has been validated using the doubly labeled water
technique and has been shown to reduce bias in the collection of energy intakes [72]. Second,
nutritional supplement intake was not obtained at visit 1 but could impact flavonoid
intake and thus flavonoid–cognition associations. Lastly, due to data availability, only one
cognitive measure was used in the analyses.

This study has several strengths. First, the flavonoid database is comprehensive,
containing values for total flavonoids in six classes for over 7000 foods and beverages [33].
Second, the stratified design of the HANDLS study with the relatively large number of
African American participants allowed the investigation of associations by race [26]. More-
over, with the added dimensions of income (low to moderate) and residence (exclusively
urban), the HANDLS study participants represent a socioeconomically disadvantaged
group understudied in the literature. Third, the availability of TMT-A and B over three
time points allowed longitudinal, as well as cross-sectional, analyses. Finally, a variety of
confounders not related to diet were accounted for in the analyses.

5. Conclusions

Minimally adjusted analyses suggest beneficial associations between dietary intake of
flavonoids and cognitive scores, as assessed via the TMT-A and TMT-B scores. However,
accounting for confounders attenuated these relationships. The network of brain regions
used to successfully perform the TMT-A and TMT-B and the potential impact of flavonoids
on these regions has not yet been studied in sufficient detail and warrants further investiga-
tion. In order to advance the field and make conclusive statements based on evidence, it is
important to continue the study of the relationship between flavonoid intake and cognition
in samples with a wide range of flavonoid intake, especially individuals with intakes with
high intakes.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nu16091360/s1. Table S1: Association between visit 1 flavonoid intake
and ln(TMT-A) for White study participants, HANDLS 2004–2020; Table S2: Association between
visit 1 flavonoid intake and ln(TMT-A) for African American study participants, HANDLS 2004–2020;
Table S3: Association between visit 1 flavonoid intake and ln(TMT-A) for all study participants 50+
years, HANDLS 2004–2020; Table S4: Association between visit 1 flavonoid intake and ln(TMT-A)
for White study participants 50+ years, HANDLS 2004–2020; Table S5: Association between visit 1
flavonoid intake and ln(TMT-A) for African American study participants 50+ years, HANDLS 2004–2020;
Table S6: Association between visit 1 flavonoid intake and ln(TMT-B) for all study participants 50+ years,
HANDLS 2004–2020; TableS7: Association between visit 1 flavonoid intake and ln(TMT-B) for White
study participants 50+ years, HANDLS 2004–2020; Table S8: Association between visit 1 flavonoid
intake and ln(TMT-B) for African American study participants 50+ years, HANDLS 2004–2020; Table S9:
Association between visit 1 flavonoid intake and ln(TMT-A) for all study participants without MMSE
exclusion, HANDLS 2004–2020; Table S10: Association between visit 1 flavonoid intake and ln(TMT-A)
for White study participants without MMSE exclusion, HANDLS 2004–2020; Table S11: Association
between visit 1 flavonoid intake and ln(TMT-A) for African American study participants without MMSE
exclusion, HANDLS 2004–2020; Table S12: Association between visit 1 flavonoid intake and ln(TMT-B)
for all study participants without MMSE exclusion, HANDLS 2004–2020; TableS13: Association between
visit 1 flavonoid intake and ln(TMT-B) for White study participants without MMSE exclusion, HANDLS
2004–2020; Table S14: Association between visit 1 flavonoid intake and ln(TMT-B) for African American
study participants without MMSE exclusion, HANDLS 2004–2020.

Author Contributions: Conceptualization, M.F.K. and R.S.S.; methodology, M.F.K., S.B.C., M.A.B.
and J.D.G.; formal analysis, S.B.C. and M.A.B.; resources, A.J.M. and M.K.E.; writing—original draft
preparation, M.F.K., S.B.C. and R.S.S.; writing—review and editing, M.F.K., S.B.C., R.S.S., J.D.G.,
A.J.M., M.K.E. and A.B.Z.; supervision, M.F.K. and A.J.M.; project administration, M.K.E. and A.B.Z.;
funding acquisition, M.K.E. and A.B.Z. All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/nu16091360/s1
https://www.mdpi.com/article/10.3390/nu16091360/s1


Nutrients 2024, 16, 1360 14 of 17

Funding: This work is supported by the Intramural Research Program, National Institute on Aging,
and National Institutes of Health, grant Z01-AG000513.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the National Institutes of Health Institutional Review Board (09AGN248).
The study was originally approved in 2004 and the most recent continuing review was approved 22
October 2023.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available upon request to researchers with valid proposals
who agree to the confidentiality agreement as required by our Institutional Review Board. We
publicize our policies on our website https://handls.nih.gov (accessed 12 February 2024). Requests
for data access may be sent to Alan Zonderman (co-author) or the study manager, Jennifer Norbeck,
at norbeckje@mail.nih.gov.

Acknowledgments: We would like to thank the HANDLS clinical staff and HANDLS participants.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hale, J.M.; Schneider, D.C.; Mehta, N.K.; Myrskylä, M. Cognitive impairment in the U.S.: Lifetime risk, age at onset, and years

impaired. SSM Popul. Health 2020, 11, 100577. [CrossRef]
2. Centers for Disease Control and Prevention. Cognitive Impairment: A Call for Action, Now! Available online: https://www.cdc.

gov/aging/pdf/cognitive_impairment/cogimp_poilicy_final.pdf (accessed on 6 March 2024).
3. Jennings, A.; Steves, C.J.; Macgregor, A.; Spector, T.; Cassidy, A. Increased habitual flavonoid intake predicts attenuation of

cognitive ageing in twins. BMC Med. 2021, 19, 185. [CrossRef]
4. Bakoyiannis, I.; Daskalopoulou, A.; Pergialiotis, V.; Perrea, D. Phytochemicals and cognitive health: Are flavonoids doing the

trick? Biomed. Pharmacother. 2019, 109, 1488–1497. [CrossRef]
5. Cheng, N.; Bell, L.; Lamport, D.J.; Williams, C.M. Dietary Flavonoids and Human Cognition: A Meta-Analysis. Mol. Nutr. Food

Res. 2022, 66, e2100976. [CrossRef] [PubMed]
6. Yeh, T.S.; Yuan, C.; Ascherio, A.; Rosner, B.A.; Willett, W.C.; Blacker, D. Long-term Dietary Flavonoid Intake and Subjective

Cognitive Decline in US Men and Women. Neurology 2021, 97, e1041–e1056. [CrossRef]
7. Gardener, S.L.; Rainey-Smith, S.R.; Weinborn, M.; Bondonno, C.P.; Martins, R.N. Intake of Products Containing Anthocyanins,

Flavanols, and Flavanones, and Cognitive Function: A Narrative Review. Front. Aging Neurosci. 2021, 13, 640381. [CrossRef]
[PubMed]

8. Cheatham, C.L.; Nieman, D.C.; Neilson, A.P.; Lila, M.A. Enhancing the Cognitive Effects of Flavonoids With Physical Activity: Is
There a Case for the Gut Microbiome? Front. Neurosci. 2022, 16, 833202. [CrossRef]

9. Melrose, J. The Potential of Flavonoids and Flavonoid Metabolites in the Treatment of Neurodegenerative Pathology in Disorders
of Cognitive Decline. Antioxidants 2023, 12, 663. [CrossRef]

10. Chu, Z.; Han, S.; Luo, Y.; Zhou, Y.; Zhu, L.; Luo, F. Targeting gut-brain axis by dietary flavonoids ameliorate aging-related
cognition decline: Evidences and mechanisms. Crit. Rev. Food Sci. Nutr. 2023, 1–22. [CrossRef] [PubMed]

11. Godos, J.; Caraci, F.; Castellano, S.; Currenti, W.; Galvano, F.; Ferri, R.; Grosso, G. Association Between Dietary Flavonoids Intake
and Cognitive Function in an Italian Cohort. Biomolecules 2020, 10, 1300. [CrossRef]

12. Shishtar, E.; Rogers, G.T.; Blumberg, J.B.; Au, R.; Jacques, P.F. Long-term dietary flavonoid intake and change in cognitive function
in the Framingham Offspring cohort. Public Health Nutr. 2020, 23, 1576–1588. [CrossRef] [PubMed]

13. Moreira, A.; Diógenes, M.J.; de Mendonça, A.; Lunet, N.; Barros, H. Chocolate Consumption is Associated with a Lower Risk of
Cognitive Decline. J. Alzheimers Dis. 2016, 53, 85–93. [CrossRef] [PubMed]

14. Nooyens, A.C.; Milder, I.E.; van Gelder, B.M.; Bueno-de-Mesquita, H.B.; van Boxtel, M.P.; Verschuren, W.M. Diet and cognitive
decline at middle age: The role of antioxidants. Br. J. Nutr. 2015, 113, 1410–1417. [CrossRef] [PubMed]

15. Root, M.; Ravine, E.; Harper, A. Flavonol Intake and Cognitive Decline in Middle-Aged Adults. J. Med. Food 2015, 18, 1327–1332.
[CrossRef] [PubMed]

16. Letenneur, L.; Proust-Lima, C.; Le Gouge, A.; Dartigues, J.F.; Barberger-Gateau, P. Flavonoid intake and cognitive decline over a
10-year period. Am. J. Epidemiol. 2007, 165, 1364–1371. [CrossRef] [PubMed]

17. Crichton, G.E.; Bryan, J.; Murphy, K.J. Dietary antioxidants, cognitive function and dementia--a systematic review. Plant Foods
Hum. Nutr. 2013, 68, 279–292. [CrossRef] [PubMed]

18. National Institute of Mental Health. Major Depresssion. Available online: https://www.nimh.nih.gov/health/statistics/major-
depression (accessed on 6 March 2024).

