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This study examined associations of neighbourhood walkability with cognitive functioning (i.e., global cognition,
memory, language, attention-psychomotor speed, and executive functioning) in participants without or with
either heart failure, carotid occlusive disease, or vascular cognitive impairment. Neighbourhood walkability at
baseline was positively associated with global cognition and attention-psychomotor speed. These associations
were stronger in patients with vascular cognitive impairment. Individuals who live in residential areas with

higher walkability levels were less likely to have impairments in language and executive functioning at two-year
follow-up. These findings highlight the importance of the built environment for cognitive functioning in healthy

and vulnerable groups.

1. Introduction

Cognitive impairment is a deficiency in one or multiple domains of
cognitive functioning, and can, for instance, be manifested by deficits in
memory, language, attention-psychomotor speed, and executive func-
tioning (Centers for Disease Control and Prevention, 2022; International
Statistical Classification of Diseases, 2010). Cognitive impairment in
older adults has substantial personal, societal and economic burden
(GBD 2016 Dementia Collaborators, 2019; Pais et al., 2020; Winblad
et al., 2016). The prevalence of cognitive impairment among older
adults (i.e., aged >65 years) is substantial (Pais et al., 2020; Besser et al.,
2017; Timmermans et al., 2019). With the rapid aging of the population,
the prevalence and burden of cognitive impairment is expected to rise
dramatically in the next few decades (Pais et al., 2020; Winblad et al.,
2016; Besser et al., 2017). Therefore, identifying modifiable de-
terminants of cognitive impairment in older adults to inform in-
terventions that aim to prevent or reduce cognitive impairment in this
group is considered an important public health priority (Besser et al.,

2018; World Health Organization, 2012).

Cognitive impairment prevention or risk reduction strategies have
mainly focused on individual-level factors, such as lifestyle and socio-
economic position (Wu et al., 2016, 2017). It has recently been argued
that characteristics of the residential neighbourhood built environment
may affect cognitive functioning in older adults, and several mecha-
nisms have been proposed regarding how this environment may affect
cognitive functioning in this group (Besser et al., 2017; Wu et al., 2015a,
2017; Cassarino and Setti, 2015; Russ et al., 2012; Cerin, 2019). Firstly,
neighbourhood built environmental characteristics, such as population
density, retail and service destination density, land use mix, street
connectivity, and green space density may directly provide cognitive
stimulation (e.g., through interactions, perceptions, attention restora-
tion, and decision-making) (Besser et al., 2017, 2021; Wu et al., 2017;
Cassarino and Setti, 2015; Clarke et al., 2012). Secondly, neighbourhood
built environmental characteristics may influence health behaviours
that have been associated with multiple biological mechanisms, and
ultimately with cognitive functioning (Besser et al., 2017; Wu et al.,
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2017; Cerin, 2019; Groot et al., 2016; Barnett et al., 2017; Cerin et al.,
2017; Van Cauwenberg et al., 2018; De la Torre, 2012; Leeuwis et al.,
2017; De Leeuw et al., 2002; Guiney et al., 2015; Knight et al., 2021;
Torres et al., 2015). For instance, neighbourhood walkability reflects the
degree to which the neighbourhood built environment is conducive to
walking (Lam et al., 2022; Timmermans et al., 2021), and has been
positively associated with physical activity in older adults (Barnett et al.,
2017; Cerin et al., 2017; Van Cauwenberg et al., 2018). In turn, higher
levels of physical activity have been associated with less cardiovascular
risk factors, less white matter hyperintensities, and increased cerebral
blood flow, which may lead to better cognitive functioning (Cerin, 2019;
De la Torre, 2012; Leeuwis et al., 2017; De Leeuw et al., 2002; Guiney
et al., 2015; Knight et al., 2021; Torres et al., 2015). Thirdly, residential
environments with more social and mental engagement opportunities
(e.g., higher levels of retail and service destination density and green
space density) may improve mental health, and consequently cognition
(Besser et al., 2017, 2021; Wu et al., 2017; Aggarwal et al., 2014;
Generaal et al., 2018, 2019).

