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Abstract
Background . Although prior studies have examined the associations between neighborhood characteristics and 
cognitive health, little is known about whether local food environments, which are critical for individuals’ daily living, 
are associated with late-life cognition. Further, little is known about how local environments may shape individuals’ 
health-related behaviors and impact cognitive health. The aim of this study is to examine whether objective and 
subjective measures of healthy food availability are associated with ambulatory cognitive performance and whether 
behavioral and cardiovascular factors mediate these associations among urban older adults.

Methods . The sample consisted of systematically recruited, community-dwelling older adults (N = 315, mean 
age = 77.5, range = 70–91) from the Einstein Aging Study. Objective availability of healthy foods was defined as density 
of healthy food stores. Subjective availability of healthy foods and fruit/vegetable consumption were assessed using 
self-reported questionnaires. Cognitive performance was assessed using smartphone-administered cognitive tasks 
that measured processing speed, short-term memory binding, and spatial working memory performance 6 times a 
day for 14 days.

Results . Results from multilevel models showed that subjective availability of healthy foods, but not objective food 
environments, was associated with better processing speed (estimate= -0.176, p = .003) and more accurate memory 
binding performance (estimate = 0.042, p = .012). Further, 14~16% of the effects of subjective availability of healthy 
foods on cognition were mediated through fruit and vegetable consumption.

Conclusions . Local food environments seem to be important for individuals’ dietary behavior and cognitive health. 
Specifically, subjective measures of food environments may better reflect individuals’ experiences regarding their 
local food environments not captured by objective measures. Future policy and intervention strategies will need to 
include both objective and subjective food environment measures in identifying impactful target for intervention and 
evaluating effectiveness of policy changes.
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About 6.5 million Americans over the age of 65 years are 
living with Alzheimer’s dementia today, with this number 
expected to grow to 12.7 million by 2050 [1]. Alzheimer’s 
Disease and related dementias (ADRD) result in substan-
tial familial, societal, and economic burden. In contrast, 
preserving cognitive health into old age helps individu-
als maintain a high quality of life and autonomy. Prior 
studies have found that individuals’ behavioral and car-
diovascular risk factors such as physical inactivity, low 
social contact, excessive alcohol consumption, smoking, 
diabetes, and hypertension are important modifiable risk 
factors for cognitive impairment and dementia [2, 3]. 
However, given that these factors are difficult to modify 
without supportive environments, there is growing inter-
est in examining how neighborhood environments can 
help protect against cognitive impairment [4–7]. Among 
various neighborhood characteristics, local food envi-
ronments are especially important because they may be 
associated with cognitive health either directly or through 
effects on dietary habits, routine activity patterns, or 
vascular risk factors. The overall goal of this study is to 
investigate whether and how availability of healthy foods 
is associated with cognition among older adults.

Objective and subjective measures of local food 
environments
Previous studies have examined whether local food envi-
ronments, assessed using either objective or subjective 
measures, were associated with various health outcomes 
and health-related behaviors [8–10]. Objective food envi-
ronment measures typically use publicly available data 
to assess food environments (e.g., store density, access to 
supermarkets) within certain administrative boundaries 
(e.g., census tract) or geographical distances (e.g., buffer 
area of 250 ~ 1600 m) around individuals’ home locations. 
However, some limitations should be considered in using 
objective measures. First, there may be individual differ-
ences in what people consider as a ‘neighborhood’. Prior 
work suggested that there was large variability in the per-
ception of neighborhood sizes across individuals [11]. 
Second, objective data cannot take into account factors 
(e.g., satisfaction with food availability or quality, trans-
portation) [12] that may contribute to individuals’ actual 
experiences regarding how they navigate and interact 
with their local food environments. Therefore, subjective 
measures of local food environments may provide addi-
tional information not captured by objective measures 
and may better reflect individuals’ actual exposures and 
experiences with local food environments [13–15].

For late-life cognitive outcomes, only a few studies [16, 
17] have examined the associations of objective or sub-
jective availability of healthy foods with late-life cogni-
tion. FangFang and colleagues [16] found that objective 
measures of availability of healthy foods were associated 

with lower Mini Mental State Examination (MMSE) 
scores among females, but Finlay and colleagues did not 
find significant associations between objectively assessed 
healthy food environments and global cognition [18]. 
Tani and colleagues [17] found that both objective and 
subjective measures of availability of healthy foods were 
associated with decreased dementia incidence, with 
stronger effects of subjective rather than objective neigh-
borhood measures [17]. However, the evidence on the 
differential roles of objective and subjective measures of 
food environments in late-life cognition is still lacking.

In addition, the socio-ecological model [19, 20] pos-
its that dynamic societal and ecological contexts, which 
individuals are exposed to, play a role in driving health-
related behavior and health consequences. There have 
been important advances in our understanding of indi-
vidual factors that may lead to cognitive impairment 
and dementia, including fruit and vegetable consump-
tion, physical activity, and cardiovascular factors [3, 21, 
22]. However, little is known about how these individual 
factors are contextualized within the environment. As 
behavioral interventions to promote cognitive health 
would not be successful without supportive environ-
ments, it would be important to examine the role of local 
food environments in shaping health-related behaviors 
and cognitive health. The current study aimed to exam-
ine (1) whether both objective and subjective food envi-
ronments were associated with late-life cognition, and 
(2) whether the associations between food environments 
and cognition were mediated by behavioral (i.e., fruit 
and vegetable consumption, walking) and cardiovascular 
risks (i.e., diabetes, hypertension).