19. Miller, K.; Feucht, W.; Schmid, M. Bioactive Compounds of Strawberry and Blueberry and Their Potential Health Effects Based on
Human Intervention Studies: A Brief Overview. Nutrients 2019, 11, 1510. [CrossRef] [PubMed]

https://handls.nih.gov
https://doi.org/10.1016/j.ssmph.2020.100577
https://www.cdc.gov/aging/pdf/cognitive_impairment/cogimp_poilicy_final.pdf
https://www.cdc.gov/aging/pdf/cognitive_impairment/cogimp_poilicy_final.pdf
https://doi.org/10.1186/s12916-021-02057-7
https://doi.org/10.1016/j.biopha.2018.10.086
https://doi.org/10.1002/mnfr.202100976
https://www.ncbi.nlm.nih.gov/pubmed/35333451
https://doi.org/10.1212/wnl.0000000000012454
https://doi.org/10.3389/fnagi.2021.640381
https://www.ncbi.nlm.nih.gov/pubmed/34539375
https://doi.org/10.3389/fnins.2022.833202
https://doi.org/10.3390/antiox12030663
https://doi.org/10.1080/10408398.2023.2222404
https://www.ncbi.nlm.nih.gov/pubmed/37300491
https://doi.org/10.3390/biom10091300
https://doi.org/10.1017/s136898001900394x
https://www.ncbi.nlm.nih.gov/pubmed/32090722
https://doi.org/10.3233/jad-160142
https://www.ncbi.nlm.nih.gov/pubmed/27163823
https://doi.org/10.1017/s0007114515000720
https://www.ncbi.nlm.nih.gov/pubmed/25851267
https://doi.org/10.1089/jmf.2015.0010
https://www.ncbi.nlm.nih.gov/pubmed/26325006
https://doi.org/10.1093/aje/kwm036
https://www.ncbi.nlm.nih.gov/pubmed/17369607
https://doi.org/10.1007/s11130-013-0370-0
https://www.ncbi.nlm.nih.gov/pubmed/23881465
https://www.nimh.nih.gov/health/statistics/major-depression
https://www.nimh.nih.gov/health/statistics/major-depression
https://doi.org/10.3390/nu11071510
https://www.ncbi.nlm.nih.gov/pubmed/31269727


Nutrients 2024, 16, 1360 15 of 17

20. Nicolucci, C.; Padovani, M.; Rodrigues, F.d.C.; Fritsch, L.N.; Santos, A.C.; Priolli, D.G.; Sciani, J.M. Flavonoids: The use in mental
health and related diseases. Nat. Prod. Res. 2023, 1–11. [CrossRef]

21. Calderaro, A.; Patanè, G.T.; Tellone, E.; Barreca, D.; Ficarra, S.; Misiti, F.; Laganà, G. The Neuroprotective Potentiality of Flavonoids
on Alzheimer’s Disease. Int. J. Mol. Sci. 2022, 23, 14835. [CrossRef]

22. Khan, H.; Ullah, H.; Aschner, M.; Cheang, W.S.; Akkol, E.K. Neuroprotective Effects of Quercetin in Alzheimer’s Disease.
Biomolecules 2019, 10, 59. [CrossRef]

23. Ullah, A.; Munir, S.; Badshah, S.L.; Khan, N.; Ghani, L.; Poulson, B.G.; Emwas, A.H.; Jaremko, M. Important Flavonoids and Their
Role as a Therapeutic Agent. Molecules 2020, 25, 5243. [CrossRef] [PubMed]

24. Bennett, D.A.; Schneider, J.A.; Buchman, A.S.; Barnes, L.L.; Boyle, P.A.; Wilson, R.S. Overview and findings from the Rush
Memory and Aging Project. Curr. Alzheimer Res. 2012, 9, 646–663. [CrossRef] [PubMed]

25. Fanelli Kuczmarski, M.; Sebastian, R.S.; Goldman, J.D.; Murayi, T.; Steinfeldt, L.C.; Eosso, J.R.; Moshfegh, A.J.; Zonderman, A.B.;
Evans, M.K. Dietary Flavonoid Intakes Are Associated with Race but Not Income in an Urban Population. Nutrients 2018, 10,
1749. [CrossRef] [PubMed]

26. National Institiute on Aging. Healthy Aging in Neighborhoods of Diversity across the Life Span Study Design. Available online:
https://handls.nih.gov/01Design.htm (accessed on 15 November 2023).

27. National Institutes of Health; National Institute on Aging; Intramural Research Program. Healthy Aging in Neighborhoods of
Diversity across the Life Span. Available online: https://handls.nih.gov/02Protocol.htm (accessed on 6 March 2024).

28. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”. A practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef] [PubMed]

29. Mini-Mental State Examination. Available online: https://www.physio-pedia.com/Mini-Mental_State_Examination (accessed
on 6 March 2024).

30. Steinfeldt, L.; Anand, J.; Murayi, T. Food reporting patterns in the USDA Automated Multiple-Pass Method. Procedia Food Sci.
2013, 2, 145–156. [CrossRef]

31. US Department of Agriculture. Food and Nutrient Database for Dietary Studies. Available online: https://www.ars.usda.gov/
northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-
download-databases/ (accessed on 3 March 2024).

32. Sebastian, R.S.; Fanelli Kuczmarski, M.; Wilkinson Enns, C.; Goldman, J.D.; Murayi, T.; Moshfegh, A.J.; Zonderman, A.B.; Evans,
M.K. Application of the Database of Flavonoid Values for USDA Food Codes 2007–2010 in Assessing Intake Differences between
the Healthy Aging in Neighborhoods of Diversity across the Life Span (HANDLS) Study and What We Eat in America (WWEIA),
NHANES. J Food Compost Anal 2021, 104, 104124. [CrossRef] [PubMed]

33. Sebastian, R.S.; Wilkinson Enns, C.; Goldman, J.D.; Martin, C.L.; Steinfeldt, L.C.; Murayi, T.; Moshfegh, A.J. A New Database
Facilitates Characterization of Flavonoid Intake, Sources, and Positive Associations with Diet Quality among US Adults. J. Nutr.
2015, 145, 1239–1248. [CrossRef] [PubMed]

34. Reitan, R.M. Validity of the Trail Making Test as an indicator of organic brain damage. Percept. Mot. Ski. 1958, 8, 271–276.
[CrossRef]

35. Corrigan, J.D.; Hinkeldey, N.S. Relationships between parts A and B of the Trail Making Test. J. Clin. Psychol. 1987, 43, 402–409.
[CrossRef]

36. US Department of Health and Human Services. The 2004 HHS Poverty Guidelines. Available online: https://aspe.hhs.gov/2004
-hhs-poverty-guidelines (accessed on 3 March 2024).

37. Wilkinson, G.G. The Wide Range Achievement Test: Manual, 3rd ed.; Wide Range: Wilmington, DE, USA, 1993.
38. Kim, M.; Park, J.M. Factors affecting cognitive function according to gender in community-dwelling elderly individuals. Epidemiol.

