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A B S T R A C T

Background: Evidence on the impact of complex neighborhood environment, including air pollution, greenness, 
and neighborhood socioeconomic deprivation (nSED) on cognitive health in older adults remains scarce. Both 
cognition and neighborhood environment are associated with physical activity, but little is known about the 
potential mediating role of physical activity in this association.
Methods: Cross-sectional data of the Czech arm of the HAPIEE cohort study examined 4,178 participants (55.6% 
women) aged 45–69 years. Global cognitive score was constructed from memory, verbal fluency, and concen
tration domains. The exposures, assigned to participant’s addresses, include 4-year (2000–2003) average con
centrations of PM2.5, greenness index calculated from tree crown canopy cover estimation (2000), and census- 
based nSED characteristics. Physical activity and other covariates were assessed by a questionnaire. Structural 
equation modelling was used to estimate standardized β coefficients for the relationships between neighborhood 
environment, physical activity and cognitive performance.
Results: After controlling for a range of covariates, global cognitive function was inversely associated with PM2.5 
(β = − 0.087; 95%CI: 0.122 to − 0.052) and nSED (β = − 0.147; 95%CI: 0.182 to − 0.115), and positively asso
ciated with greenness (β = 0.036; 95%CI: 0.001 to 0.069). We identified a weak but statistically significant 
mediating role of physical activity in the associations of PM2.5 exposures and nSED on global cognitive score. 
Total mediation proportions ranged from 3.9% to 6.5% for nSED and PM2.5, respectively.
Conclusions: The neighborhood environment was associated with cognitive health in older individuals; the as
sociations were partially mediated by physical activity.

1. Introduction

As the proportion of the elderly population (over 60 years) world
wide is indicated to nearly double from 12% to 22% in 2050 
(Przedborski et al., 2003), it is crucial to understand the fundamentals of 
healthy aging. Cognitive health is among the major factors underlying 
good quality of life of older people, as it enables them to maintain a 
sense of purpose and the ability to live independently (Przedborski et al., 
2003; Clare et al., 2017). The proportion of people with cognitive 
impairment is estimated to triple by 2050, posing a high socioeconomic 
burden worldwide (Vaupel, 2010; World Health Organization, 2015).

Cognitive functioning may be negatively affected by number of 
personal, behavioral and biological factors such as age, sex, education, 
excessive alcohol drinking, social isolation, and range of 

cardiometabolic and cerebrovascular risk factors (Campbell et al., 2013; 
Wu et al., 2020; Fabbri et al., 2016). In particular, physical activity has 
been recognized as an effective intervention for the prevention of 
cognitive decline and neurodegenerative diseases in older populations, 
with significant positive effect of physical activity on global as well as 
domain-specific cognition, including processing speed, memory, and 
executive function, and, less consistently, on attention and motor 
functions (Liegro et al., 2019; Niederer et al., 2011; Hillman et al., 2008; 
Lees and Hopkins, 2013; Iso-Markku et al., 2024; Bos et al., 2014). The 
protective effect of physical activity on the cognitive function of the 
elderly may be explained by several direct and indirect mechanisms. 
Physical activity improves brain health directly by enhancing supra
molecular mechanisms (e.g., neurogenesis, synaptogenesis, and angio
genesis), neuroplasticity, functional connectivity of the hippocampus, 
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and increasing grey matter volume (Lista and Sorrentino, 2010; Ma 
et al., 2017; Aly and Kojima, 2020). Importantly, physical activity has 
well-established effect on reducing cardiometabolic and cerebrovascular 
risks, preventing psychological stress and depression, and promoting 
social inclusion (Zhang et al., 2020; Pearce et al., 2022; Cheng et al., 
2018).

In contrast to physical activity, neighborhood environment, 
including air pollution, greenness, and unfavorable neighborhood so
cioeconomic characteristics, were found to determine brain health (Hüls 
et al., 2018; Zaninotto et al., 1978; Wu et al., 2015a). Ambient air 
pollution, specifically particulate matter with aerodynamics of less than 
2.5 μm (PM2.5) has been identified by the World Health Organization 
(WHO) and European Environmental Agency (EEA) as a key environ
mental human health concern (European Environmental Agency, 2022; 
World Health Organization, 2021). Previous systematic reviews and 
meta-analysis have suggested that long-term exposure to air pollution is 
associated with impaired cognitive functions (Zhao et al., 2021a; Schi
kowski and Altuğ, 2020; Delgado-Saborit et al., 2021; Thompson et al., 
2023); however, the effect on specific cognitive domains such as mem
ory, attention, verbal fluency, and executive functions remains incon
clusive (Delgado-Saborit et al., 2021; McLachlan et al., 2023; Petkus 
et al., 2020; Kulick et al., 2020).

In addition, there is a growing body of evidence on the possible 
protective effect of residential greenness on cognitive processes; how
ever, the findings remain scarce and inconsistent, particularly among 
adults and older population (de Keijzer et al., 2016; Ricciardi et al., 
2022). Greenness is thought to restore cognition by supporting benefi
cial behaviors such as physical activity and social inclusion, and by 
reducing psychological stress (Markevych et al., 2017). Furthermore, 
greenness is hypothesized to reduce exposure to air pollutants and noise 
(Delgado-Saborit et al., 2021; Wang et al., 2023a; Son et al., 2021).