Cognitive domains related to early cognitive 
impairment
For public health perspectives, it is important to identify 
modifiable factors for subtle cognitive impairment that 
is associated with accelerated cognitive aging or clinical 
dementia. Identifying these modifiable factors may be 
hard using global or composite cognitive scores, because 
specific risk/protective factors may only be related to 
particular cognitive domains [6]. Indeed, some cogni-
tive domains may be sensitive to earlier stages of cogni-
tive aging and dementia. Processing speed is regarded 
as elementary cognitive operation that influences the 
efficiency of more complex cognitive abilities [23]. Some 
researchers suggest that processing speed may be a fun-
damental cause of age-related declines in other cognitive 
capabilities [24, 25]. Working memory is responsible for 
temporarily holding sensory information and manipulat-
ing it. There may be two components to the age-related 
decline in working memory performance: one emphasiz-
ing the storage of information and the other maintaining 
associations that bind individual features (e.g., color) to 
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objects (e.g., shape) [26]. There is evidence that deficits in 
short-term memory binding performance may be a pre-
clinical marker for Alzheimer’s disease [27].

Prior studies that examined the effect of the food envi-
ronments on late-life cognition have used dementia sta-
tus [17] or global cognitive measures (i.e., MMSE) [16] as 
outcomes. However, whether food environments affect 
specific cognitive domains remains to be established. In 
the current study, we aimed to examine the associations 
of availability of healthy foods with measures of process-
ing speed and working memory performance, which 
are sensitive to age-related decline [25, 26] and/or age-
related neuropathology (e.g., preclinical dementia) [27].

The Einstein Aging Study (EAS) provided the oppor-
tunity to examine associations between availability of 
healthy foods and late-life cognition in a diverse com-
munity-dwelling sample of urban older adults in Bronx, 
NY. In measuring cognitive performance, we employed 
ecological momentary assessment (EMA) methods using 
smartphones to conduct frequent and repeated cogni-
tive testing in people’s everyday lives [28]. This approach 
has several advantages over the traditional, laboratory-
based, single-shot cognitive assessments. By assess-
ing cognitive performance in settings where people use 
their cognitive abilities, we increase ecological validity. 
In addition, repeated testing of cognition allows us to 
improve measurement precision and reliability of sys-
tematic between-person differences in cognitive per-
formance by statistically modeling or canceling out the 
effects of random and systematic within-person variabil-
ity. We hypothesized that greater availability of healthy 
foods would be associated with better cognitive perfor-
mance assessed using EMA smartphone-administered 
cognitive tasks. We also hypothesized that the associa-
tions between availability of healthy foods and cognition 
would be mediated by behavioral (i.e., fruit and vegetable 
consumption, walking) and cardiovascular (i.e., hyper-
tension, diabetes) factors.

Methods
The EAS is a longitudinal population-based study of 
older adults in the Bronx, NY. Data for the present study 
were derived from individuals’ first annual EMA assess-
ments completed between May 2017 and March 2020. 
A description of the study cohort and protocol can be 
found elsewhere [29, 30]; details relevant for the present 
study are provided below.

Participants
Participants included 315 older adults with the mean 
age of 77.5 (range = 70 to 91). They were systematically 
recruited from registered voter lists in the Bronx, NY [29, 
30]. Eligible participants were aged 70 and older, ambu-
latory, fluent in English, and residents of Bronx County, 

NY. Exclusion criteria included significant hearing or 
vision loss, current substance abuse, severe psychiat-
ric symptoms that may interfere with testing, chronic 
medicinal use of opioids or glucocorticoids, treatment 
for cancer within the last 12 months, or a diagnosis of 
dementia at enrollment.

Procedure
During recruitment, introductory letters were mailed 
to individuals from sampling frames generated from the 
voter lists. A research assistant followed up with a phone 
call to establish eligibility and schedule a clinic visit. At 
the baseline clinic visit, written consent was obtained 
and participants completed a conventional neuropsycho-
logical battery and questionnaires about demographics, 
medical history, family history, and other socio-behav-
ioral factors. Then participants were given surveys assess-
ing subjective neighborhood quality, dietary behaviors, 
physical activity, and other psychosocial characteristics 
to complete at home and return on their next visit. Par-
ticipants returned to the clinic site to be trained on the 
use of study smartphone in which surveys for EMA were 
administered. Written informed consent for the EMA 
protocol was obtained in this initial clinic visit. Begin-
ning the day after their clinic visit, participants began a 
2-day run-in practice phase, followed by a 14-day EMA 
protocol. During the 14-day EMA protocol, participants 
completed a brief smartphone morning survey upon 
waking, beeped surveys at 4 quasi-random times during 
a day, and a bedtime survey at the end of each day for 14 
days. The average time between beeped assessments was 
approximately 3.5 h. For each EMA assessment, partici-
pants completed a smartphone survey about their psy-
chosocial states, immediately followed by several brief 
ambulatory cognitive tasks including Symbol Match, 
Color-Shape Binding, and Grid Memory tasks described 
in detail below. Participants who satisfactorily completed 
the entire study protocol could receive up to $160. The 
current study used data from the 14-day EMA protocol 
without the run-in data. The Institutional Review Board 
of the Albert Einstein College of Medicine approved the 
study protocol, and all participants provided informed 
consent.