Health 2017, 39, e2017054. [CrossRef]
39. Gil-Peinado, M.; Alacreu, M.; Ramos, H.; Sendra-Lillo, J.; García, C.; García-Lluch, G.; Lopez de Coca, T.; Sala, M.; Moreno, L. The

A-to-Z factors associated with cognitive impairment. Results of the DeCo study. Front. Psychol. 2023, 14, 1152527. [CrossRef]
[PubMed]

40. Chobanian, A.V.; Bakris, G.L.; Black, H.R.; Cushman, W.C.; Green, L.A.; Izzo, J.L., Jr.; Jones, D.W.; Materson, B.J.; Oparil, S.;
Wright, J.T., Jr.; et al. Seventh report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure. Hypertension 2003, 42, 1206–1252. [CrossRef] [PubMed]

41. Radloff, L.S. The CES-D scale: A self-report depression scale for research in the general population. Appl. Psychol. Meas. 1977, 1,
385–401. [CrossRef]

42. Austin, P.C.; White, I.R.; Lee, D.S.; van Buuren, S. Missing Data in Clinical Research: A Tutorial on Multiple Imputation. Can. J.
Cardiol. 2021, 37, 1322–1331. [CrossRef] [PubMed]

43. Lamport, D.J.; Saunders, C.; Butler, L.T.; Spencer, J.P. Fruits, vegetables, 100% juices, and cognitive function. Nutr. Rev. 2014, 72,
774–789. [CrossRef] [PubMed]

44. Socci, V.; Tempesta, D.; Desideri, G.; De Gennaro, L.; Ferrara, M. Enhancing Human Cognition with Cocoa Flavonoids. Front.
Nutr. 2017, 4, 19. [CrossRef] [PubMed]

45. Desideri, G.; Kwik-Uribe, C.; Grassi, D.; Necozione, S.; Ghiadoni, L.; Mastroiacovo, D.; Raffaele, A.; Ferri, L.; Bocale, R.; Lechiara,
M.C.; et al. Benefits in cognitive function, blood pressure, and insulin resistance through cocoa flavanol consumption in elderly

https://doi.org/10.1080/14786419.2023.2275275
https://doi.org/10.3390/ijms232314835
https://doi.org/10.3390/biom10010059
https://doi.org/10.3390/molecules25225243
https://www.ncbi.nlm.nih.gov/pubmed/33187049
https://doi.org/10.2174/156720512801322663
https://www.ncbi.nlm.nih.gov/pubmed/22471867
https://doi.org/10.3390/nu10111749
https://www.ncbi.nlm.nih.gov/pubmed/30428592
https://handls.nih.gov/01Design.htm
https://handls.nih.gov/02Protocol.htm
https://doi.org/10.1016/0022-3956(75)90026-6
https://www.ncbi.nlm.nih.gov/pubmed/1202204
https://www.physio-pedia.com/Mini-Mental_State_Examination
https://doi.org/10.1016/j.profoo.2013.04.022
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://doi.org/10.1016/j.jfca.2021.104124
https://www.ncbi.nlm.nih.gov/pubmed/34898846
https://doi.org/10.3945/jn.115.213025
https://www.ncbi.nlm.nih.gov/pubmed/25948787
https://doi.org/10.2466/pms.1958.8.3.271
https://doi.org/10.1002/1097-4679(198707)43:4%3C402::aid-jclp2270430411%3E3.0.co;2-e
https://aspe.hhs.gov/2004-hhs-poverty-guidelines
https://aspe.hhs.gov/2004-hhs-poverty-guidelines
https://doi.org/10.4178/epih.e2017054
https://doi.org/10.3389/fpsyg.2023.1152527
https://www.ncbi.nlm.nih.gov/pubmed/37408963
https://doi.org/10.1161/01.HYP.0000107251.49515.c2
https://www.ncbi.nlm.nih.gov/pubmed/14656957
https://doi.org/10.1177/014662167700100306
https://doi.org/10.1016/j.cjca.2020.11.010
https://www.ncbi.nlm.nih.gov/pubmed/33276049
https://doi.org/10.1111/nure.12149
https://www.ncbi.nlm.nih.gov/pubmed/25399992
https://doi.org/10.3389/fnut.2017.00019
https://www.ncbi.nlm.nih.gov/pubmed/28560212


Nutrients 2024, 16, 1360 16 of 17

subjects with mild cognitive impairment: The Cocoa, Cognition, and Aging (CoCoA) study. Hypertension 2012, 60, 794–801.
[CrossRef] [PubMed]

46. Mastroiacovo, D.; Kwik-Uribe, C.; Grassi, D.; Necozione, S.; Raffaele, A.; Pistacchio, L.; Righetti, R.; Bocale, R.; Lechiara, M.C.;
Marini, C.; et al. Cocoa flavanol consumption improves cognitive function, blood pressure control, and metabolic profile in
elderly subjects: The Cocoa, Cognition, and Aging (CoCoA) Study—A randomized controlled trial. Am. J. Clin. Nutr. 2015, 101,
538–548. [CrossRef]

47. Brickman, A.M.; Khan, U.A.; Provenzano, F.A.; Yeung, L.K.; Suzuki, W.; Schroeter, H.; Wall, M.; Sloan, R.P.; Small, S.A. Enhancing
dentate gyrus function with dietary flavanols improves cognition in older adults. Nat. Neurosci. 2014, 17, 1798–1803. [CrossRef]

48. Lamport, D.J.; Williams, C.M. Polyphenols and Cognition In Humans: An Overview of Current Evidence from Recent Systematic
Reviews and Meta-Analyses. Brain Plast. 2021, 6, 139–153. [CrossRef]

49. Kesse-Guyot, E.; Fezeu, L.; Andreeva, V.A.; Touvier, M.; Scalbert, A.; Hercberg, S.; Galan, P. Total and specific polyphenol intakes
in midlife are associated with cognitive function measured 13 years later. J. Nutr. 2012, 142, 76–83. [CrossRef] [PubMed]

50. Bell, L.; Lamport, D.J.; Butler, L.T.; Williams, C.M. A Review of the Cognitive Effects Observed in Humans Following Acute
Supplementation with Flavonoids, and Their Associated Mechanisms of Action. Nutrients 2015, 7, 10290–10306. [CrossRef]
[PubMed]

51. Crowe-White, K.M.; Evans, L.W.; Kuhnle, G.G.C.; Milenkovic, D.; Stote, K.; Wallace, T.; Handu, D.; Senkus, K.E. Flavan-3-ols and
Cardiometabolic Health: First Ever Dietary Bioactive Guideline. Adv. Nutr. 2022, 13, 2070–2083. [CrossRef] [PubMed]

52. Fanelli Kuczmarski, M.; Beydoun, M.A.; Georgescu, M.F.; Noren Hooten, N.; Mode, N.A.; Evans, M.K.; Zonderman, A.B. Diet
Quality Trajectories over Adulthood in a Biracial Urban Sample from the Healthy Aging in Neighborhoods of Diversity across
the Life Span Study. Nutrients 2023, 15, 3099. [CrossRef] [PubMed]

53. Spencer, S.J.; Korosi, A.; Layé, S.; Shukitt-Hale, B.; Barrientos, R.M. Food for thought: How nutrition impacts cognition and
emotion. NPJ Sci. Food 2017, 1, 7. [CrossRef]

54. Ahles, S.; Joris, P.J.; Plat, J. Effects of Berry Anthocyanins on Cognitive Performance, Vascular Function and Cardiometabolic Risk
Markers: A Systematic Review of Randomized Placebo-Controlled Intervention Studies in Humans. Int. J. Mol. Sci. 2021, 22, 6482.
[CrossRef] [PubMed]

55. Salthouse, T.A. What cognitive abilities are involved in trail-making performance? Intelligence 2011, 39, 222–232. [CrossRef]
[PubMed]

56. MacPherson, S.E.; Cox, S.R.; Dickie, D.A.; Karama, S.; Starr, J.M.; Evans, A.C.; Bastin, M.E.; Wardlaw, J.M.; Deary, I.J. Processing
speed and the relationship between Trail Making Test-B performance, cortical thinning and white matter microstructure in older
adults. Cortex 2017, 95, 92–103. [CrossRef]

57. Salthouse, T.A. Cognitive correlates of cross-sectional differences and longitudinal changes in trail making performance. J. Clin.
Exp. Neuropsychol. 2011, 33, 242–248. [CrossRef]

58. Harada, C.N.; Natelson Love, M.C.; Triebel, K.L. Normal cognitive aging. Clin. Geriatr. Med. 2013, 29, 737–752. [CrossRef]
59. Dietary Guidelines Advisory Committee. Scientific Report of the 2015 Dietary Guidelines Advisory Committee: Advisory Report to

the Secretary of Health and Human Services and the Secretary of Agriculture; U.S. Department of Agriculture, Agricultural Research
Service: Washington, DC, USA, 2015.

60. CDC. Cigarette Smoking Among Adults—United States, 2004. In MMWR Weekly; CDC: Atlanta, GA USA, 2005; Volume 54,
pp. 1121–1124.