Previous evidence suggested that neighborhood socioeconomic 
disadvantage (nSED) may increase the risk of poor cognitive function 
(Pase et al., 2022; Wu et al., 2015b). The characteristics of disadvan
taged neighborhoods usually include a higher percentage of the unem
ployed population, a lower percentage of homeownership, higher 
household poverty, and lower safety and social cohesion (Pase et al., 
2022; Zhang and Wu, 2017; Ross and Mirowsky, 2009; Rodrigues et al., 
2021).

Importantly, environmental stressors and socioeconomic disadvan
tage are correlated; individuals with lower incomes are more prone to 
live in more disadvantaged areas with increased exposures to air 
pollution and noise, poor access to greenspace, and less walkable 
neighborhoods (Christensen et al., 2022; Cerin et al., 2023; Hajat et al., 
2021). Such environmental and social barriers are increasingly recog
nized as barriers to physical activity and outdoor walking behaviors. 
According to previous systematic review and meta-analysis, physical 
activity was negatively associated with air pollution (An et al., 2018), 
suggesting that individuals living in highly exposed areas avoid physical 
activity, which undermines its beneficial effect on cognitive processes 
(Roberts et al., 2014). In addition, less walkable neighborhoods with 
higher distance to greenspace discourage individuals from engaging in 
physical activity (Ball et al., 2015; Jimenez et al., 2022).

Taking these findings into consideration, we hypothesize that the 
effects of neighborhood environment on cognitive functioning may be 
partly mediated by physical activity. To the best of our knowledge, the 
mediating role of physical activity has not been sufficiently investigated 
in previous studies. The aim of this study was to explore direct and in
direct pathways of ambient air pollution, greenness and neighborhood 
socioeconomic deprivation on cognitive function and its domains using 
a structural equation modelling approach, with physical activity as po
tential mediator. Recognizing the potential interest differences in sex- 
specific patterns, we performed additional exploratory analyses by 
estimating models separately for men and women.

2. Methods

2.1. Study population

The study used data from the Czech arm of the HAPIEE (Health, 
Alcohol and Psychosocial Factors in Eastern Europe) cohort; the proto
col and baseline characteristics have been reported previously (Peasey 
et al., 2006). In brief, the HAPIEE study is an ongoing prospective cohort 
study designed to examine the impact of socioeconomic and psychoso
cial conditions on non-communicable diseases in Central and Eastern 
European countries, namely Russia, Poland, the Czech Republic, and 
Lithuania. A random sample of men and women aged 45–69 at baseline 
(2002–2005) was selected from population registers. This study uses 
data from the Czech part of the study due to the availability of air 
pollution exposures. The Czech sub-cohort includes participants 
recruited in five cities (Hradec Králové, Liberec, Jihlava, Kroměříž and 
Ústí and Labem). For this study, we excluded participants living in two 
highly industrial areas to control for potential occupational bias. From 
an original sample of 7,301, only individuals who were surveyed by 
postal questionnaire at baseline and who underwent cognitive exami
nation were included in the analysis (N = 4,178). The institutional ethics 
committees approved the study in all participating centers and the 
University College London. All participants provided informed consent.

2.2. Measures

2.2.1. Cognitive function
Three cognitive domains, namely verbal memory, verbal fluency, 

and processing speed, were tested during examination period 
(2003–2009) via three standard tests, including word recall, animal 
naming, and letter cancellation (Woodford and George, 2007a). First, a 
list of 10 words was recorded and played to participants over three 
consecutive and one delayed (at the end of the cognitive examination) 
1-min trials. The word recall was measured using the average of 
correctly recalled words from these four trials (range 0–10). Second, the 
examinator asked the participant to name as many different animals as 
possible within 1 min. A total animal naming score was calculated as a 
sum of every correctly named animal. Third, the letter cancellation task 
instructed participants to cross out the letters “P” and “W” from a grid of 
randomly chosen letters as accurately as possible within 1 min (range 
0–65). All three cognitive domains were assessed as continuous vari
ables. The cognitive measures have been widely validated to detect 
expected changes in cognition in middle-aged and elderly populations 
(Woodford and George, 2007b; Wang et al., 2023b).

2.2.2. Air pollution exposure
Europe-wide land-use regression (LUR) model was used to estimate 

the annual average concentrations of PM2.5 on 25-m resolution grid 
assigned to the participants’ residential addresses. The LUR model 
characteristics have been described in more detail elsewhere (Shen 
et al., 2022; de Hoogh et al., 2018). Briefly, the model was built using 
measured concentrations from routine monitoring stations across 
Europe. Potential predictors included satellite retrievals, chemical 
transport model estimates, and land-use variables. Supervised linear 
regression (SLR) was first used to select predictors, and then 
geographically weighted regression (GWR) estimated the spatially and 
annually varying coefficients. Multi-year models were developed using 
geographically and temporally weighted regression (GTWR) (Shen et al., 
2022; de Hoogh et al., 2018). For this study, we used 4-year 
(2000–2003) average concentrations of PM2.5 that were linked to par
ticipants’ residential addresses.