EMA mobile cognitive tasks
The current study used three mobile cognitive tasks to 
measure cognitive performance (Fig.  1). Symbol Match 
task was used to measure processing speed. For assessing 
working memory performance, Color-Shape Binding task 
was used to measure visual short-term memory bind-
ing, and Grid Memory task was used to measure spatial 
working memory. Each cognitive task took an average of 
45  s to complete at each assessment occasion (i.e., ses-
sion). Reliability and validity of the EMA Symbol Match 
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and Grid Memory task measures [28], as well as prelimi-
nary validity evidence for the Color-Shape Binding mea-
sure [29], were established in prior research.

Symbol match (cognitive domain: processing speed) Par-
ticipants were asked to compare two symbol pairs at the 
top of the screen with two symbol pairs at the bottom of 
the screen and decide as quickly and accurately as possible 
which of the bottom-screen pairs matches a top-screen 
pair. The task comprised of 11 trials. Mean response time 
(unit: seconds) of correct trials within each assessment 
occasion was used to operationalize performance. Higher 
values reflected slower processing speed [28].

Color-Shape binding (cognitive domain: visual short-term 
memory binding) Participants were asked to memorize 
the shapes and colors of three different polygons for 3 s. 
The three polygons were then removed from the screen 
and re-displayed at different locations, either having the 
same or different colors. Participants were asked to decide 
whether the combination of colors and shapes are the 
“Same” or “Different” between the study and task phases. 
The task comprised of 5 trials. We used d-prime (i.e., 
z-scored hit (proportion of correct “Different” responses) 
– z-scored false alarm (proportion of incorrect “Different” 
responses)) to indicate correct recognition score. Higher 
values reflected better binding performance [27].

Grid memory (cognitive domain: spatial working mem-
ory) Participants were asked to memorize the location 
of 3 dots presented at random locations on a 5 × 5 grid 
for 3 s. After an 8-second distractor phase, where partici-
pants were asked to touch all letter E’s among a grid of 
letter F’s, they were then asked to recall the location of 
each dot during the study phase. The task comprised of 2 
trials. Performance was operationalized as an error score 
averaged across two trials, i.e., the Euclidean distance 
between the correct and participant-reported dot loca-
tions. Higher error scores reflected worse spatial working 
memory performance [28, 31].

Availability of healthy foods
Objective availability of healthy foods was defined as 
the density of grocery stores and supermarkets (NAICS 
445,110) as well as specialty food stores (NAICS 4452). 
Establishment variables were derived from the National 
Establishment Time-Series (NETS) database, and all 
measures were counts per 1000 population in a census 
track (mean centered). To deal with outliers, scores were 
top-coded to the 99th-percentile [18]. The data for each 
census tract was obtained from the National Neighbor-
hood Data Archive database [32].

Subjective availability of healthy foods was assessed 
using a self-report questionnaire that asked participants 
the degree to which they agreed/disagreed to the follow-
ing three items: “A large selection of fresh fruits and veg-
etables is available in my neighborhood”, “The fresh fruits 
and vegetables in my neighborhood are of high quality”, 
and “A large selection of low-fat products is available in 
my neighborhood”, with responses on a 5-point Likert 
scale (1 = Strongly disagree, 5 = Strongly agree) [33]. Our 
sample completed all three items of the measure of sub-
jective availability of healthy foods. The composite vari-
able, averaged across these three items and centered 
at the sample mean, was used to indicate availability of 
healthy foods as our main independent variable. We also 
created tertiles for the availability of healthy foods score 
(low, intermediate, high availability of healthy foods) to 

Fig. 1 Screenshots of mobile cognitive tasks
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further assess whether the pattern of associations of cat-
egorical food environment measures with cognition is 
similar to the findings for the continuous measures.

Covariates
The following demographic and individual-level covari-
ates were included: age was coded in years (centered at 
the sample mean of 77), gender was coded as ‘male (0)’ 
and ‘female’, and race/ethnicity was coded as ‘non-His-
panic Whites’, ‘non-Hispanic Blacks’, and ‘other’. Educa-
tion was measured using the highest degree earned and 
coded as ‘Less than high school’, ‘High school diploma’, 
‘Associate/Bachelor’, and ‘Master/Doctorate’. Financial 
situation was assessed using one item, “How would you 
rate your financial situation these days?” (0 = Worst pos-
sible situation through, 10 = Best possible situation) and 
centered at the sample mean. Fruit and vegetable con-
sumption was assessed using two items from the Rapid 
Eating and Activity Assessment for Participants Short 
Version (REAP-S) [34]. These items were, “In an aver-
age week, how often do you eat more than 2 servings 
of fruit a day? (serving = ½ cup or 1 medium fruit or ¾ 
cup 100% fruit juice)” and “eat more than 2 servings of 
vegetables a day? (serving = ½ cup vegetables or 1 cup 
leafy raw vegetables)” (1 = Rarely/never, 2 = Sometimes, 
3 = Usually/often). A summary variable was calculated as 
the average of two items and centered at 2 (Sometimes). 
History of diabetes (0 = no, 1 = yes) and high blood pres-
sure (0 = no, 1 = yes), and average daily walking minutes 
were assessed through self-reports at baseline. MCI was 
defined using the Jak/Bondi actuarial criteria [35]. Five 
cognitive domains (memory, executive function, atten-
tion, language, and visual-spatial) from ten neuropsycho-
logical instruments were used for the MCI classification. 
Each domain included two neuropsychological instru-
ments (see [30] for details). The following actuarial for-
mula was used: (i) impaired scores, defined as 1 SD below 
the age, gender, and education adjusted normative mean, 
on both measures within at least one cognitive domain; 
or (ii) impaired scores, defined as 1 SD below the age, 
gender, and education adjusted normative mean, in three 
neuropsychological instruments among five cognitive 
domains. If neither of these criteria was met, a score of 4, 
indicating the number of items of functional inability on 
all four instrumental activities of daily activities items on 
the Lawton Brody scale [36] must occur for an individual 
to be classified as MCI.