61. Ott, A.; Andersen, K.; Dewey, M.E.; Letenneur, L.; Brayne, C.; Copeland, J.R.; Dartigues, J.F.; Kragh-Sorensen, P.; Lobo, A.;
Martinez-Lage, J.M.; et al. Effect of smoking on global cognitive function in nondemented elderly. Neurology 2004, 62, 920–924.
[CrossRef] [PubMed]

62. Singh, L.; Chandra, R.; Pai, M.; Singh, A.; Mazumdar, S.; Balhara, Y.P.S.; Singh, P.K.; Singh, S. How Does Tobacco Use Affect the
Cognition of Older Adults? A Propensity Score Matching Analysis based on a Large-Scale Survey. Nicotine Tob. Res. 2023, 26,
342–352. [CrossRef] [PubMed]

63. Durazzo, T.C.; Meyerhoff, D.J.; Nixon, S.J. A comprehensive assessment of neurocognition in middle-aged chronic cigarette
smokers. Drug Alcohol. Depend. 2012, 122, 105–111. [CrossRef] [PubMed]

64. Beydoun, M.A.; Fanelli-Kuczmarski, M.T.; Beydoun, H.A.; Dore, G.A.; Canas, J.A.; Evans, M.K.; Zonderman, A.B. Dairy product
consumption and its association with metabolic disturbance in a prospective study of urban adults. Br. J. Nutr. 2018, 119, 706–719.
[CrossRef] [PubMed]

65. Wright, R.S.; Waldstein, S.R.; Kuczmarski, M.F.; Pohlig, R.T.; Gerassimakis, C.S.; Gaynor, B.; Evans, M.K.; Zonderman, A.B. Diet
quality and cognitive function in an urban sample: Findings from the Healthy Aging in Neighborhoods of Diversity across the
Life Span (HANDLS) study. Public Health Nutr. 2017, 20, 92–101. [CrossRef]

66. Cotugna, N.; Fanelli-Kuczmarski, M.; Clymer, J.; Hotchkiss, L.; Zonderman, A.B.; Evans, M.K. Sodium intake of special
populations in the Healthy Aging in Neighborhoods of Diversity Across the Life Span (HANDLS) study. Prev. Med. 2013, 57,
334–338. [CrossRef]

67. Ogden, C.L.; Carroll, M.D.; Curtin, L.R.; McDowell, M.A.; Tabak, C.J.; Flegal, K.M. Prevalence of overweight and obesity in the
United States, 1999–2004. JAMA 2006, 295, 1549–1555. [CrossRef] [PubMed]

68. Palmer, M.K.; Toth, P.P. Trends in Lipids, Obesity, Metabolic Syndrome, and Diabetes Mellitus in the United States: An NHANES
Analysis (2003–2004 to 2013–2014). Obes. (Silver Spring) 2019, 27, 309–314. [CrossRef]

https://doi.org/10.1161/hypertensionaha.112.193060
https://www.ncbi.nlm.nih.gov/pubmed/22892813
https://doi.org/10.3945/ajcn.114.092189
https://doi.org/10.1038/nn.3850
https://doi.org/10.3233/BPL-200111
https://doi.org/10.3945/jn.111.144428
https://www.ncbi.nlm.nih.gov/pubmed/22090468
https://doi.org/10.3390/nu7125538
https://www.ncbi.nlm.nih.gov/pubmed/26690214
https://doi.org/10.1093/advances/nmac105
https://www.ncbi.nlm.nih.gov/pubmed/36190328
https://doi.org/10.3390/nu15143099
https://www.ncbi.nlm.nih.gov/pubmed/37513517
https://doi.org/10.1038/s41538-017-0008-y
https://doi.org/10.3390/ijms22126482
https://www.ncbi.nlm.nih.gov/pubmed/34204250
https://doi.org/10.1016/j.intell.2011.03.001
https://www.ncbi.nlm.nih.gov/pubmed/21789028
https://doi.org/10.1016/j.cortex.2017.07.021
https://doi.org/10.1080/13803395.2010.509922
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1212/01.wnl.0000115110.35610.80
https://www.ncbi.nlm.nih.gov/pubmed/15037693
https://doi.org/10.1093/ntr/ntad117
https://www.ncbi.nlm.nih.gov/pubmed/37422916
https://doi.org/10.1016/j.drugalcdep.2011.09.019
https://www.ncbi.nlm.nih.gov/pubmed/21992872
https://doi.org/10.1017/S0007114518000028
https://www.ncbi.nlm.nih.gov/pubmed/29553032
https://doi.org/10.1017/s1368980016001361
https://doi.org/10.1016/j.ypmed.2013.06.006
https://doi.org/10.1001/jama.295.13.1549
https://www.ncbi.nlm.nih.gov/pubmed/16595758
https://doi.org/10.1002/oby.22370


Nutrients 2024, 16, 1360 17 of 17

69. Ong, K.L.; Cheung, B.M.; Man, Y.B.; Lau, C.P.; Lam, K.S. Prevalence, awareness, treatment, and control of hypertension among
United States adults 1999–2004. Hypertension 2007, 49, 69–75. [CrossRef]

70. Poslusna, K.; Ruprich, J.; de Vries, J.H.; Jakubikova, M.; van’t Veer, P. Misreporting of energy and micronutrient intake estimated
by food records and 24 h recalls, control and adjustment methods in practice. Br. J. Nutr. 2009, 101 (Suppl. S2), S73–S85. [CrossRef]

71. Scarmeas, N.; Anastasiou, C.A.; Yannakoulia, M. Nutrition and prevention of cognitive impairment. Lancet Neurol. 2018, 17,
1006–1015. [CrossRef] [PubMed]

72. Moshfegh, A.J.; Rhodes, D.G.; Baer, D.J.; Murayi, T.; Clemens, J.C.; Rumpler, W.V.; Paul, D.R.; Sebastian, R.S.; Kuczynski, K.J.;
Ingwersen, L.A.; et al. The US Department of Agriculture Automated Multiple-Pass Method reduces bias in the collection of
energy intakes. Am. J. Clin. Nutr. 2008, 88, 324–332. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1161/01.Hyp.0000252676.46043.18
https://doi.org/10.1017/s0007114509990602
https://doi.org/10.1016/s1474-4422(18)30338-7
https://www.ncbi.nlm.nih.gov/pubmed/30244829
https://doi.org/10.1093/ajcn/88.2.324
https://www.ncbi.nlm.nih.gov/pubmed/18689367


Table S1. Associationa between visit 1 flavonoid intake and ln(TMT-A) for White study participants, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-A) 
  Total Flavonoids 0.00000 ± 0.00019 0.985 0.00009 ± 0.00018 0.621 0.00012 ± 0.00018 0.520 0.00003 ± 0.00018 0.860 
  Flavones -0.12931 ± 0.11346 0.255 0.01560 ± 0.10762 0.885 0.06186 ± 0.10835 0.568 0.01463 ± 0.10702 0.891 
  Flavonols -0.00341 ± 0.00515 0.508 0.00075 ± 0.00480 0.876 0.00300 ± 0.00484 0.535 -0.00020 ± 0.00479 0.966 
  Flavonones -0.00463 ± 0.00614 0.450 -0.00362 ± 0.00578 0.531 -0.00188 ± 0.00580 0.745 -0.00330 ± 0.00576 0.567 
  Flavan-3-ols 0.00002 ± 0.00020 0.901 0.00011 ± 0.00019 0.566 0.00013 ± 0.00019 0.491 0.00005 ± 0.00019 0.807 
  Anthocyanidins -0.01383 ± 0.00568 0.015 -0.00827 ± 0.00545 0.129 -0.00692 ± 0.00547 0.206 -0.00785 ± 0.00544 0.149 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time 
  Total Flavonoids -0.00001 ± 0.00002 0.618 -0.00002 ± 0.00002 0.531 -0.00002 ± 0.00002 0.529 -0.00001 ± 0.00002 0.702 
  Flavones -0.03148 ± 0.01504 0.037 -0.03107 ± 0.01496 0.038 -0.03172 ± 0.01497 0.034 -0.02892 ± 0.01493 0.053 
  Flavonols -0.00045 ± 0.00065 0.488 -0.00052 ± 0.00065 0.421 -0.00053 ± 0.00065 0.417 -0.00037 ± 0.00065 0.563 
  Flavonones 0.00051 ± 0.00087 0.562 0.00049 ± 0.00087 0.573 0.00043 ± 0.00087 0.618 0.00047 ± 0.00086 0.586 
  Flavan-3-ols -0.00001 ± 0.00003 0.625 -0.00002 ± 0.00003 0.545 -0.00002 ± 0.00003 0.545 -0.00001 ± 0.00003 0.713 
  Anthocyanidins 0.00002 ± 0.00061 0.976 -0.00017 ± 0.00061 0.781 -0.00018 ± 0.00061 0.763 -0.00012 ± 0.00061 0.841 