Several studies have examined associations of built environmental
characteristics with cognitive functioning in older adults (Besser et al.,
2017; Wu et al., 2017; Gan et al., 2022), and show that higher levels of
neighbourhood walkability components are associated with higher level
of cognitive functioning in this group, including population density (Wu
et al., 2015b, 2017), retail and service destination density (Besser et al.,
2017, 2018, 2021; Clarke et al., 2012, 2015), land use mix (Wu et al.,
2015b, 2017), street connectivity (Watts et al., 2015), green space
density (Wu et al., 2017), and sidewalk density (Clarke et al., 2015).
Existing studies mainly examined cross-sectional associations of resi-
dential built environmental characteristics with cognitive functioning,
and studies assessing longitudinal associations are lacking (Besser et al.,
2017; Wu et al., 2017). Furthermore, existing studies mainly examined
associations of single built environmental characteristics with older
adults’ cognitive functioning and do not take into account that in-
dividuals are exposed to multiple environmental characteristics at the
same time, that these characteristics are likely to interact with each
other, and individually might have little influence (Besser et al., 2017;
Wu et al., 2017; Gan et al., 2022). It has therefore been argued that
environmental exposures should be studied in combination rather than
with a traditional single exposure approach (Jia et al., 2019). Finally,
previous studies focused on environment-cognition associations in older
adults from the general population. To our knowledge, studies including
clinical patient groups who may be more dependent on their immediate
residential environment and who are at increased risk of cognitive im-
pairments are lacking (Besser et al., 2017).

It has been suggested that patients with disorders along the heart-
brain axis, including patients with heart failure (HF), carotid occlusive
disease (COD) and cognitive vascular impairment (VCI), are at increased
risk of cognitive impairments due to hemodynamic disorders, brought
on by impaired pump function (HF), low blood supply to the brain
(COD), and vascular brain damage (VCI) (Leeuwis et al., 2020). Due to
their physical and cognitive vulnerability, they may be more dependent
on their local living environment, and are more susceptible to residential
built environmental factors (Lawton, 1986; Lawton et al., 1973; Anes-
hensel et al., 2016). Neighbourhood walkability may have a beneficial
impact on hemodynamic dysfunction and abnormalities in the circula-
tory system, ultimately resulting in better cerebral blood flow (Cerin,
2019; De la Torre, 2012; Leeuwis et al., 2017; Guiney et al., 2015). This
impact might be more pronounced in patients with disorders along the
heart-brain axis than in relatively healthy people, resulting in stronger
positive associations between neighbourhood walkability and cognitive
functioning in these patient groups. Associations of cerebral blood flow
and cognitive functioning are suggested to be stronger in patients with
VCI, and therefore the associations of walkability with cognitive func-
tioning are expected to be most prominent in this patient group (Leeuwis
et al., 2020).

The present study expands the current literature by examining cross-
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sectional and longitudinal associations of neighbourhood walkability
with global cognitive functioning as well as with functioning in specific
cognitive domains (i.e., memory, language, attention-psychomotor
speed, and executive functioning) in reference participants and pa-
tients with disorders along the heart-brain axis in the Netherlands.
Additionally, this study assesses whether these associations differ across
groups. It is hypothesized that individuals living in neighbourhoods with
higher levels of neighbourhood walkability at baseline are less likely to
have cognitive impairments at baseline as well as at two-year follow-up.
It is also hypothesized that higher levels of neighbourhood walkability at
baseline are associated with an increase in cognitive functioning over
time. Furthermore, it is expected that the cross-sectional and longitu-
dinal associations of neighbourhood walkability with cognitive func-
tioning are stronger in the more vulnerable patient groups, particularly
in those with VCI, than in the relatively healthy reference group.

2. Materials and methods
2.1. Study design and study sample

Data from the Heart-Brain Study were used in this study (version 3,
1-1-2020). The Heart-Brain Study investigates the relationships between
(cardio)vascular factors, the hemodynamic status of the heart and the
brain, and cognitive functioning using data from reference participants
and patients with disorders along the heart-brain axis (i.e., heart failure
(HF), carotid occlusive disease (COD), and possible vascular cognitive
impairment (VCI)) from cardiology, memory, and neurology outpatient
clinics from four sites in the Netherlands: Amsterdam UMC, location VU
University medical center (AUMC-VUmc) in Amsterdam, Leiden Uni-
versity Medical Center (LUMC) in Leiden, Maastricht University Medical
Center (MUMC) in Maastricht, and University Medical Center Utrecht
(UMCU) in Utrecht (Hooghiemstra et al., 2017). The baseline data
collection took place from 2014 to 2017. The two-year follow-up mea-
surement was conducted from 2016 to 2019. Ethical approval was ob-
tained from the Review Board of LUMC (P.14.002). All participants have
provided informed consent.