Subjective neighborhood quality. Perceived safety was 
measured using three items: “I feel safe walking in my 
neighborhood at night”, “Violence is not a problem 
in my neighborhood”, and “My neighborhood is safe 
from crime” (1 = Strongly disagree, 5 = Strongly agree). 
Perceived aesthetic quality was measured using five 
items including: “There is a lot of trash and litter in my 

neighborhood (reverse coded)”, “There is a lot of noise 
in my neighborhood (reverse coded)”, “In my neighbor-
hood the buildings and homes are well-maintained”, “The 
buildings and houses in my neighborhood are interest-
ing”, and “My neighborhood is attractive”. Perceived social 
cohesion was measured using the four items including: 
“People in my neighborhood generally get along with 
each other”, “People around here are willing to help their 
neighbors”, “People in my neighborhood can be trusted”, 
and “People in my neighborhood share the same values”. 
Summary variables for safety, aesthetic quality, and social 
cohesion were calculated as the average of items in each 
domain respectively. These measures were controlled for 
to confirm the effect of perceived availability of healthy 
foods over and above the potential response style bias 
from self-reports (i.e., a tendency to use the rating scale 
in a certain systematic way regardless of actual content).

To indicate neighborhood deprivation, publicly avail-
able Area Deprivation Index (ADI) score was used, which 
is a factor-based index that uses 17 US Census–based 
poverty, education, housing quality, and employment 
indicators to characterize and rank the socioeconomic 
contextual disadvantage of a particular neighborhood at 
the census block group level. Participants’ most recently 
reported address was linked to ADI state decile score 
(1 = Least deprived to 10 = Most deprived) through 
12-digit Federal Information Processing System (FIPS) 
code received from the Census geocoding API and cen-
tered at the sample mean. For the assessment-level 
covariates to model retest effects and time of day effects 
on EMA cognitive tasks, session number (i.e., session 1, 2, 
3, 4…) and time of day were used respectively.

Analytic approach
To examine whether food environments were associ-
ated with cognition, two level multilevel mixed models 
(MLMs) were estimated in SAS PROC MIXED (version 
9.4). The use of MLMs allowed us to account for the 
nested structure of the data (i.e., assessments within per-
sons) and to estimate cognitive performance precisely 
after controlling for retest (from repeated testing) and 
time of day effects. Full maximum likelihood was used 
for model estimation and robust standard errors were 
used for fixed effects hypothesis testing. Each cognitive 
task score (i.e., Symbol Match, Color-Shape Binding, and 
Grid Memory) was modeled as a function of availability 
of healthy foods in separate models. Covariates were age, 
sex, race/ethnicity, education, financial situation, ADI, 
retest effects, and time of day effects. Shown below is the 
multilevel model for the effect of availability of healthy 
foods on Symbol Match task performance (i.e., response 
time) that specifies two levels of analysis.

Level 1:
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Responsetimeij = b0j + b1j (Sessionij)
+b2j (Sessionij × Sessionij)
+b3j (T imeof dayij)
+b4j (T imeof dayij × T imeof dayij) + eij

The Level 1 model describes within-person variation in 
response time of the Symbol Match task for person j on 
assessment i as a function of a person-specific intercept 
(b0j ), linear and quadratic retest effect (b1j, b2j ), linear 
and quadratic time of day effect (b3j, b4j ), and an assess-
ment- and person-specific residual deviation from that 
intercept (eij ).

Level 2:

 

b0j = β00

+β01 (Objective availability of healthy foods.j)
+β02 (Subjective availability of healthy foods.j)
+β03 (Age.j) + β04 (Sex.j) + β05 (Race.j)
+β06 (Education.j) + β07 (Financial.j)
+β08 (ADI.j) + u0j

 b1j = β10 + u1j

 b2j = β20

 b3j = β30 + u2j

 b4j = β40

The Level 2 model describes between-person variation 
in the mean response time across entire assessments. 
β00 represents the sample average response time for 
77-year-old, non-Hispanic White men with high school 
diploma who had average ratings financial situation and 
ADI score. β01 and β02 reflect the differences in response 
time with a 1 unit between-person difference in objec-
tive (for β01) or subjective (for β02) availability of healthy 
foods. β03 indicates the difference in response time 
with a 1-year difference in age, β04 indicates sex differ-
ences in response time, β05 indicates racial differences in 
response time, β06 indicates educational differences in 
response time, and β07 indicates differences in response 
time by financial situation, and β08 indicates ADI differ-
ences in response time. β10 and β20 indicate linear and 
quadratic retest effect, and β30 and β40 indicate linear 
and quadratic time of day effect. Finally, u0j , u1j , and u2j  
reflect person-specific deviations from the average level 
of response time, retest effects, and time of day effects 
respectively. Our interest was to examine β01 and β02, the 
average effects of objective and subjective availability of 
healthy foods, after controlling for covariates. Identical 
models were fitted for the other two cognitive outcomes.