 
Abbreviations: TMT, Trail Making Test; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid inake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 

  



Table S2. Associationa between visit 1 flavonoid intake and ln(TMT-A) for African American study participants, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-A) 
  Total Flavonoids -0.00016 ± 0.00046 0.733 0.00009 ± 0.00042 0.837 0.00017 ± 0.00042 0.686 0.00012 ± 0.00042 0.783 
  Flavones 0.05521 ± 0.16015 0.730 0.18620 ± 0.14808 0.209 0.23777 ± 0.14885 0.110 0.18686 ± 0.14720 0.204 
  Flavonols -0.00103 ± 0.00908 0.910 0.00039 ± 0.00843 0.963 0.00809 ± 0.00873 0.354 0.00153 ± 0.00838 0.855 
  Flavonones -0.00577 ± 0.00416 0.166 -0.00435 ± 0.00383 0.256 -0.00306 ± 0.00386 0.428 -0.00415 ± 0.00381 0.276 
  Flavan-3-ols -0.00009 ± 0.00048 0.843 0.00013 ± 0.00044 0.765 0.00017 ± 0.00044 0.694 0.00016 ± 0.00044 0.721 
  Anthocyanidins 0.00083 ± 0.00760 0.913 0.00159 ± 0.00698 0.820 0.00455 ± 0.00704 0.518 0.00215 ± 0.00695 0.757 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time 
  Total Flavonoids 0.00004 ± 0.00006 0.498 0.00003 ± 0.00006 0.612 0.00003 ± 0.00006 0.588 0.00002 ± 0.00006 0.744 
  Flavones -0.00980 ± 0.01879 0.602 -0.01346 ± 0.01861 0.469 -0.01555 ± 0.01863 0.404 -0.01533 ± 0.01864 0.411 
  Flavonols 0.00126 ± 0.00114 0.270 0.00118 ± 0.00113 0.294 0.00121 ± 0.00113 0.284 0.00090 ± 0.00113 0.424 
  Flavonones -0.00040 ± 0.00051 0.435 -0.00055 ± 0.00051 0.276 -0.00056 ± 0.00051 0.269 -0.00053 ± 0.00051 0.296 
  Flavan-3-ols 0.00005 ± 0.00006 0.443 0.00004 ± 0.00006 0.528 0.00004 ± 0.00006 0.506 0.00003 ± 0.00006 0.661 
  Anthocyanidins -0.00006 ± 0.00079 0.940 -0.00004 ± 0.00078 0.961 -0.00004 ± 0.00078 0.958 -0.00002 ± 0.00078 0.981 

 
Abbreviations: TMT, Trail Making Test; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid inake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 

  



Table S3. Associationa between visit 1 flavonoid intake and ln(TMT-A) for all study participants 50+ years, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-A) 
  Total Flavonoids -0.00087 ± 0.00034 0.010 -0.00022 ± 0.00031 0.488 -0.00015 ± 0.00031 0.627 -0.00027 ± 0.00031 0.385 
  Flavones -0.24376 ± 0.15976 0.127 0.10282 ± 0.15042 0.494 0.17461 ± 0.15118 0.248 0.11087 ± 0.14926 0.458 
  Flavonols -0.01972 ± 0.00790 0.013 -0.00456 ± 0.00737 0.536 0.00091 ± 0.00751 0.903 -0.00419 ± 0.00730 0.567 
  Flavonones -0.00381 ± 0.00553 0.491 -0.00345 ± 0.00511 0.499 -0.00103 ± 0.00516 0.843 -0.00305 ± 0.00506 0.547 
  Flavan-3-ols -0.00084 ± 0.00035 0.017 -0.00022 ± 0.00033 0.506 -0.00018 ± 0.00032 0.588 -0.00028 ± 0.00032 0.389 
  Anthocyanidins -0.01581 ± 0.00627 0.012 -0.00224 ± 0.00586 0.702 0.00058 ± 0.00590 0.922 -0.00132 ± 0.00582 0.820 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time 
  Total Flavonoids 0.00006 ± 0.00005 0.211 0.00005 ± 0.00005 0.251 0.00006 ± 0.00005 0.206 0.00005 ± 0.00005 0.250 
  Flavones -0.01341 ± 0.02265 0.554 -0.01604 ± 0.02250 0.476 -0.01633 ± 0.02250 0.468 -0.01346 ± 0.02252 0.550 
  Flavonols 0.00099 ± 0.00112 0.377 0.00088 ± 0.00111 0.425 0.00099 ± 0.00111 0.372 0.00077 ± 0.00111 0.489 
  Flavonones -0.00035 ± 0.00071 0.618 -0.00055 ± 0.00070 0.431 -0.00055 ± 0.00070 0.430 -0.00054 ± 0.00070 0.435 
  Flavan-3-ols 0.00007 ± 0.00005 0.161 0.00006 ± 0.00005 0.191 0.00007 ± 0.00005 0.156 0.00006 ± 0.00005 0.192 
  Anthocyanidins -0.00040 ± 0.00063 0.519 -0.00053 ± 0.00063 0.401 -0.00052 ± 0.00063 0.402 -0.00046 ± 0.00063 0.458 

 
Abbreviations: TMT, Trail Making Test; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid inake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 

  



Table S4. Associationa between visit 1 flavonoid intake and ln(TMT-A) for White study participants 50+ years, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-A) 
  Total Flavonoids -0.00042 ± 0.00036 0.244 -0.00023 ± 0.00034 0.498 -0.00018 ± 0.00034 0.595 -0.00028 ± 0.00035 0.419 
  Flavones -0.03899 ± 0.17968 0.828 0.08152 ± 0.17650 0.644 0.13760 ± 0.17807 0.440 0.09815 ± 0.17540 0.576 
  Flavonols -0.01047 ± 0.00919 0.255 -0.00488 ± 0.00889 0.583 -0.00217 ± 0.00895 0.809 -0.00464 ± 0.00888 0.602 
  Flavonones -0.01180 ± 0.00844 0.163 -0.00834 ± 0.00830 0.316 -0.00615 ± 0.00835 0.462 -0.00856 ± 0.00827 0.300 
  Flavan-3-ols -0.00037 ± 0.00037 0.313 -0.00021 ± 0.00036 0.554 -0.00017 ± 0.00036 0.636 -0.00026 ± 0.00036 0.461 
  Anthocyanidins -0.01384 ± 0.00755 0.068 -0.00856 ± 0.00745 0.251 -0.00710 ± 0.00749 0.343 -0.00806 ± 0.00742 0.278 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time 
  Total Flavonoids 0.00005 ± 0.00005 0.357 0.00005 ± 0.00005 0.364 0.00005 ± 0.00005 0.333 0.00005 ± 0.00005 0.288 
  Flavones -0.03308 ± 0.02759 0.231 -0.03358 ± 0.02743 0.222 -0.03229 ± 0.02749 0.240 -0.03273 ± 0.02739 0.232 
  Flavonols 0.00070 ± 0.00134 0.604 0.00066 ± 0.00133 0.619 0.00073 ± 0.00133 0.586 0.00071 ± 0.00133 0.592 
  Flavonones 0.00109 ± 0.00138 0.430 0.00095 ± 0.00136 0.489 0.00089 ± 0.00136 0.512 0.00069 ± 0.00136 0.610 
  Flavan-3-ols 0.00005 ± 0.00005 0.353 0.00005 ± 0.00005 0.354 0.00005 ± 0.00005 0.321 0.00006 ± 0.00005 0.281 
  Anthocyanidins -0.00002 ± 0.00076 0.983 -0.00016 ± 0.00076 0.832 -0.00018 ± 0.00076 0.808 -0.00009 ± 0.00076 0.905 

 
Abbreviations: TMT, Trail Making Test; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid inake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 
  