2.2.3. Greenness index
The greenness index was calculated from a tree canopy cover esti

mate based on Landsat data (Hansen et al., 1979). The tree canopy cover 
was defined as canopy closure percentage for each point on a raster grid 
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for all vegetation taller than 5 m, in resolution approximately 30 × 30 m 
at the equator (Hansen et al., 1979). The index was assigned to partic
ipants’ residential addresses and its neighborhood estimated as 30-min 
convex hull isochrones of pedestrian accessibility, using the “open
routeservice” R package built via Docker on OpenStreetMap network 
(Oleś, 2023). For each neighborhood polygon, mean values of extracted 
forest cover were calculated and used as an estimate of index of neigh
borhood greenness. The combination of tree canopy closure and 
pedestrian accessibility estimates aims to determine both tree density 
and viewshed greenness visibility.

2.2.4. Neighborhood socioeconomic deprivation
To assess the socioeconomic disadvantage of participants’ neigh

borhoods, we used census-derived indices, including the percentage of 
the unemployed population, the percentage of the population with 
university education, and the percentage of the population with less 
than secondary education. The characteristics were measured at the 
lowest level of basic administrative units (neighborhoods) in 2001. In 
total, 171 neighborhoods covered participants’ residential areas. 
Neighborhood socioeconomic deprivation (nSED) was derived from the 
indices using a principal component analysis. One extracted component 
was defined based on eigenvalues >1.0 (2.450) and explained 83.2% of 
the variance. Kaiser-Meyer-Olkin measure (0.609) and Bartlett’s test of 
sphericity (<0.001) met the criteria for appropriateness of using factor 
analysis on our data. The oblimin rotation was applied as there was a 
reasonable assumption that the indices were correlated. Factor scores 
were assigned to all participants; higher factor scores indicated a higher 
level of neighborhood socioeconomic deprivation.

2.2.5. Physical activity
Physical activity was measured by the question “How many hours 

during a typical week do you engage in sports, games or hiking?“. The 
variable was classified into four categories, including performing 
physical activity for less than 1 h/week, 1–3 h/week, 4–8 h/week, and 9 
or more hours of physical activity/week.

2.2.6. Covariates
The covariates included in the model were selected based on a pre

vious literature review of the potential predictors of cognitive aging in 
an elderly population. Age was coded as a continuous variable, while sex 
was assessed as a binary variable (men and women). Educational 
attainment was classified into four groups, including “incomplete pri
mary or primary education”, “vocational”, “secondary”, and “univer
sity”. Marital status was grouped into two categories of “married/in 
partnership” and “single/divorced/widowed”. Economic deprivation 
index was derived from three separate questions: “How often you do not 
have enough money for food for you & your family at present”, “How 
often you do not have enough money for clothing you/your family at 
present” and “Do you have difficulty paying bills at present” that were 
measured on a Likert scale ranging from 0-never to 4-all the time. 
Deprivation index was calculated as the sum of all three items (range 
0–12). More than half of the participants (51.9%) reported no financial 
deprivation, 25.1% reported 1–2 financial difficulties, and 23.0% re
ported ≥3 financial difficulties. Smoking status was classified into three 
categories, including “current smoker”, “former smoker”, and 
“nonsmoker”. Alcohol frequency consumption was classified into five 
groups including “not drinking”, “less than 1 day of drinking/month”, 
“1–3 times/month”, “4–8 times/month”, and “9 or more days of drink
ing per month”. Depressive symptoms were assessed using the Centre for 
Epidemiological Studies-Depression Scale, including 20 items asking the 
participants about their feelings during the last 7 days (e.g., “I felt sad”), 
rated from 0 = rarely/never to 3 = most/all of the time (Radloff, 1977). 
A total score was calculated as the sum of all items scored after reversing 
the positive mood items. The score ranged from 0 to the maximum of 60, 
with higher scores representing greater degrees of depressed mood. The 
presence of one of the selected chronic diseases (heart attack, ischemic 

heart disease, stroke, chronic respiratory disease, cancer, asthma) was 
coded as 0 = no and 1 = yes.

2.3. Statistical analysis

The descriptive characteristics of the sample were assessed. Cate
gorical variables were described using frequencies, while continuous 
variables using means and standard deviations. Differences between 
groups were tested using Chi-Squared test and t-test. The Spearman 
correlation used to assess correlation between neighborhood charac
teristics. Statistical approaches were selected according to the research 
questions. First, we tested the individual effects of PM2.5, greenness and 
nSED on memory, verbal fluency and concentration using linear 
regression. Model 1 was adjusted for age, while model 2 was adjusted for 
age, sex, education, marital status, individual deprivation, smoking, 
alcohol consumption, physical activity, chronic disease, and depression. 
Body mass index and diabetes were not included into the multivariate 
models because they did not alter the estimated effects. Second, we 
modeled mediation in structural equation modelling (SEM) to test the 
complex relationships between PM2.5, greenness, nSED and cognition 
(Fig. 1). A latent variable named Global cognition was constructed from 
the three cognitive domains (verbal memory, verbal fluency, and pro
cessing speed). Direct, indirect and total effects of physical activity were 
tested, and mediation ratios were calculated by dividing indirect and 
total effects. Finally, exploratory analyses stratified by sex were con
ducted to examine potential sex-specific patterns in the associations. 
Due to the low intraclass correlation coefficients indicating minimal 
clustering of outcomes within neighborhoods (ICC = 7.6% for Global 
cognition), we opted for a standard regression approach rather than a 
multilevel design. Missing data were imputed using the full information 
maximum likelihood with robust standard errors (MLR).