The study protocol with detailed inclusion and exclusion criteria per
participant group has been described previously (Hooghiemstra et al.,
2017). Most important inclusion criteria for all patient groups were a
diagnosis of HF, COD or VCI according to current guidelines, age >50
years, ability to undergo Magnetic Resonance Imaging (MRI) and
cognitive testing, and independence in daily life. Patients with HF were
included irrespective of left ventricular ejection fraction and coronary
artery disease according to the European Cardiology Society guidelines
with a stable clinical situation. Patients with COD had a significant
stenosis (i.e., >80%) or occlusion of the internal carotid artery as
assessed with Magnetic Resonance Angiography. For possible VCI, pa-
tients were included with cognitive complaints (regardless of the
severity of cognitive impairment (i.e., subjective cognitive decline to
dementia)), combined with moderate to severe vascular brain injury on
MRI, or mild vascular brain injury with presence of vascular risk factors,
with a Mini-Mental State Examination score of >20 (Folstein et al.,
1975). Most important exclusion criteria for all patient groups were
clinical evidence of a brain disease other than Alzheimer Disease and
VCI, a psychiatric diagnosis that affects cognitive functioning, and atrial
fibrillation at the moment of inclusion. Healthy reference participants
were recruited via advertisements and among spouses of patients. The
proportion of persons with cardiovascular risk factors (e.g., hyperten-
sion, hypercholesterolemia, diabetes mellitus, obesity, and currently
smoking) was lower in the healthy reference group than in the patient
groups.

Baseline data were used in all cross-sectional analyses. The baseline
sample included 566 participants (129 reference participants, 162 HF,
109 COD, and 166 VCI). Information on six-digit postal codes at baseline
were lacking for all 155 participants who were included at the MUMC in
Maastricht, and therefore these participants were excluded from the
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cross-sectional analyses. From the remaining group (n = 411), partici-
pants with lacking baseline data on cognitive functioning outcome
measures (n = 3) and residential environmental characteristics (n = 5)
were excluded from the cross-sectional analyses. The analytical sample
for the cross-sectional baseline analyses consisted of 403 participants
(100 reference participants, 98 HF, 100 COD, and 105 VCI) with full
baseline data.

Baseline and two-year follow-up data were used in all longitudinal
analyses. The follow-up sample included 385 participants (98 reference
participants, 96 HF, 77 COD, and 114 VCI). Information on six-digit
postal codes at baseline were lacking for all 88 follow-up participants
who were included at the MUMC in Maastricht, and consequently these
individuals were excluded from the longitudinal analyses. From the
remaining group (n = 297), participants with lacking data on cognitive
functioning outcome measures at follow-up (n = 1) and residential
environmental characteristics at baseline (n = 4) were excluded from
the longitudinal analyses. Additionally, eight participants were
excluded from these analyses because they have moved between base-
line and two-year follow-up. The analytical sample for the longitudinal
analyses consisted of 284 participants (83 reference participants, 63 HF,
71 COD, and 67 VCI) with full baseline and follow-up data. Participants
who were included in the cross-sectional analyses, but not in the lon-
gitudinal analyses, were older, had more often a disorder along the
heart-brain axis and had lower levels of global cognition, memory,
language, and attention-psychomotor speed. No significant differences
were observed in terms of sex, educational level, area-level socioeco-
nomic status, and neighbourhood walkability levels. There was no sig-
nificant difference in the proportion of dropouts across the three patient
groups. The VCI patients who were included in the cross-sectional an-
alyses, but not in the longitudinal analyses, had lower levels of cognitive
functioning, and were more often highly educated, than their counter-
parts with HF and COD. No differences were observed in other indi-
vidual- and area-level characteristics across the patient groups that
dropped out between baseline and two-year follow-up.