Next, we examined whether behavioral and cardiovas-
cular factors (i.e., M) mediated the association between 
availability of healthy foods (i.e., X) and cognition (i.e., 
Y). As the analysis involved upper-level mediation, i.e., 
the effect of a Level 2 predictor (availability of healthy 
foods) on a Level 1 outcome (cognition) is mediated by 
another Level 2 predictor (e.g., fruit and vegetable con-
sumption, walking, hypertension and diabetes), we con-
ducted simple mediation analysis [37]. To calculate the 
indirect effect, we first calculated the coefficient (a) for 
X in a model predicting M. Then we calculated the coef-
ficient (b) for M predicting Y after controlling for X. The 
product of a and b indicates the indirect effect of X on 
Y through M. To build confidence intervals around the 
indirect effect, a Monte Carlo simulation with 20,000 
replications was used from the method proposed by Selig 
and Preacher [38].

Results
Descriptive statistics
Mean age was 77.5 (SD = 4.8) and women made up 67.6% 
of the sample. The sample was diverse in terms of race 
(non-Hispanic White: 45.7%, non-Hispanic Black: 40.3%, 
other: 14.0%) and education (Less than high school: 5.7%, 
High school or GED: 43.2%, Associates/Bachelors: 26.0%, 
and Masters/Doctorate: 25.1%). 31% of the sample had 
mild cognitive impairment (MCI); high prevalence of 
MCI may be due to diverse sample characteristics (e.g., 
40% of non-Hispanic Black). The sample mean of objec-
tive availability of healthy foods was 1.1 between 0 and 
5.1 (for the tertile measure, low availability = 0 to 0.5, 
intermediate = 0.5 to 1.1, high = 1.1 to 5.1). The sample 
mean of subjective availability of healthy foods was 3.9 
between 1 and 5 (for the tertile measure, low availabil-
ity = 1 to 3.3, intermediate = 3.7 to 4.0, high = 4.3 to 5.0). 
The mean ADI score was 5.8 between 1 (least deprived) 
and 10 (most deprived). The sample mean for their per-
ceived financial situation was 7.1 between 0 (Worst) and 
10 (Best), and the mean fruit and vegetable consump-
tion was 2.3, representing average response of “Some-
times”. Daily average walking duration was 19  min. 67% 
of the sample had a history of hypertension, and 23% of 
the sample had a history of diabetes. The average num-
ber of EMA sessions completed was 70 (range = 14 to 97) 
(Table 1).

Results from the correlation analysis (Table  2) sug-
gested that greater objective availability of healthy foods 
was correlated with worse subjective availability of 
healthy foods (r = ‒.13), less neighborhood-level depriva-
tion (r = ‒.15), and worse financial situation (r = ‒.12), but 
was not correlated with any cognitive measures. Greater 
subjective availability of healthy foods was correlated 
with better financial situation (r = .25), more fruit and 
vegetable consumption (r = .19), and better cognition (r = 
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‒.20 for Symbol Match, r = .17 for Color-Shape Binding, 
and r = ‒.18 for Grid Memory). Fruit and vegetable con-
sumption was correlated with better cognition (r = ‒.21 
for Symbol Match, r = .27 for Color-Shape Binding, and r 
= ‒.20 for Grid Memory). More daily walking was corre-
lated with better scores in Symbol Match task (r = ‒.12).

Association between availability of healthy foods and 
cognition
We examined whether objective and subjective measures 
of food environment were associated with better cogni-
tive performance in different tasks (i.e., Symbol Match, 
Color-Shape Binding, and Grid Memory). For Symbol 
Match task performance (cognitive domain: processing 
speed), results from the multilevel models (Table 3) indi-
cated that older age, being non-Hispanic Black vs. non-
Hispanic White, and not having a high school degree vs. 
having a high school degree were significantly associated 
with slower response times (RT). The linear and qua-
dratic retest effects (i.e., session number) were signifi-
cant, indicating that RT improved over time. The linear 
and quadratic time of day effects were also significant, 
indicating that RT slowed throughout the day. The effect 
of objective availability of healthy foods was not signifi-
cant. The effect of subjective availability of healthy foods 

was significant: a one-point increase in the perceived 
availability was associated with 176 milliseconds faster 
RT after controlling for objective availability and other 
covariates. For Color-Shape Binding task performance 
(domain: visual short-term memory binding), results 
from the multilevel models (Table  4) indicated that 
higher scores in subjective availability of healthy food 
availability were associated with more accurate responses 
(estimate = 0.042) after controlling for objective food 
environment measure and covariates. Objective availabil-
ity of healthy foods was not associated with Color-Shape 
Binding task performance. There was no significant 
association of either objective or subjective availability 
of healthy foods with Grid Memory task performance 
(domain: spatial working memory) (Table  5). We also 
conducted the above analyses separately for objective and 
subjective availability of healthy foods, and the pattern of 
results was similar (Supplementary Table 1).