All models reported standardized β coefficients, representing pre
dicted change in the number of SD of outcomes (cognitive domains) for 
an increase of 1 SD in predictors (neighborhood characteristics). For all 
the tests, negative β indicates worse cognitive performance. Data ana
lyses were performed using STATA software (version 16.0, StataCorp, 
College Station, TX, USA) and Mplus (version 8.6, Muthen & Muthen, 
CA, USA).

3. Results

3.1. Descriptive characteristics of the study population

The study population included 4,178 participants (55.6% women). 
The average age of the participants was 58.8 years. Most of the partic
ipants attained secondary education (41.7%) and were married or 
cohabited in partnership (75.6%). Chronic diseases were observed in 
19.8% of the participants and were significantly more prevalent in men 
(25.0%) compared to women (15.7%, p < 0.001; Table S1). More than 
half of the individuals were former or current/occasional smokers and 
42.4% of the participants consumed alcohol at least once a week. 
Additionally, men consumed alcohol more frequently compared to 
women (p < 0.001; Table S1). More than a quarter of the individuals 
(26.8%) performed physical activity less than 1 h/week. The four-year 
mean concentration of PM2.5 was 24.5 μg/m3 and the mean greenness 
index was 14.3%. The average neighborhood proportion of the unem
ployed population, the population with university education, and the 
population with less than secondary education (census-derived indices) 
was 8.5%, 11.3%, and 53.3%, respectively (Table 1). Weak but signifi
cant correlations were observed between neighborhood characteristics 
(e.g. for correlation between PM2.5 and greenness: r = − 0.334, p <
0.001; Table S2).
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3.2. The associations between air pollution, greenness, nSED and 
cognitive domains

Age-adjusted as well as fully-adjusted models revealed significant 
negative associations between PM2.5 and worse memory (fully adjusted 

β = − 0.108; 95%CI: 0.133 to − 0.083), concentration (fully adjusted β =
− 0.044; 95%CI: 0.071 to − 0.017) and global cognition (fully adjusted β 
= − 0.074; 95%CI: 0.107 to − 0.041; Table 2). In contrast, increased 
exposure to greenness was positively associated with better memory 
performance (fully adjusted β = 0.050; 95%CI: 0.025 to 0.074) and 
global cognition (fully adjusted β = 0.038; 95%CI: 0.006 to 0.070). No 
significant associations were found between air pollution or greenness 
exposures and verbal fluency in either age-adjusted or fully-adjusted 
models. Finally, higher neighborhood socioeconomic deprivation was 
inversely associated with all cognitive domains (e.g., for memory: β =
− 0.115; 95%CI: 0.141 to − 0.090). Sex-specific analyses showed robust 
associations between environmental characteristics and memory and 
global cognition, but findings for verbal fluency and concentration do
mains were less consistent, possibly because of smaller sample size. For 
instance, increased exposures to PM2.5 and greenness predicted a lower, 
respectively higher concentration performance in men, but not in 
women. (Table S3). However, the interactions with sex were not sta
tistically significant.

3.3. The mediation effect by physical activity in the associations between 
air pollution, greenness, nSED and global cognition

The results of mediation structural equation modelling are presented 
in Table 3. Observed direct, indirect, and total effects, together with 
mediation ratios, are shown in Table 4. A satisfactory model fit was 
achieved: χ2 (105) = 8414.2, p < 0.001, CFI = 0.980, RMSEA = 0.031, 
90% CI RMSEA (0.027, 0.035), Table 3), and the latent variable of global 
cognition was adequately loaded by the cognitive domains (Fig. S1).

Increased PM2.5 exposure (β = − 0.043; 95%CI: 0.071 to − 0.016) and 
nSED (β = − 0.044; 95%CI: 0.072 to − 0.016) were negatively associated 
with lower physical activity, while no evidence was observed for the 
higher exposure to greenness. Lower global cognition was significantly 
predicted by all neighborhood characteristics (e.g. for nSED: β =
− 0.147; 95%CI: 0.182 to − 0.115). Additionally, higher physical activity 
predicted better global cognitive function (β = 0.133; 95%CI: 0.099 to 
0.167; Table 3). In model stratified by sex, increased PM2.5 exposure was 
linked with lower physical activity in women (β = − 0.046; 95%CI: 0.084 
to − 0.008), but not in men; as the confidence intervals in men and 
women overlapped, the differences were not statistically significant 
(Table S4).

The SEM model revealed a significant mediating role of physical 
activity in the associations between PM2.5 exposure (β = − 0.006; 95%CI: 
0.010 to − 0.002) and nSED (β = − 0.006; 95%CI: 0.010 to − 0.002) in 
global cognitive function (Table 4). The total mediation ratios ranged 
from 3.9% to 6.5% in nSED and PM2.5, respectively. No mediating role of 
physical activity was observed in the association between greenness and 
global cognition (Table 4). In models stratified by sex, the results 
revealed a significant indirect effect through physical activity in the 

Fig. 1. Conceptual mediation structural equation model investigating the direct, indirect and total effects of neighborhood characteristics on global cognition.