2.2. Dependent variable

2.2.1. Cognitive functioning

Cognitive functioning was examined using an extensive and stan-
dardized neuropsychological test battery that has been developed in the
context of the Dutch Parelsnoer Initiative (Aalten et al., 2014). The
various tests cover global cognitive functioning and four major cognitive
domains, including: memory, language, attention-psychomotor speed,
and executive functioning. For each separate cognitive domain, the
various tests have been described in Supplementary File 1.

All test scores were standardized into z-scores, using reference par-
ticipants as reference group (Leeuwis et al., 2020; Hooghiemstra et al.,
2017). Higher z-scores implied better performance. Subsequently, the
test z-scores were averaged to create four cognitive domain scores. The
domain scores were based on available tests and were calculated when
at least one test was available for that domain (Hooghiemstra et al.,
2017). A score for global cognitive functioning was constructed by
calculating the mean of the four domain scores (Leeuwis et al., 2020;
Hooghiemstra et al., 2017). Changes in global cognitive functioning as
well as in cognitive domains were examined by subtracting the scores at
baseline from those at two-year follow-up. In addition to these contin-
uous measures of cognitive functioning, dichotomous measures were
assessed. A cognitive domain was considered to be impaired (0 = no, 1
= yes) when the domain score was below —1.5 (Hooghiemstra et al.,
2017). Based on the number of impaired cognitive domains, a categor-
ical measure of cognitive functioning was determined: no cognitive
impairment (i.e., 0 impaired domains; reference category), minor
cognitive impairment (i.e., 1 impaired domain), and major cognitive
impairment (i.e., >2 impaired domains) (Hooghiemstra et al., 2017).
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2.3. Independent variable

2.3.1. Neighbourhood walkability

Neighbourhood walkability within 500-m Euclidean buffer zones
around the centroid of each participant’s residential six-digit postal code
area was objectively measured using the Dutch neighbourhood walk-
ability index (range: 0 (low)-100 (high)). The walkability index has been
developed in the Geoscience and Health Cohort Consortium, and is a
composite measure combining six key spatial components that particu-
larly facilitate walking, and potentially also stimulate cognitive func-
tioning (Besser et al., 2017, 2018, 2021; Wu et al., 2015b, 2017; Clarke
et al., 2012, 2015; Generaal et al., 2018, 2019; Gan et al., 2022; Watts
et al., 2015; Lakerveld et al., 2020; Timmermans et al., 2018a). These six
components entail: population density, retail and service destination
density, land use mix, street connectivity, green space density, and
sidewalk density. Detailed information about the construction of the
neighbourhood walkability index, and its components, is available in
Supplementary File 2.

2.4. Covariates

The cross-sectional analyses were adjusted for the following cova-
riates at baseline: age in years, sex (man (reference category) versus
woman), educational level, and area-level socioeconomic status. The
longitudinal analyses were additionally adjusted for the relevant
cognitive functioning measure at baseline.

Educational level was categorized into: low (Verhage categories 1-4;
reference category), intermediate (Verhage category 5), and high
(Verhage categories 6-7) (Verhage, 1964; Rijnen et al., 2020).

Objectively measured area-level socioeconomic status scores were
obtained from the Netherlands Institute for Social Research
(Netherlands Institute for Social Research, 2019). These scores are based
on the average income, the percentage of residents with a low income,
the percentage of residents with a low level of education, and the per-
centage of unemployed residents in the neighbourhood. Higher scores
indicate a higher area-level socioeconomic status (Netherlands Institute
for Social Research, 2019).

2.5. Statistical analyses

Characteristics of the study samples and the area-level exposure
measures are presented using descriptive statistics for the full samples as
well as for each participant group, separately. One-way Analyses of
Variance (including post-hoc Bonferroni corrections) and Pearson Chi-
square tests were conducted to compare groups when appropriate.