Table S5. Associationa between visit 1 flavonoid intake and ln(TMT-A) for African American study participants 50+ years, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-A) 
  Total Flavonoids -0.00023 ± 0.00081 0.773 -0.00011 ± 0.00078 0.884 0.00006 ± 0.00078 0.940 0.00007 ± 0.00077 0.929 
  Flavones -0.11293 ± 0.30209 0.709 0.16562 ± 0.29551 0.575 0.28540 ± 0.29717 0.337 0.20953 ± 0.29352 0.475 
  Flavonols -0.00766 ± 0.01382 0.580 -0.00484 ± 0.01342 0.718 0.00794 ± 0.01410 0.573 -0.00206 ± 0.01330 0.877 
  Flavonones -0.00279 ± 0.00682 0.682 -0.00049 ± 0.00654 0.941 0.00177 ± 0.00666 0.790 -0.00012 ± 0.00649 0.986 
  Flavan-3-ols -0.00022 ± 0.00085 0.801 -0.00019 ± 0.00082 0.816 -0.00012 ± 0.00081 0.886 0.00000 ± 0.00081 0.999 
  Anthocyanidins -0.00163 ± 0.01008 0.872 0.00625 ± 0.00968 0.518 0.01138 ± 0.00980 0.246 0.00572 ± 0.00962 0.552 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time 
  Total Flavonoids 0.00010 ± 0.00010 0.333 0.00009 ± 0.00010 0.360 0.00011 ± 0.00010 0.294 0.00008 ± 0.00010 0.429 
  Flavones 0.01800 ± 0.03831 0.639 0.01241 ± 0.03822 0.746 0.00931 ± 0.03820 0.808 0.01774 ± 0.03831 0.643 
  Flavonols 0.00164 ± 0.00195 0.403 0.00165 ± 0.00195 0.397 0.00183 ± 0.00195 0.348 0.00142 ± 0.00195 0.464 
  Flavonones -0.00109 ± 0.00085 0.199 -0.00115 ± 0.00084 0.171 -0.00113 ± 0.00084 0.178 -0.00117 ± 0.00084 0.165 
  Flavan-3-ols 0.00014 ± 0.00011 0.210 0.00013 ± 0.00011 0.227 0.00014 ± 0.00011 0.183 0.00012 ± 0.00011 0.284 
  Anthocyanidins -0.00099 ± 0.00109 0.366 -0.00107 ± 0.00109 0.328 -0.00098 ± 0.00109 0.366 -0.00092 ± 0.00109 0.397 

 
Abbreviations: TMT, Trail Making Test; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
  



Table S6. Associationa between visit 1 flavonoid intake and ln(TMT-B) for all study participants 50+ years, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-B) 
  Total Flavonoids -0.00104 ± 0.00057 0.067 0.00033 ± 0.00049 0.504 0.00039 ± 0.00049 0.431 0.00021 ± 0.00048 0.658 
  Flavones -0.78640 ± 0.26593 0.003 0.10325 ± 0.23446 0.660 0.18130 ± 0.23660 0.444 0.16116 ± 0.23160 0.487 
  Flavonols -0.02973 ± 0.01322 0.025 0.00792 ± 0.01150 0.491 0.01356 ± 0.01177 0.249 0.00771 ± 0.01134 0.497 
  Flavonones 0.00316 ± 0.00926 0.733 0.01071 ± 0.00796 0.178 0.01370 ± 0.00807 0.090 0.01253 ± 0.00785 0.111 
  Flavan-3-ols -0.00095 ± 0.00059 0.108 0.00030 ± 0.00051 0.550 0.00034 ± 0.00051 0.508 0.00016 ± 0.00050 0.745 
  Anthocyanidins -0.03676 ± 0.01057 0.001 -0.00436 ± 0.00922 0.636 -0.00143 ± 0.00932 0.878 -0.00100 ± 0.00912 0.913 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time 
  Total Flavonoids 0.00010 ± 0.00006 0.122 0.00009 ± 0.00006 0.166 0.00009 ± 0.00006 0.156 0.00008 ± 0.00006 0.199 
  Flavones 0.00398 ± 0.03092 0.898 0.00473 ± 0.03071 0.878 0.00396 ± 0.03075 0.898 0.00429 ± 0.03069 0.889 
  Flavonols 0.00190 ± 0.00152 0.212 0.00175 ± 0.00151 0.247 0.00180 ± 0.00151 0.234 0.00136 ± 0.00151 0.366 
  Flavonones -0.00077 ± 0.00097 0.426 -0.00102 ± 0.00096 0.288 -0.00103 ± 0.00096 0.282 -0.00130 ± 0.00096 0.175 
  Flavan-3-ols 0.00011 ± 0.00007 0.104 0.00010 ± 0.00007 0.144 0.00010 ± 0.00007 0.135 0.00009 ± 0.00007 0.163 
  Anthocyanidins 0.00014 ± 0.00085 0.873 0.00001 ± 0.00085 0.989 -0.00003 ± 0.00085 0.976 -0.00007 ± 0.00085 0.930 

 
Abbreviations: TMT, Trail Making Test; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 

  



Table S7. Associationa between visit 1 flavonoid intake and ln(TMT-B) for White study participants 50+ years, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-B) 
  Total Flavonoids -0.00034 ± 0.00053 0.521 -0.00002 ± 0.00049 0.966 0.00001 ± 0.00049 0.980 -0.00013 ± 0.00049 0.795 
  Flavones -0.58736 ± 0.26390 0.027 -0.22680 ± 0.24842 0.362 -0.17044 ± 0.25119 0.497 -0.18233 ± 0.24680 0.460 
  Flavonols -0.01459 ± 0.01362 0.285 0.00044 ± 0.01254 0.972 0.00288 ± 0.01265 0.820 -0.00011 ± 0.01252 0.993 
  Flavonones -0.02005 ± 0.01242 0.107 -0.00091 ± 0.01168 0.938 0.00137 ± 0.01177 0.908 0.00050 ± 0.01163 0.966 
  Flavan-3-ols -0.00020 ± 0.00055 0.716 0.00003 ± 0.00050 0.958 0.00005 ± 0.00050 0.923 -0.00009 ± 0.00051 0.855 
  Anthocyanidins -0.03814 ± 0.01114 0.001 -0.01931 ± 0.01055 0.068 -0.01750 ± 0.01062 0.099 -0.01758 ± 0.01051 0.094 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time 
  Total Flavonoids 0.00011 ± 0.00007 0.094 0.00010 ± 0.00007 0.127 0.00010 ± 0.00007 0.123 0.00010 ± 0.00007 0.142 
  Flavones 0.02177 ± 0.03544 0.539 0.02641 ± 0.03533 0.455 0.02748 ± 0.03542 0.438 0.02591 ± 0.03535 0.464 
  Flavonols 0.00279 ± 0.00171 0.105 0.00255 ± 0.00171 0.136 0.00260 ± 0.00171 0.129 0.00225 ± 0.00171 0.190 
  Flavonones 0.00066 ± 0.00179 0.714 0.00072 ± 0.00177 0.683 0.00072 ± 0.00178 0.685 0.00037 ± 0.00178 0.833 
  Flavan-3-ols 0.00011 ± 0.00007 0.100 0.00010 ± 0.00007 0.133 0.00010 ± 0.00007 0.128 0.00010 ± 0.00007 0.146 
  Anthocyanidins 0.00029 ± 0.00097 0.765 0.00013 ± 0.00097 0.890 0.00009 ± 0.00097 0.922 0.00017 ± 0.00097 0.863 

 
Abbreviations: TMT, Trail Making Test; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 

  



Table S8. Associationa between visit 1 flavonoid intake and ln(TMT-B) for African American study participants 50+ years, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-B) 
  Total Flavonoids 0.00170 ± 0.00142 0.232 0.00225 ± 0.00128 0.079 0.00241 ± 0.00129 0.061 0.00253 ± 0.00126 0.045 
  Flavones 0.03019 ± 0.53028 0.955 0.95456 ± 0.48897 0.051 1.08187 ± 0.49397 0.029 1.09100 ± 0.48170 0.024 
  Flavonols 0.00757 ± 0.02422 0.755 0.02769 ± 0.02215 0.211 0.04114 ± 0.02352 0.080 0.03121 ± 0.02180 0.152 
  Flavonones 0.00911 ± 0.01201 0.449 0.01650 ± 0.01084 0.128 0.01928 ± 0.01106 0.082 0.01845 ± 0.01068 0.084 
  Flavan-3-ols 0.00168 ± 0.00150 0.263 0.00197 ± 0.00135 0.145 0.00203 ± 0.00135 0.134 0.00220 ± 0.00133 0.098 
  Anthocyanidins 0.00367 ± 0.01790 0.838 0.02059 ± 0.01617 0.203 0.02567 ± 0.01647 0.119 0.02442 ± 0.01595 0.126 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time 
  Total Flavonoids -0.00006 ± 0.00015 0.696 -0.00006 ± 0.00015 0.696 -0.00005 ± 0.00015 0.734 -0.00005 ± 0.00015 0.754 
  Flavones -0.05359 ± 0.05422 0.323 -0.05945 ± 0.05383 0.269 -0.06266 ± 0.05395 0.245 -0.06153 ± 0.05392 0.254 
  Flavonols -0.00126 ± 0.00277 0.650 -0.00112 ± 0.00275 0.684 -0.00103 ± 0.00275 0.710 -0.00127 ± 0.00275 0.645 
  Flavonones -0.00124 ± 0.00120 0.300 -0.00133 ± 0.00119 0.263 -0.00134 ± 0.00119 0.261 -0.00171 ± 0.00119 0.150 
  Flavan-3-ols -0.00003 ± 0.00016 0.858 -0.00003 ± 0.00016 0.862 -0.00002 ± 0.00016 0.902 -0.00001 ± 0.00016 0.973 
  Anthocyanidins -0.00091 ± 0.00153 0.554 -0.00099 ± 0.00152 0.515 -0.00097 ± 0.00152 0.522 -0.00125 ± 0.00152 0.413 