Table 1 
Descriptive characteristics of the study sample.

n 4,178

Age, mean (SD) 58.8 (7.06)
Sex, %
Female 55.6
Male 44.4
Education, %
Primary 9.5
Vocational 32.0
Secondary 41.7
University 16.9
Marital status, %
Married/Cohabiting 75.6
Single/Divorced/Widowed 24.4
Chronic disease, %
Yes 19.8
No 80.2
Smoking status, %
Never 47.0
Former 29.6
Current or occasional 23.4
Physical activity, %
<1 h/week 26.8
1–3 h/week 26.2
4–8 h/week 28.2
≥9 h/week 18.8
Alcohol frequency, %
Never 10.6
<1/month 25.9
1-3/month 21.1
1-4/week 28.9
≥5/week 13.5
Depression score, mean (SD) 9.9 (8.21)
Deprivation index, mean (SD) 1.5 (2.18)
No deprivation (0), % 51.9
Low level of deprivation (1–2), % 25.1
High level of deprivation (≥3), % 23.0
Cognitive functions, mean (SD)
Verbal memory 7.9 (1.20)
Verbal fluency 24.2 (6.38)
Processing speed 18.5 (4.56)
Environmental exposures
PM2.5, [μg/m3], mean (SD) 24.5 (2.79)
Greenness index [%], mean (SD) 14.3 (9.90)
Neighborhood SED, mean (SD)
% unemployed population 8.5 (4.03)
% of population with university education 11.3 (3.76)
% of population with less than secondary education 53.3 (7.09)
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association between PM2.5 and global cognition in women (β = − 0.006; 
95%CI: 0.012 to − 0.001) but not in men. Finally, the results showed a 
significant indirect effect through physical activity in the association 
between nSED and global cognition in men (β = − 0.006; 95%CI: 0.012 
to − 0.001) but not in women (Table S5).

4. Discussion

In this study of 4,178 middle-aged and older individuals from the 
Czech Republic, we aimed to investigate the direct effects of neighbor
hood characteristics, including ambient air pollution, greenness and 
neighborhood socioeconomic deprivation, on cognitive function and its 
specific domains. In our data, all these variables showed association 
with cognition in the predicted directions. In addition, we found a 
mediating effect of physical activity in the associations between neigh
borhood characteristics and global cognition which appeared stronger in 
women than in men.

We observed a significant negative association between PM2.5 
exposure and cognitive function that is in line with previous studies and 
meta-analysis performed in different aging populations. A systematic 
review and meta-analysis conducted by McLachlan et al., in 2023 
including 26 studies reported an increased risk of PM2.5 exposures on 
general cognitive function. Similarly, a systematic review published by 

Zhao et al., in 2021 suggested that higher exposure to PM2.5 predicted an 
elevated risk of a faster decline of cognitive functions. The detrimental 
effect of long-term exposure to PM2.5 on cognition was supported by 
several potential pathways. It has been well documented that air pol
lutants alter cognitive functions primarily via oxidative stress and sys
tematic and neuronal inflammation (Lee et al., 2023; 
Calderón-Garcidueñas et al., 2015). Recent studies additionally sug
gested that disruption of the homeostasis of the gut microbiome caused 
by fine particle exposure can induce neuroinflammation and neuro
degeneration (Lee et al., 2023; Panda et al., 2023). Additionally, 
neuro-imaging studies also reported associations between air pollutant 
exposures and grey matter volume reduction (de Prado Bert et al., 
2018).

Previous studies reported the inconsistency regarding the effects of 
ambient air pollution on domain-specific cognitive performance. For 
instance, the studies conducted by Petkus et al., in 2020 (Petkus et al., 
2020), and Kulick et al., in 2020 (Kulick et al., 2020) reported a negative 
significant association between PM2.5 exposures and memory, although 
studies performed by Schikowski et al., in 2015 (Schikowski et al., 
2015), Gatto et al., in 2014 (Gatto et al., 2014) and Wang et al., in 2020 
(Wang et al., 2023a) found no significant associations. Similarly, the 
associations between air pollutants and verbal fluency and concentra
tion remained inconsistent across studies (Delgado-Saborit et al., 2021; 
Kulick et al., 2020; Gatto et al., 2014). In the present study, we found a 
negative significant association between PM2.5 and memory, while no 
statistically significant effect of PM2.5 exposure on verbal fluency was 
found. However, our study was not well suited to elucidate the potential 
underlying biological pathways and mechanisms through which air 
pollution may affect specific cognitive domains. Existing evidence sug
gest that certain brain regions (e.g. hippocampus, local atrophy of the 
frontoparietal network) may be more susceptible to air pollutants or 
greenness exposures that may partially explain the variability in effect 
sizes across cognitive domains (Nuβbaum et al., 2020). The findings 
from sex-stratified analyses showed that PM2.5 was negatively associ
ated with concentration in males but not in females. This result is in 
contrast with a previous study reporting significantly greater vulnera
bility to air pollution in women compared to men (Mo et al., 2023). The 
discrepancy may be explained by exposure misclassification related to 
occupational exposures and other risk factors.

In addition, our results showed a protective effect of residential 

Table 2 
The individual effects of PM2.5, greenness and nSED on cognitive domains.