Multilevel linear regression analyses, multilevel logistic regression
analyses and multilevel multinomial logistic regression analyses with
center as a second level were performed to examine the cross-sectional
associations of neighbourhood walkability with the continuous,
dichotomous, and categorical measures of cognitive functioning at
baseline, respectively. Similar analyses were conducted to assess the
longitudinal associations of neighbourhood walkability at baseline with
cognitive functioning at two-year follow-up, and with change in cogni-
tive functioning over the two-year follow-up period. By conducting
multilevel analyses, the clustering of observations (level-1 unit) within
the same University Medical Center (level-2 unit) has been taken into
account. The cross-sectional analyses were adjusted for age, sex,
educational level, and area-level socioeconomic status at baseline. The
longitudinal analyses were additionally adjusted for the relevant
cognitive functioning measure at baseline. These analyses were also
conducted for each separate neighbourhood walkability component.

To study possible effect modification by participant group (i.e.,
reference participants (reference group), HF, COD, and VCI), an inter-
action term between neighbourhood walkability and participant group
was created. Each interaction term, together with its two main terms,
were statistically tested in a fully adjusted model.
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There is no consensus on which buffer size best captures the neigh-
bourhood built environment relevant for cognitive functioning. In order
to examine the robustness of our findings, the cross-sectional and lon-
gitudinal associations of neighbourhood walkability with cognitive
functioning outcome measures were assessed in sensitivity analyses in
which the neighbourhood walkability index was derived from 250-,
1000-, and 2000-m Euclidean buffer zones.

Information on whether the included participants at AUMC-VUmc
moved between baseline and two-year follow-up was missing. A very
small proportion of participants at LUMC (5.1%) and UMCU (1.9%) did
relocate between baseline and two-year follow-up. Therefore, it was
assumed that all participants at AUMC-VUmc (n = 111) did not move
during this time frame, and these participants were included in the main
longitudinal analyses. In order to examine whether this has affected our
results, the main longitudinal analyses were repeated in sensitivity an-
alyses in which these participants were excluded.

In all statistical analyses, a p-value below 0.05 was considered as
statistically significant. All statistical analyses were performed in IBM
SPSS Statistics (Version 26.0) (IBM Corp, 2019).

3. Results

Characteristics of the study samples for the cross-sectional as well as
longitudinal analyses and all relevant area-level exposure measures are
presented in Table 1.

3.1. Cross-sectional associations at baseline

Higher levels of neighbourhood walkability were significantly
associated with better global cognitive functioning (B = 0.007, 95%
CI = 0.002-0.012) and attention-psychomotor speed (f = 0.011, 95%
CI = 0.004-0.018). Accordingly, a 10-point increase in neighbourhood
walkability corresponds with a 0.070 increase in global cognitive
functioning, which is 14.0% of the average global cognitive outcome
score in the full sample. Non-significant positive associations of neigh-
bourhood walkability with memory, language, and executive func-
tioning were found (Table 2).

Individuals who live in residential areas with higher walkability
levels were significantly less likely to have major cognitive impairment
(ORmajor impairment = 0.97, 95% CI = 0.95-0.99) than no cognitive
impairment. In addition, individuals who live in residential areas with
higher walkability levels were significantly less likely to have impair-
ments in memory (OR = 0.97, 95% CI = 0.95-0.99) and attention-
psychomotor speed (OR = 0.97, 95% CI = 0.95-0.99). No significant
associations were observed between neighbourhood walkability and
impairment in language and executive function (Table 2).

A similar pattern of findings was found for three of the six neigh-
bourhood walkability components, including population density, street
connectivity, and sidewalk density (Supplementary File 3, Tables S1.1-
51.6).

Significant neighbourhood walkability by participant group inter-
action terms indicated that the cross-sectional associations of neigh-
bourhood walkability with the continuous measures of global cognition,
memory, language and attention-psychomotor speed were stronger in
patients with VCI (Table 2 and Supplementary File 4).

3.2. Longitudinal associations

In the full sample, the associations of neighbourhood walkability at
baseline with the continuous cognitive functioning outcome measures at
two-year follow-up were non-significantly positive (Table 3). In-
dividuals who live in residential areas with higher walkability levels at
baseline were significantly less likely to have impairments in language
(OR = 0.95, 95% 0.90-0.99) and executive functioning (OR = 0.95, 95%
CI = 0.91-0.99) at two-year follow-up. A similar pattern of findings was
found for population density, street connectivity, and sidewalk density
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(Supplementary File 3, Tables S2.1-S2.6). A significant neighbourhood
walkability by participant group interaction term indicated that the
association of neighbourhood walkability at baseline with the contin-
uous measure of executive functioning at two-year follow-up was
stronger in patients with VCI (Table 3 and Supplementary File 4).