We ran several sensitivity analyses. First, to rule out 
the reverse causality concern, we repeated main analy-
ses after removing individuals with MCI. The significant 
effects of subjective availability of healthy foods stayed 
similar after removing those individuals (estimate= 
-0.181, 95% CI=[-0.296, -0.066] for Symbol Match; esti-
mate = 0.050, 95% CI=[0.015, 0.086] for Color-Shape 

Table 1 Descriptive statistics (N = 315)
Variable Mean (SD) or % Range
Age 77.46 (4.84) 70 to 91

Female 67.62% -

Race

 Non-Hispanic Whites 45.71% -

 Non-Hispanic Blacks 40.32% -

 Other race 13.97% -

Years of education

 Below high school completion 5.71% -

 High school diploma/GED 43.17% -

 Associates/Bachelors 26.03% -

 Masters/ Doctorate 25.08% -

Objective availability of healthy foods 1.09 (0.99) 0 to 5.12

Subjective availability of healthy foods 3.93 (0.83) 1 to 5

Area Deprivation Index 5.81 (2.29) 1 to 10

Financial situation 7.05 (2.18) 0 to 10

Fruit and vegetable consumption 2.25 (0.63) 1 to 3

Daily walking minutes 19.19 (35.43) 0 to 240

History of hypertension 66.88%

History of diabetes 23.25%

Number of EMA sessions completed 70.17 (15.25) 14 to 97

Symbol Match (seconds) a,b 3.25 (0.89) 1.27 to 6.91

Color-Shape Binding (d prime) a,c 0.63 (0.29) -0.06 to 0.99

Grid Memory (Euclidean error distance) a,d 2.25 (0.85) 0.12 to 4.26
a Measures are aggregated across all sessions for each person.
b Unit: Response time in seconds. Higher scores mean low cognitive function.
c Unit: d prime (z(H) - z(F)). Higher scores mean better cognitive function (more accurate responses with fewer false alarms).
d Unit: Euclidean error distance. Higher scores mean worse cognitive function.
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Binding). Second, we examined whether the effects of 
subjective food environments would be stronger among 
potential food preparers (i.e., individuals who live alone 
vs. not; individuals who plans/prepares/serves meals 
independently vs. not). We did not find moderation 
effects of living alone or meal preparation in the asso-
ciations. Third, to rule out the possible biases from self-
reports, we controlled for other perceived neighborhood 
quality measures (i.e., perceived safety, aesthetic qual-
ity, and social cohesion) in separate models. The pattern 
of results stayed similar especially for Symbol Match. 
Fourth, we used tertiles of the availability of healthy 
foods (low, intermediate, and high) to further assess the 
pattern of the association with cognitive performance. 
For subjective availability of healthy foods, high versus 
low availability was associated with better cognition (esti-
mate= -0.308, 95% CI=[-0.567, -0.049] for Symbol Match; 
estimate = 0.106, 95% CI=[0.028, 0.183] for Color Shape). 
Individuals with high versus intermediate availability Ta
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Table 3 Results from multilevel models (outcome: Symbol 
Match (processing speed))
Fixed effects Estimate (SE) 95% CI p-

value
Intercept 3.362 (0.200) [2.968, 3.757] < 0.001

Objective availability of 
healthy foods

-0.063 (0.045) [-0.151, 0.025] 0.159

Subjective availability of 
healthy foods

-0.176 (0.060) [-0.293, -0.059] 0.003

Linear session -0.008 (0.001) [-0.010, -0.006] < 0.001

Quadratic session 0.000 (0.000) [0.000, 0.000] < 0.001

Linear time of day 0.006 (0.001) [0.004, 0.008] < 0.001

Quadratic time of day 0.002 (0.000) [0.001, 0.002] < 0.001

Age 0.033 (0.011) [0.012, 0.055] 0.003

Female -0.138 (0.107) [-0.347, 0.071] 0.197

nHBa vs. nHWb 0.265 (0.121) [0.028, 0.503] 0.029

Other race vs. nHWb 0.239 (0.139) [-0.034, 0.513] 0.086

Below HS vs. HSc 0.685 (0.250) [0.195, 1.175] 0.006

Associates/Bachelors 
vs. HS

-0.034 (0.118) [-0.264, 0.197] 0.775

Graduate vs. HS 0.072 (0.135) [-0.193, 0.337] 0.595

Financial situation -0.011 (0.025) [-0.061, 0.038] 0.653

ADId 0.010 (0.021) [-0.031, 0.051] 0.640

Random effects
Var (Intercept) 0.664 (0.059) < 0.001

Var (Session) 0.000 (0.000) < 0.001

Var (Time) 0.000 (0.000) < 0.001

Covar (Intercept, Session) -0.001 (0.000) 0.000

Covar (Intercept, Time) 0.001 (0.001) 0.397

Covar (Session, Time) 0.000 (0.000) 0.642

Residual 0.283 (0.003) < 0.001
Note. Unit: Response time in seconds. Higher scores mean low cognitive 
function.
a nHB = non-Hispanic Blacks; b nHW = non-Hispanic Whites; c HS = High school 
completion;
d Area Deprivation Index
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showed better cognition (estimate= -0.212, 95% CI=[-
0.441, 0.017] for Symbol Match; estimate = 0.085, 95% 
CI=[0.015, 0.155] for Color Shape). There were no dif-
ferences between intermediate versus low subjective 
availability of healthy foods. For objective availability of 
healthy foods, there were no significant differences in 
cognition among high, intermediate, and low availability.

Pathways in the association between availability of healthy 
foods and cognition
Next, we conducted mediation analyses to evaluate the 
mechanisms through which subjective availability of 
healthy foods was associated with cognition. The indi-
rect effects for fruit and vegetable consumption were 
significant (for Symbol Match, indirect effect = -0.025, 
CI=[-0.0569, -0.0021], percent mediated = 13.9%; for 
Color-Shape Binding: indirect effect = 0.007, CI=[0.0002, 
0.0162], percent mediated = 15.8%), indicating that fruit 
and vegetable consumption partially mediated the associ-
ation between subjective availability of healthy foods and 
cognitive performance. Average daily walking minutes or 
history of hypertension and diabetes did not mediate the 
associations between subjective food environments and 

cognition. In addition, there were no significant mediat-
ing effects for objective food environments.