Memory Verbal fluency Concentration Global cognition

β 95% CI β 95% CI β 95% CI β 95% CI

PM2.5 Model 1 ¡0.104 ¡0.130 to -0.077 0.012 − 0.015 to 0.039 ¡0.038 ¡0.061 to -0.011 ¡0.079 ¡0.112 to -0.046
​ Model 2 ¡0.108 ¡0.133 to -0.083 − 0.004 − 0.030 to 0.022 ¡0.044 ¡0.071 to -0.017 ¡0.074 ¡0.107 to -0.041
Greenness Model 1 0.047 0.021 to 0.073 − 0.007 − 0.033 to 0.019 0.019 − 0.008 to 0.045 0.029 − 0.003 to 0.060
​ Model 2 0.050 0.025 to 0.074 0.003 − 0.022 to 0.028 0.020 − 0.007 to 0.046 0.038 0.006 to 0.070
nSED Model 1 ¡0.163 ¡0.190 to -0.137 ¡0.099 ¡0.126 to -0.072 ¡0.070 ¡0.097 to -0.042 ¡0.202 ¡0.234 to -0.170
​ Model 2 ¡0.115 ¡0.141 to -0.090 ¡0.039 ¡0.066 to -0.013 ¡0.035 ¡0.063 to -0.008 ¡0.122 ¡0.155 to -0.088

Model 1 adjusted for age. Model 2 adjusted for age, sex, education, marital status, individual deprivation, smoking, alcohol consumption, physical activity, chronic 
disease, and depression. Standardized β coefficients represent predicted change in the number of SD of outcomes for an increase of 1 SD in predictors.

Table 3 
Estimated associations between variables in the mediation structural equation 
model.

Predictor Outcome β 95% CI

PM2.5 → Physical activity ¡0.043 ¡0.071 to -0.016
→ Global cognition ¡0.087 ¡0.122 to -0.052

Greenness → Physical activity 0.015 − 0.012 to 0.043
→ Global cognition 0.036 0.001 to 0.069

nSED → Physical activity ¡0.044 ¡0.072 to -0.016
→ Global cognition ¡0.147 ¡0.182 to -0.115

Physical activity → Global cognition 0.133 0.099 to 0.167

Model fit: χ2(105) = 8414.2, p < 0.001, CFI = 0.980, RMSEA = 0.031, 90% CI 
RMSEA (0.027, 0.035). Model adjusted for age, sex, education, marital status, 
individual deprivation, smoking, alcohol consumption, physical activity, 
chronic disease, and depression. Standardized β coefficients represent predicted 
change in the number of SD of outcomes for an increase of 1 SD in predictors.

Table 4 
Standardized direct, indirect, and total effects of mediation structural equation model for prediction of global cognition.

Direct effect Indirect effect Total effect Mediation ratio

β 95% CI β 95% CI β 95% CI %

PM2.5 ¡0.087 ¡0.122 to -0.052 ¡0.006 ¡0.010 to -0.002 ¡0.092 ¡0.127 to -0.058 6.5

Greenness
0.036 0.001 to 0.069 0.002 − 0.001 to 0.006 0.038 0.004 to 0.071 5.3

nSED
¡0.147 ¡0.182 to -0.115 ¡0.006 ¡0.010 to -0.002 ¡0.153 ¡0.188 to -0.120 3.9

Model adjusted for age, sex, education, marital status, individual deprivation, smoking, alcohol consumption, physical activity, chronic disease, and depression. 
Standardized β coefficients represent predicted change in the number of SD of outcomes for an increase of 1 SD in predictors.
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greenness on cognitive functions. The most pronounced cognitive do
mains associated with greenness included memory and concentration in 
the subgroup of males. According to a recently published systematic 
review of Ricciardi et al., in 2022 (Ricciardi et al., 2022), the evidence 
for the protective effect of greenspace exposure on cognitive functions is 
suggestive but inconsistent, especially among adults and older people 
(de Keijzer et al., 2016; Ricciardi et al., 2022). Despite the discrepancies 
in the epidemiological conclusions, numerous underlying mechanisms 
explaining the beneficial effect of greenness on cognition have been 
proposed. Greenness is thought to reduce a broad range of adverse 
health impacts, including neurodegenerative disorders (Zhao et al., 
2021b; Rodriguez-Loureiro et al., 2022), and is assumed to preserve 
cognition by encouraging beneficial behaviors such as social cohesion, 
reducing psychological stress, and mitigating environmental hazards, 
including noise or air pollution (Markevych et al., 2017).

Furthermore, our findings suggested that individuals living in more 
disadvantageous neighborhoods were more prone to experience worse 
cognitive performance, including memory. Effects of nSED on verbal 
fluency and concentrations were less pronounced and inconsistent 
among the sexes. Neighborhood socioeconomic deprivation has been 
previously reported for harmful effects on cognition in the elderly 
(Steptoe and Zaninotto, 2020). For instance, the study conducted by 
Pase et al., in 2022 suggested that living in the lowest 20% of the most 
disadvantaged neighborhoods was associated with impaired cognition, 
including memory (Pase et al., 2022). Similar findings were reported 
also in studies conducted by Christensen et al., in 2022 (Christensen 
et al., 2022), and Li et al., in 2022 (Li et al., 2022). Numerous mecha
nisms may play a role in the effect of nSED on cognitive health, including 
access to health care facilities and leisure centers; distance to greenspace 
and general walkability; perception of safety; and higher exposures to 
ambient air pollution and noise (Christensen et al., 2022; Cerin et al., 
2023; Hajat et al., 2021). Furthermore, chronic stress that accumulates 
over the course of a person’s life may lead to early deterioration of 
biological systems (Avila-Rieger et al., 2022). For example, socioeco
nomically disadvantaged individuals were found to experience accel
erated biological aging and increased genetic methylation (Dalecka 
et al., 2024; Shen et al., 2023).