 
Abbreviations: TMT, Trail Making Test; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
  



Table S9. Associationa between visit 1 flavonoid intake and ln(TMT-A) for all study participants without MMSE exclusion, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-A) 
  Total Flavonoids -0.00050 ± 0.00020 0.012 0.00000 ± 0.00018 0.983 0.00004 ± 0.00018 0.807 -0.00005 ± 0.00017 0.756 
  Flavones -0.30914 ± 0.10076 0.002 0.03359 ± 0.09095 0.712 0.08347 ± 0.09151 0.362 0.04103 ± 0.09026 0.649 
  Flavonols -0.01502 ± 0.00485 0.002 -0.00236 ± 0.00435 0.587 0.00142 ± 0.00442 0.748 -0.00309 ± 0.00431 0.474 
  Flavonones -0.00237 ± 0.00363 0.513 -0.00508 ± 0.00322 0.115 -0.00354 ± 0.00324 0.274 -0.00425 ± 0.00320 0.184 
  Flavan-3-ols -0.00047 ± 0.00020 0.022 0.00003 ± 0.00018 0.872 0.00006 ± 0.00018 0.758 -0.00004 ± 0.00018 0.840 
  Anthocyanidins -0.01706 ± 0.00507 0.001 -0.00492 ± 0.00457 0.281 -0.00292 ± 0.00458 0.523 -0.00376 ± 0.00454 0.408 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time 
  Total Flavonoids 0.00000 ± 0.00002 0.995 -0.00001 ± 0.00002 0.810 -0.00001 ± 0.00002 0.827 -0.00001 ± 0.00002 0.818 
  Flavones -0.01676 ± 0.01192 0.160 -0.01989 ± 0.01182 0.092 -0.02068 ± 0.01183 0.080 -0.02001 ± 0.01182 0.091 
  Flavonols 0.00022 ± 0.00059 0.708 0.00012 ± 0.00059 0.845 0.00015 ± 0.00059 0.804 0.00008 ± 0.00059 0.886 
  Flavonones -0.00008 ± 0.00043 0.851 -0.00019 ± 0.00043 0.657 -0.00021 ± 0.00043 0.628 -0.00015 ± 0.00043 0.724 
  Flavan-3-ols 0.00000 ± 0.00002 0.965 0.00000 ± 0.00002 0.855 0.00000 ± 0.00002 0.870 0.00000 ± 0.00002 0.855 
  Anthocyanidins -0.00001 ± 0.00050 0.988 -0.00017 ± 0.00050 0.737 -0.00017 ± 0.00050 0.737 -0.00012 ± 0.00050 0.809 

 
Abbreviations: TMT, Trail Making Test; MMSE, Mini-Mental State Exam; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 

  



Table S10. Associationa between visit 1 flavonoid intake and ln(TMT-A) for White study participants without MMSE exclusion, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-A) 
  Total Flavonoids -0.00007 ± 0.00020 0.727 0.00003 ± 0.00018 0.881 0.00005 ± 0.00018 0.769 -0.00002 ± 0.00018 0.899 
  Flavones -0.17236 ± 0.11441 0.132 -0.00599 ± 0.10708 0.955 0.03532 ± 0.10779 0.743 0.00053 ± 0.10634 0.996 
  Flavonols -0.00455 ± 0.00522 0.383 -0.00030 ± 0.00480 0.950 0.00179 ± 0.00483 0.711 -0.00113 ± 0.00477 0.813 
  Flavonones -0.00215 ± 0.00578 0.710 -0.00299 ± 0.00535 0.576 -0.00162 ± 0.00537 0.763 -0.00233 ± 0.00533 0.663 
  Flavan-3-ols -0.00004 ± 0.00020 0.843 0.00004 ± 0.00019 0.820 0.00006 ± 0.00019 0.733 -0.00002 ± 0.00019 0.934 
  Anthocyanidins -0.01735 ± 0.00582 0.003 -0.00887 ± 0.00554 0.109 -0.00780 ± 0.00555 0.160 -0.00870 ± 0.00552 0.115 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time 
  Total Flavonoids -0.00001 ± 0.00002 0.768 -0.00001 ± 0.00002 0.666 -0.00001 ± 0.00002 0.663 0.00000 ± 0.00002 0.838 
  Flavones -0.03119 ± 0.01472 0.034 -0.03098 ± 0.01470 0.035 -0.03108 ± 0.01472 0.035 -0.02989 ± 0.01467 0.042 
  Flavonols -0.00034 ± 0.00064 0.596 -0.00040 ± 0.00064 0.535 -0.00038 ± 0.00064 0.556 -0.00027 ± 0.00064 0.673 
  Flavonones 0.00098 ± 0.00083 0.237 0.00096 ± 0.00082 0.240 0.00090 ± 0.00082 0.270 0.00094 ± 0.00082 0.249 
  Flavan-3-ols -0.00001 ± 0.00002 0.772 -0.00001 ± 0.00002 0.675 -0.00001 ± 0.00002 0.672 0.00000 ± 0.00002 0.842 
  Anthocyanidins -0.00006 ± 0.00060 0.915 -0.00026 ± 0.00060 0.667 -0.00027 ± 0.00060 0.657 -0.00020 ± 0.00060 0.732 

 
Abbreviations: TMT, Trail Making Test; MMSE, Mini-Mental State Exam; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
  



Table S11. Associationa between visit 1 flavonoid intake and ln(TMT-A) for African American study participants without MMSE exclusion, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-A) 
  Total Flavonoids -0.00057 ± 0.00048 0.230 -0.00020 ± 0.00043 0.647 -0.00010 ± 0.00043 0.817 -0.00017 ± 0.00043 0.700 
  Flavones -0.14196 ± 0.17133 0.408 0.07716 ± 0.15538 0.620 0.13957 ± 0.15657 0.373 0.07875 ± 0.15417 0.610 
  Flavonols -0.01430 ± 0.00922 0.121 -0.00888 ± 0.00841 0.291 -0.00149 ± 0.00878 0.866 -0.00818 ± 0.00835 0.327 
  Flavonones -0.00761 ± 0.00452 0.092 -0.00536 ± 0.00407 0.187 -0.00394 ± 0.00410 0.337 -0.00500 ± 0.00404 0.216 
  Flavan-3-ols -0.00048 ± 0.00050 0.338 -0.00014 ± 0.00045 0.760 -0.00008 ± 0.00045 0.854 -0.00011 ± 0.00045 0.803 
  Anthocyanidins -0.00272 ± 0.00834 0.745 0.00011 ± 0.00751 0.988 0.00341 ± 0.00757 0.653 0.00070 ± 0.00746 0.925 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-A) over time 
  Total Flavonoids 0.00004 ± 0.00006 0.498 0.00003 ± 0.00006 0.615 0.00003 ± 0.00006 0.595 0.00002 ± 0.00006 0.770 
  Flavones -0.00290 ± 0.01847 0.875 -0.00817 ± 0.01828 0.655 -0.01010 ± 0.01832 0.581 -0.00966 ± 0.01830 0.598 
  Flavonols 0.00158 ± 0.00113 0.164 0.00146 ± 0.00112 0.193 0.00147 ± 0.00112 0.188 0.00119 ± 0.00112 0.287 
  Flavonones -0.00037 ± 0.00053 0.484 -0.00054 ± 0.00052 0.297 -0.00055 ± 0.00052 0.289 -0.00050 ± 0.00052 0.331 
  Flavan-3-ols 0.00004 ± 0.00006 0.464 0.00003 ± 0.00006 0.553 0.00004 ± 0.00006 0.535 0.00002 ± 0.00006 0.714 
  Anthocyanidins 0.00005 ± 0.00081 0.952 0.00009 ± 0.00080 0.911 0.00008 ± 0.00080 0.916 0.00011 ± 0.00080 0.889 

 
Abbreviations: TMT, Trail Making Test; MMSE, Mini-Mental State Exam; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
  