Discussion
Despite growing evidence for the importance of neigh-
borhood characteristics for late-life cognitive health, few 
studies have examined the associations between food 
environments and cognitive health. In the current study, 
we found that greater subjective availability of healthy 
foods was associated with better processing speed and 
memory binding performance. The associations per-
sisted after accounting for objective food environment 
measure, individual-level socio-demographic factors and 
neighborhood deprivation; objective food environment 
measure was not associated with cognition. We also 
found that 14 to 16% of effects of subjective availability of 
healthy foods on cognition were mediated through fruit 
and vegetable consumption. Given that processing speed 
and memory binding performance measures reflect cog-
nitive domains sensitive to age-related deficits and early 
marker of disease, our results suggest that the subjective 
availability of healthy foods may be associated with cog-
nitive deficits in early stages of cognitive aging and/or 
impairment. That is, the observed cognitive differences 

Table 4 Results from multilevel models (outcome: Color-Shape 
Binding (visual short-term memory binding))
Fixed effects Estimate (SE) 95% CI p-

value
Intercept 0.547 (0.062) [0.425, 0.669] < 0.001

Objective availability of 
healthy foods

0.025 (0.015) [-0.004, 0.055] 0.094

Subjective availability of 
healthy foods

0.042 (0.017) [0.009, 0.075] 0.012

Linear session 0.004 (0.001) [0.003, 0.005] < 0.001

Quadratic session 0.000 (0.000) [0.000, 0.000] < 0.001

Linear time of day -0.001 (0.000) [-0.001, 0.000] 0.094

Quadratic time of day 0.000 (0.000) [0.000, 0.000] 0.618

Age -0.009 (0.004) [-0.016, -0.001] 0.023

Female 0.023 (0.036) [-0.046, 0.093] 0.510

nHBa vs. nHWb -0.129 (0.042) [-0.211, -0.046] 0.002

Other race vs. nHWb -0.046 (0.05) [-0.144, 0.051] 0.350

Below HS vs. HSc -0.218 (0.08) [-0.374, -0.062] 0.006

Associates/Bachelors 
vs. HS

0.102 (0.041) [0.022, 0.183] 0.013

Graduate vs. HS 0.117 (0.039) [0.040, 0.195] 0.003

Financial situation -0.002 (0.007) [-0.015, 0.012] 0.819

ADId 0.015 (0.007) [0.001, 0.029] 0.040

Random effects
Var (Intercept) 0.063 (0.006) < 0.001

Residual 0.085 (0.001) < 0.001
Note. Unit: d prime (z(H) - z(F)). Higher scores mean better cognitive function 
(more accurate responses with fewer false alarms).
a nHB = non-Hispanic Blacks; b nHW = non-Hispanic Whites; cHS = High school 
completion;
d Area Deprivation Index

Table 5 Results from multilevel models (Outcome: Grid Memory 
(spatial working memory))
Fixed effects Estimate (SE) 95% CI p-

value
Intercept 2.275 (0.177) [1.928, 2.623] < 0.001

Objective availability of 
healthy foods

-0.094 (0.051) [-0.194, 0.006] 0.065

Subjective availability of 
healthy foods

-0.079 (0.051) [-0.179, 0.022] 0.125

Linear session -0.005 (0.002) [-0.008, -0.002] 0.003

Quadratic session 0.000 (0.000) [0.000, 0.000] 0.719

Linear time of day 0.004 (0.001) [0.001, 0.007] 0.003

Quadratic time of day 0.001 (0.000) [0.001, 0.001] < 0.001

Age -0.001 (0.009) [-0.018, 0.016] 0.899

Female 0.412 (0.101) [0.215, 0.609] < 0.001

nHBa vs. nHWb 0.248 (0.106) [0.040, 0.457] 0.020

Other race vs. nHWb 0.16 (0.135) [-0.104, 0.425] 0.236

Below HS vs. HSc 0.193 (0.152) [-0.104, 0.49] 0.203

Associates/Bachelors 
vs. HS

-0.471 (0.108) [-0.683, -0.259] < 0.001

Graduate vs. HS -0.586 (0.122) [-0.825, -0.348] < 0.001

Financial situation -0.001 (0.021) [-0.043, 0.041] 0.958

ADId 0.026 (0.020) [-0.013, 0.065] 0.185

Random effects
Var (Intercept) 0.498 (0.045) < 0.001

Residual 1.034 (0.011) < 0.001
Note. Unit: Euclidean error distance. Higher scores mean worse cognitive 
function.
a nHB = non-Hispanic Blacks; b nHW = non-Hispanic Whites; cHS = High school 
completion;
d Area Deprivation Index
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could arise from acceleration of normative age-related 
mechanisms or from an increased risk of non-normative 
pathological mechanisms.

Importantly, subjective rather than objective availabil-
ity of healthy foods was associated with cognition. Objec-
tive measures may not capture important non-geographic 
dimensions of food environments regarding individuals’ 
experiences that may be influenced by various factors 
(e.g., transportation, local food stores’ business strate-
gies, staff and service) [12, 39]. In contrast, self-reported 
perceptions of immediate food environment likely reflect 
the actual use and experiences of local food stores, and 
thus may be a more proximal factor for health-related 
behaviors and cognitive health outcomes. Relatedly, prior 
research found that subjective measures of healthy food 
availability were consistently related to multiple healthy 
dietary outcomes, but objective measures were over-
whelmingly unrelated to dietary outcomes [8].