Our study confirmed a significant protective effect of physical ac
tivity on cognitive functions that was reported in previous studies 
(Livingston et al., 2020; Veronese et al., 2023; Erickson et al., 2019). 
Growing evidence suggests an important role of the neurotrophin 
brain-derived neurotrophic factor (BNDF) in the mechanism through 
which physical activity enhances brain plasticity and improves cogni
tion (Bos et al., 2014). Importantly, our study revealed a weak but sig
nificant mediating role of physical activity in the associations of PM2.5 
exposures and nSED on global cognitive function. These results suggest 
that those living in areas with higher air pollution exposures and so
cioeconomic deprivation are more likely to be physically inactive, which 
undermines its beneficial effect on cognition processes. Previous 
research showed that physical activity can induce cognitive benefits 
even increased air pollution exposures (Liu et al., 2023). Our 
sex-stratified analysis showed a larger mediating effect of physical ac
tivity in women than in men. Although the study did not have statistical 
power to detect interactions, such findings align with previous studies 
reporting larger effect sizes between physical activity and cognition in 
women (Barha et al., 2017). The study conducted by Roberts et al., in 
2014 (Roberts et al., 2014) on U.S. population proposed that the sig
nificant association between physical inactivity and ambient air pollu
tion may be explained by physiological effects such as difficulty 
breathing; and psychosocial effects including smog appearance dis
incentivizing physical activity, together with higher awareness of the 
health risk linked to air pollution. Similarly, a number of nSED char
acteristics, including increased criminality, lower perception of safety, 
poor walkability and greater distances to greenness, have been consid
ered as risk factors of physical inactivity (Christensen et al., 2022; Cerin 
et al., 2023; Hajat et al., 2021). We hypothesized that higher exposure to 

greenness may be associated with better cognitive performance through 
increased opportunities for physical activity; however, no mediating 
effect was observed in our study. These findings align with the study 
conducted by de Keizer et al., in 2018 on the English population that 
revealed a significant direct effect of residential greenness on cognitive 
performance but not indirectly through physical activity (de Keijzer 
et al., 2018). In addition, a mediating effect of physical activity was not 
found in other study conducted by Zijlema et al., in 2017 (Zijlema et al., 
2017) using several European cohorts. The mediating role of physical 
activity was statistically significant, but of modest magnitude, suggest
ing that other mechanisms play a role in the association between 
neighborhood characteristics and cognition in middle-aged and older 
individuals. For instance, the association between neighborhood socio
economic deprivation and cognitive health may be partially explained 
by worse access to healthcare and poor social engagement within in
dividuals living in highly deprived neighborhoods as shown previously 
(Butler et al., 2013). Unfortunately, we did not have the data to assess 
these characteristics.

4.1. Strengths and limitations

The HAPIEE study is a well-established prospective cohort recruited 
from a representative sample of older individuals living in the Czech 
Republic. To the best of our knowledge, this is the first study on this 
topic conducted in Eastern Europe, providing important insights and 
evidence from this region. The major strength of this study is that it 
estimates the complex relationships between neighborhood environ
ment, physical activity, and cognitive performance in older adults, 
which reveals important interplay mechanisms. In addition, we 
accounted for multiple potential covariates to better control for residual 
confounding including healthy behaviors, physical health, mental 
health and socioeconomic deprivation. Finally, we estimated greenness 
exposure based on the combination of tree canopy closure and pedes
trian accessibility that better reflected the representation of regularly 
accessed areas.

Several limitations of this study need to be acknowledged. First, our 
study depended on outcomes measured at a short time point, which did 
not allow us to examine causal associations or temporality of associa
tions. However, the Czech Republic has much lower residential mobility 
than western European countries, and reverse causality was at least 
partly controlled by examining the neighborhood environment prior to 
cognitive outcomes. The study participants live mostly in urban areas 
which introduced difficulties in generalization of our results. Further
more, the participants living in highly industrialized areas were 
excluded from the study sample as additional occupational exposures 
might cause bias. The participants in the study sample were generally 
more educated, exposed to significantly lower concentrations to PM2.5 
and lived in less deprived neighborhoods, resulting in better cognitive 
performance on average. The age and sex distribution of the included 
and excluded participants was comparable.

The second, and related, limitation is that we were unable to capture 
lifetime environmental exposures. However, our air pollution estimates 
may reflect some extent of long-term exposures as it refers to a four-year 
average of exposures. Also, it is hypothesized that air pollution con
centrations are highly correlated over time. Even though most of the 
HAPIEE respondents reported living in the same address between the 
first and the follow-up examinations (2002–2010), possible exposure 
misclassification might occur due to participants moving prior to their 
enrollment to the HAPIEE. This limitation has also been reported in 
previous studies (Christensen et al., 2022; Li et al., 2022); therefore, 
future investigations should account for the residential mobility of the 
participants.