Table S12. Associationa between visit 1 flavonoid intake and ln(TMT-B) for all study participants without MMSE exclusion, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-B) 
  Total Flavonoids -0.00120 ± 0.00032 <0.001 -0.00024 ± 0.00027 0.368 -0.00019 ± 0.00027 0.477 -0.00029 ± 0.00026 0.268 
  Flavones -1.03293 ± 0.16506 <0.001 -0.21236 ± 0.13782 0.123 -0.14283 ± 0.13888 0.304 -0.18034 ± 0.13612 0.185 
  Flavonols -0.03209 ± 0.00798 <0.001 -0.00462 ± 0.00658 0.483 0.00083 ± 0.00671 0.901 -0.00473 ± 0.00650 0.467 
  Flavonones 0.00618 ± 0.00597 0.301 0.00310 ± 0.00487 0.524 0.00556 ± 0.00491 0.257 0.00492 ± 0.00482 0.307 
  Flavan-3-ols -0.00117 ± 0.00034 0.001 -0.00025 ± 0.00028 0.370 -0.00022 ± 0.00028 0.434 -0.00031 ± 0.00027 0.249 
  Anthocyanidins -0.03891 ± 0.00833 <0.001 -0.00498 ± 0.00693 0.472 -0.00194 ± 0.00696 0.780 -0.00205 ± 0.00685 0.765 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time 
  Total Flavonoids 0.00006 ± 0.00003 0.051 0.00005 ± 0.00003 0.096 0.00005 ± 0.00003 0.092 0.00005 ± 0.00003 0.122 
  Flavones 0.01908 ± 0.01605 0.235 0.01657 ± 0.01588 0.297 0.01560 ± 0.01590 0.326 0.01601 ± 0.01587 0.313 
  Flavonols 0.00158 ± 0.00080 0.049 0.00141 ± 0.00079 0.076 0.00144 ± 0.00079 0.070 0.00121 ± 0.00079 0.128 
  Flavonones -0.00018 ± 0.00058 0.752 -0.00033 ± 0.00057 0.558 -0.00036 ± 0.00057 0.534 -0.00037 ± 0.00057 0.518 
  Flavan-3-ols 0.00007 ± 0.00003 0.053 0.00006 ± 0.00003 0.097 0.00006 ± 0.00003 0.094 0.00005 ± 0.00003 0.122 
  Anthocyanidins 0.00056 ± 0.00068 0.411 0.00038 ± 0.00067 0.568 0.00037 ± 0.00067 0.583 0.00037 ± 0.00066 0.581 

 
Abbreviations: TMT, Trail Making Test; MMSE, Mini-Mental State Exam; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 

  



Table S13. Associationa between visit 1 flavonoid intake and ln(TMT-B) for White study participants without MMSE exclusion, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-B) 
  Total Flavonoids -0.00037 ± 0.00033 0.261 -0.00024 ± 0.00027 0.371 -0.00021 ± 0.00027 0.426 -0.00030 ± 0.00027 0.265 
  Flavones -0.85911 ± 0.18808 <0.001 -0.38499 ± 0.15796 0.015 -0.33718 ± 0.15939 0.034 -0.35813 ± 0.15662 0.022 
  Flavonols -0.01578 ± 0.00866 0.069 -0.00517 ± 0.00710 0.467 -0.00265 ± 0.00717 0.712 -0.00570 ± 0.00705 0.418 
  Flavonones -0.01029 ± 0.00955 0.282 -0.00692 ± 0.00789 0.381 -0.00515 ± 0.00793 0.516 -0.00413 ± 0.00785 0.599 
  Flavan-3-ols -0.00028 ± 0.00034 0.407 -0.00021 ± 0.00028 0.447 -0.00019 ± 0.00028 0.491 -0.00028 ± 0.00028 0.314 
  Anthocyanidins -0.05140 ± 0.00958 <0.001 -0.02115 ± 0.00820 0.010 -0.01957 ± 0.00824 0.018 -0.01916 ± 0.00817 0.019 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time 
  Total Flavonoids 0.00005 ± 0.00003 0.128 0.00004 ± 0.00003 0.241 0.00004 ± 0.00003 0.235 0.00004 ± 0.00003 0.247 
  Flavones 0.02823 ± 0.01963 0.151 0.02640 ± 0.01947 0.175 0.02622 ± 0.01951 0.179 0.02872 ± 0.01941 0.139 
  Flavonols 0.00150 ± 0.00086 0.083 0.00117 ± 0.00085 0.170 0.00120 ± 0.00085 0.160 0.00110 ± 0.00085 0.197 
  Flavonones 0.00086 ± 0.00112 0.441 0.00081 ± 0.00110 0.461 0.00079 ± 0.00110 0.474 0.00074 ± 0.00109 0.501 
  Flavan-3-ols 0.00005 ± 0.00003 0.153 0.00004 ± 0.00003 0.278 0.00004 ± 0.00003 0.271 0.00004 ± 0.00003 0.282 
  Anthocyanidins 0.00131 ± 0.00081 0.105 0.00108 ± 0.00080 0.174 0.00106 ± 0.00080 0.186 0.00106 ± 0.00079 0.184 

 
Abbreviations: TMT, Trail Making Test; MMSE, Mini-Mental State Exam; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 

  



Table S14. Associationa between visit 1 flavonoid intake and ln(TMT-B) for African American study participants without MMSE exclusion, HANDLS 2004-2020. 
 

 Basic Modelb Demographic Modelc Lifestyle Modeld Clinical Modele 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 𝜷 ± SE p-value 
Flavonoid Main Effect:  Association between visit 1 flavonoid intake and visit 1 ln(TMT-B) 
  Total Flavonoids -0.00090 ± 0.00076 0.241 -0.00001 ± 0.00066 0.993 0.00016 ± 0.00066 0.813 0.00012 ± 0.00065 0.858 
  Flavones -0.51534 ± 0.27456 0.061 0.05560 ± 0.23864 0.816 0.15961 ± 0.24053 0.507 0.08918 ± 0.23524 0.705 
  Flavonols -0.01469 ± 0.01473 0.319 0.00047 ± 0.01286 0.971 0.01354 ± 0.01345 0.314 0.00277 ± 0.01267 0.827 
  Flavonones 0.00269 ± 0.00725 0.710 0.00751 ± 0.00624 0.228 0.01040 ± 0.00629 0.098 0.00839 ± 0.00615 0.172 
  Flavan-3-ols -0.00097 ± 0.00080 0.224 -0.00017 ± 0.00069 0.800 -0.00008 ± 0.00069 0.901 -0.00007 ± 0.00068 0.916 
  Anthocyanidins 0.01040 ± 0.01333 0.435 0.01971 ± 0.01148 0.086 0.02555 ± 0.01157 0.027 0.02211 ± 0.01132 0.051 
Flavonoid*Time Interaction: Association between visit 1 flavonoid intake and change in ln(TMT-B) over time 
  Total Flavonoids 0.00007 ± 0.00008 0.386 0.00006 ± 0.00008 0.415 0.00006 ± 0.00008 0.401 0.00005 ± 0.00008 0.537 
  Flavones -0.00244 ± 0.02504 0.922 -0.00501 ± 0.02480 0.840 -0.00799 ± 0.02485 0.748 -0.00864 ± 0.02486 0.728 
  Flavonols 0.00104 ± 0.00154 0.499 0.00113 ± 0.00152 0.457 0.00117 ± 0.00152 0.444 0.00069 ± 0.00152 0.653 
  Flavonones -0.00028 ± 0.00070 0.689 -0.00048 ± 0.00070 0.489 -0.00050 ± 0.00070 0.468 -0.00050 ± 0.00070 0.471 
  Flavan-3-ols 0.00008 ± 0.00008 0.328 0.00008 ± 0.00008 0.344 0.00008 ± 0.00008 0.331 0.00006 ± 0.00008 0.448 
  Anthocyanidins -0.00097 ± 0.00108 0.368 -0.00094 ± 0.00107 0.380 -0.00097 ± 0.00107 0.365 -0.00096 ± 0.00107 0.368 

 
Abbreviations: TMT, Trail Making Test; MMSE, Mini-Mental State Exam; SE, Standard Error. 
aAssociations are reported for a 10-unit increment in visit 1 flavonoid intake. 
bBasic Model includes fixed effects for visit 1 flavonoid intake, time, and visit 1 flavonoid intake*time. 
cDemographic Model is the Basic Model adjusted for visit 1 age in years, age-squared, sex, race, poverty status, education in years, and Wide Range Achievement Test (WRAT) scores. 
dLifestyle Model is the Demographic Model adjusted for current smoking status, current drug use, and total energy intake at visit 1. 
eClinical Model is the Demographic Model adjusted for diabetes, hypertension, high cholesterol, the Center for Epidemiologic Studies Depression Scale (CES-D), and body mass index (BMI). 
 