We also found partial but significant mediating effects 
of fruit and vegetable consumption in the associations 
between subjective availability of healthy foods and cog-
nition. Although prior studies [21, 22] have found the 
protective role of fruit and vegetable consumption in 
late-life cognitive health, little is known about how these 
protective behaviors are contextualized in the individu-
als’ built environment. This study extends prior research 
by emphasizing the role of food environments that may 
shape healthy dietary behaviors influencing cognitive 
health. Given that health promoting behaviors cannot 
be sustained without supportive environmental con-
texts, the current finding has implications for sustainable 
behavioral interventions to promote cognitive health.

There may be other mechanisms through which sub-
jective food environments are associated with late-life 
cognition, which require future investigation. One pos-
sibility is that better subjective food environments are 
associated with opportunities for mental, social, and 
physical activities. In urban areas, older adults are likely 
to purchase food in small batches, and shop at multiple 
stores to obtain quality foods (Munoz-Plaza et al., 2013). 
Thus, urban older adults who perceive greater availabil-
ity of healthy foods may go out and shop frequently to 
get fresh and good quality foods in their neighborhood. 
Not being distracted along the way to the supermarkets, 
thinking about the shopping list, choosing among various 
items may serve as a brain training that happens several 
times a week [17]. Moreover, food shopping can provide 
older adults with a chance of exercise as well as a source 
of social interaction [40, 41], which in turn may promote 
cognitive health.

Another possibility is that greater availability of healthy 
foods may be a proxy for the availability of other insti-
tutional resources, which in turn can provide percep-
tual/cognitive stimulation and activate neural networks 

related to alertness, sustained attention, and response 
to novelty [42]. Greater perceived availability of healthy 
food stores may motivate older adults to use other envi-
ronmental facilities (e.g., libraries, community centers) 
on the similar walking paths, which all facilitate mental 
stimulation (e.g., reading books, social interactions) [43, 
44]. It may also be the case that older adults living in the 
neighborhood with better institutional resources have a 
lifelong history of living in more resource-rich environ-
ments, which might have helped them accumulate cog-
nitive reserve [43]. Alternatively, perceived availability of 
healthy foods may reflect neighborhood-level socioeco-
nomic status. Prior studies found that living in deprived 
neighborhoods had a moderately strong negative associa-
tion with cognition [5], possibly due to lower availability 
of healthy food stores or walking paths. However, the 
effect of subjective availability of healthy foods was sig-
nificant after controlling for neighborhood deprivation.

The findings from this study have several implications 
for future research and policy. First, as subjective food 
environment measures may provide additional informa-
tion not captured by objective measures, future studies 
may need to include both subjective and objective food 
environment measures to identify features of food envi-
ronments linked to cognitive health. In addition, studies 
should identify factors influencing individuals’ percep-
tions of local food environments (e.g., cultural habits, 
demographic and psychological characteristics). Sec-
ond, given that changes in objective food environment 
alone (e.g., introducing new retailers) may not be suf-
ficient to promote health-related behaviors [45], policy 
changes and interventions will need to utilize subjective 
food environment measures to help decide the design 
of interventions and to evaluate the effectiveness of 
interventions.

This study has several limitations. First, this study is 
cross-sectional in nature, and the direction of causal rela-
tionship remains uncertain. It is possible that older adults 
with better mental and physical health go out and navi-
gate their neighborhood frequently in their daily lives and 
perceive their food environments more favorably. Then 
poorer perception of healthy foods availability may be a 
proxy for early stage of cognitive or functional impair-
ment. However, after excluding individuals having MCI, 
the patterns of results stayed similar. Second, various 
measures to assess food environments (e.g., affordability 
of healthy foods, different types of food stores) [8, 46, 47] 
would be required in future studies to fully understand 
the impact of local food environments. Third, although 
family support related to food shopping and prepara-
tion may contribute to an individual’s perceptions and 
experiences of local food options, we did not have the 
measures. Future studies will need to address the influ-
ence of family support on individuals’ perception of food 
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environments. Fourth, we could not examine whether 
better perceived availability of healthy foods is associ-
ated with more frequent shopping and going out. The 
use of person-specific, GPS-based activity space [48–50], 
accurate measures of physical activity using digital tech-
nology, and smartphone-administered EMA cognition 
measures will provide high resolution spatio-temporal 
data and allow us to examine precise behavioral mecha-
nisms through which neighborhood food environments 
are associated with older adults’ cognitive health. By 
identifying precise behavioral-level mechanisms through 
which contexts are associated with cognitive health, we 
will be able to design population- and individual-level 
interventions to promote cognitive health.

Conclusion
Subjective availability of healthy foods was associated 
with processing speed and memory binding perfor-
mance among urban, community dwelling older adults. 
The effects of the subjective availability of healthy foods 
were significant after accounting for objective food envi-
ronments, demographic variables, and individual- and 
neighborhood-level socioeconomic status. Fruit and 
vegetable consumption partially mediated associations 
between subjective availability of healthy foods and cog-
nition. These findings suggest the importance of local 
food environments in shaping individuals’ health-related 
behaviors, which in turn may influence cognitive health. 
The findings further suggest the utility of subjective food 
environment measures in future studies and interven-
tions. Subjective measures may reflect individuals’ actual 
experiences with local food environments not captured 
by objective measures. Thus, it would be important to 
include both objective and subjective food environment 
measures in identifying impactful target for intervention 
and evaluating effectiveness of policy changes.
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