Third, only three indicators were employed to create the nSED 
composite measure that corresponded with education and employment 
domains of socioeconomic status. Previous studies utilized socioeco
nomic domains including poverty/income (e.g., percent households in 
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poverty, percent female-headed households with dependent children, 
etc.), occupation (e.g., percent males and females not in management, 
business, science, and arts occupations, etc.) and housing properties (e. 
g., percent crowded households, etc.) that were widely used in research 
of nSED and health (Christensen et al., 2022; Li et al., 2022). As none of 
these indicators were available from the Czech census data, nSED may 
not accurately reflect all residential social, economic, and cultural 
aspects.

Fourth, physical activity was measured using a single question that 
did not take into account intensity (moderate, vigorous), type (aerobic, 
muscle-strengthening), specification (individual vs team sports) and the 
seasonality of performed sport activities.

Finally, a reverse association between physical activity and cognitive 
functioning might occur as the previous evidence indicated that cogni
tive decline may result in decreased physical activity as individuals 
experience difficulties with mobility, coordination, and overall moti
vation (O’Donovan et al., 2022). However, such a reverse association is 
more likely to occur in individuals with severe cognitive impairment or 
dementia, rather than mild cognitive decline that was typical for our 
study participants.

5. Conclusion

This cross-sectional study found that older participants living in air- 
polluted or socially disadvantaged neighborhoods had impaired cogni
tive functions. In contrast, higher exposure to greenness was found to 
have a beneficial impact on cognitive performance. This study provided 
evidence that disadvantaged neighborhoods led to lower physical ac
tivity, which resulted in worse cognitive health in older adults. Thus, 
urban planning may need to consider such obstacles and provide op
portunities for promoting healthy behaviors among at-risk groups. 
Additionally, public health and social policies need to ensure that the 
challenges related to living in such areas are addressed to encourage 
equality in healthy aging.
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Writing – review & editing, Data curation. H. Pikhart: Writing – review 
& editing, Supervision, Methodology, Conceptualization. M. Bobák: 
Writing – review & editing, Supervision, Funding acquisition, Data 
curation, Conceptualization.

Acknowledgement

This work was supported from the European Union’s Horizon 2020 
research and innovation programme under grant agreement No 857487 
(R-Exposome Chair), No 857560 (CETOCOEN Excellence), and No 
874627 (EXPANSE). This publication reflects only the author’s view, 
and the European Commission is not responsible for any use that may be 
made of the information it contains. Authors thank the RECETOX 
Research Infrastructure (No LM2023069) financed by the Ministry of 
Education, Youth and Sports, and the Operational Programme Research, 
Development and Education (the CETOCOEN EXCELLENCE project No. 
CZ.02.1.01/0.0/0.0/17_043/0009632) for supportive background. This 
output was supported by the NPO „Systemic Risk Institute”, number 
LX22NPO5101, funded by European Union – Next Generation EU 
(Ministry of Education, Youth and Sports, NPO: EXCELES). The HAPIEE 
study was funded by the Welcome Trust (064947 and 081081), the US 
National Institute on Aging (R01 AG23522-01), and a grant from Mac
Arthur Foundation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijheh.2025.114521.

References

Aly, M., Kojima, H., 2020. Acute moderate-intensity exercise generally enhances neural 
resources related to perceptual and cognitive processes: a randomized controlled 
ERP study. Ment Health Phys Act 19, 100363. https://doi.org/10.1016/j. 
mhpa.2020.100363.

An, R., Zhang, S., Ji, M., Guan, C., 2018. Impact of ambient air pollution on physical 
activity among adults: a systematic review and meta-analysis. Perspect Public Health 
138, 111–121. https://doi.org/10.1177/1757913917726567.

Avila-Rieger, J., Turney, I.C., Vonk, J.M.J., Esie, P., Seblova, D., Weir, V.R., et al., 2022. 
Socioeconomic status, biological aging, and memory in a diverse national sample of 
older US men and women. Neurology. https://doi.org/10.1212/ 
WNL.0000000000201032, 10.1212/WNL.0000000000201032. 

Ball, K., Carver, A., Downing, K., Jackson, M., O’Rourke, K., 2015. Addressing the social 
determinants of inequities in physical activity and sedentary behaviours. Health 
Promot. Int. 30, ii8–19. https://doi.org/10.1093/heapro/dav022.

Barha, C.K., Davis, J.C., Falck, R.S., Nagamatsu, L.S., Liu-Ambrose, T., 2017. Sex 
differences in exercise efficacy to improve cognition: a systematic review and meta- 
analysis of randomized controlled trials in older humans. Front. Neuroendocrinol. 
46, 71–85. https://doi.org/10.1016/j.yfrne.2017.04.002.

Bos, I., De Boever, P., Int Panis, L., Meeusen, R., 2014. Physical activity, air pollution and 
the brain. Sports Med. 44, 1505–1518. https://doi.org/10.1007/s40279-014-0222- 
6.

Butler, D.C., Petterson, S., Phillips, R.L., Bazemore, A.W., 2013. Measures of social 
deprivation that predict health care access and need within a rational area of 
primary care service delivery. Health Serv. Res. 48, 539–559. https://doi.org/ 
10.1111/j.1475-6773.2012.01449.x.
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