Higher levels of neighbourhood walkability at baseline were non-
significantly associated with an increase in cognitive functioning over
the two-year follow-up period (Table 4). None of the six neighbourhood
walkability components were significantly associated with change in
cognitive functioning over time in the full sample (Supplementary File 3,
Tables S$3.1-53.6). Non-significant neighbourhood walkability by
participant group interaction terms indicated that the associations of
neighbourhood walkability at baseline with changes in cognitive func-
tioning over time did not differ by participant groups (Table 4 and
Supplementary File 4).

3.3. Sensitivity analyses

The results of the cross-sectional sensitivity analyses, including
neighbourhood walkability indices that were derived from 250-, 1000-,
and 2000-m Euclidean buffer zones, were largely in line with the results
of the main analyses in which the included neighbourhood walkability
index was derived from a 500-m Euclidean buffer zone (Supplementary
File 3, Tables S4.1-54.3).

The sensitivity analyses, including the neighbourhood walkability
index that was derived from a 250-m Euclidean buffer zone, indicated
significant positive associations of neighbourhood walkability at base-
line with global cognitive functioning (Pasom = 0.006, 95% CI =
0.001-0.011) and language (P2som = 0.012, 95% CI = 0.002-0.021) at
two-year follow-up. Similar to the main analyses, these sensitivity ana-
lyses revealed that individuals who live in residential areas with higher
walkability levels were significantly less likely to have impairments in
language (ORa50m = 0.94, 95% CI = 0.90-0.99) and executive func-
tioning (OR2s50m = 0.96, 95% CI = 0.92-0.99) (Supplementary File 3,
Table S5.1). Neighbourhood walkability, derived from a 1000-m and
2000-m Euclidean buffer zone, was not significantly associated with
cognitive functioning at two-year follow-up in the full sample (one
exception: OR2000m language = 0.95, 95% CI = 0.91-0.99) (Supplemen-
tary File 3, Tables S5.2-55.3).

Sensitivity analyses (using 250-m Euclidean buffer zones) did indi-
cate that higher neighbourhood walkability levels at baseline were
significantly associated with an improvement in global cognitive func-
tioning (B2som = 0.006, 95% CI = 0.001-0.011) and language (Basom =
0.011, 95% CI = 0.002-0.020) over the two-year follow-up period
(Supplementary File 3, Table S6.1). The findings of the sensitivity ana-
lyses (using 1000- and 2000-m Euclidean buffer zones) were largely in
line with those of the main analyses (Supplementary File 3, Tables S6.2-
$6.3).

The sensitivity analyses, in which participants from AUMC-VUmc
were excluded due to missing data on relocation between baseline and
two-year follow-up, generally indicated similar findings as the main
analyses (Supplementary File 3, Table S7.1 and Table S8.1).

4. Discussion

This study examined cross-sectional and longitudinal associations of
neighbourhood walkability with global cognitive functioning, memory,
language, attention-psychomotor speed, and executive functioning in
reference participants and patients with HF, COD, or VCI, and assessed
whether these associations differ across groups. The cross-sectional
findings indicate that higher levels of neighbourhood walkability were
associated with higher levels of global cognitive functioning and
attention-psychomotor speed. These associations were stronger in pa-
tients with VCI. Additionally, it was found that individuals who lived in
residential areas with higher walkability levels were less likely to have
major cognitive impairment or to have impairments in memory and
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Table 1
Baseline characteristics of the study samples and area-level exposure measures. *
Variables Study sample included in cross-sectional analyses Study sample included in longitudinal analyses
Total (n = 403) Reference HF (n = 98) COD (n = 100) VCI (n = 105) Total (n = 284) Reference HF (n = 63) COD (n=71) VCI (n = 67)
participants participants
(n =100) (n =83)
Dependent variables
Cognitive functioning
Global cognitive —0.5+0.9 Ref ~0.3+0.6 —05+07°¢ ~1.1+1.28 01 -0.4+1.0 Ref -0.2+0.5 -0.6+0.9¢ -1.1+1358h
functioning (Mean + SD) b
Memory (Mean + SD) ° -0.7£1.8 Ref ~02+1.1 -0.6 £ 1.3 ~1.94+ 288" -05+1.9 Ref 0.1+0.9 —0.6+20¢ ~1.84+ 265"
Language (Mean =+ SD) ” —0.3+0.7 Ref —0.2 + 0.5 —0.4+05¢ -08+1.0%M! —0.4+1.2 Ref -0.2+ 0.6 -0.3+0.5 -11+1.9080h
Attention-psychomotor -0.6 £ 1.1 Ref -0.4+0.8 -09+1.0%% -11+128" -0.6 £1.2 Ref -0.4+£0.7 -11+16°° -1.0+1.3%%"
speed (Mean =+ SD) ”
Executive function (Mean —-0.3+09 Ref —-0.2+0.5 —0.4+08¢ —0.84+095" —-0.3+0.8 Ref —-0.3+0.8 —-0.2+0.7 —0.6+1.0%
+SD)"
Cognitive impairment (%) ©8 fgh de fgh
No cognitive impairment 72.0 93.0 86.7 64.0 45.7 76.4 94.0 88.9 71.8 47.8
Minor cognitive 16.1 6.0 8.2 26.0 23.8 14.8 6.0 7.9 19.7 26.9
impairment
Major cognitive 11.9 1.0 5.1 10.0 30.5 8.8 0.0 3.2 8.5 25.4
impairment
Impairment in memory (%) ”
Yes 18.1 3.0 7.1 17.0% ¢ 43.8% 1 13.4 1.2 6.3 851 40.38 1
Impairment in language (%) "
Yes 5.5 0.0 2.0 4.0 15208 5.6 2.4 1.6 1.4 1794 f
Impairment in attention-psychomotor speed (%) ”
Yes 15.1 2.0 6.1 23.0 ¢ 28.6 5" 12.3 1.2 3.2 25.4 &0 20.9 &
Impairment in executive function (%) b
Yes 7.2 3.0 4.1 3.0 181 % #&" 6.0 1.2 4.8 2.8 16.4 4o f
Change in cognitive functioning over two-year follow-up
Global cognitive functioning - - - - - -0.1 £ 0.6 Ref 0.1+0.3 -0.1 £0.5 -0.2 £ 0.9
(Mean =+ SD)
Memory (Mean + SD) - - - - - 0.1+1.1 Ref 0.1 +0.8 0.1 +09 -0.2+1.7
Language (Mean + SD) - - - - - -01+1.0 Ref 0.1+04 -0.1+0.4 —-0.4+1.6
Attention-psychomotor - - - - - 0.1 +0.8 Ref -0.1 £ 0.4 -0.3+1.0 -03+1.1
speed (Mean + SD)
Executive function (Mean - - - - - 0.1+0.7 Ref —-0.1 +£0.7 0.2+ 0.6 0.1 +1.0
=+ SD)
Independent variables
Neighbourhood walkability (components)
Neighbourhood walkability 32.0 £ 14.8 31.8 £ 14.0 36.0 £ 13.8 28.2+14.5° 32.1 £ 15.7 31.8 £ 145 31.7 £ 14.0 36.3 +£13.6 27.0+13.7 ¢ 32.6 £ 15.4
index (Mean + SD)
Population density [z- 5.4+ 39 55+ 34 6.6 + 4.0 43+37° 5.3+43 5.3+338 5.4 +3.2 6.7 £4.2 39+26° 55+45
score] (Mean + SD)
Retail and service 1.7 £ 2.3 1.7 +£ 2.4 1.9+ 22 1.5+ 24 1.7 £22 1.7 £ 23 1.7 £ 2.6 1.8+ 21 1.6 £25 1.6+1.8
destination density [z-
score] (Mean + SD)
Land use mix [z-score] 26 +1.3 24+1.2 28 +1.3 24+13 27 +13 25+13 24+1.2 27 +£1.2 23+14 27 +£1.2
(Mean =+ SD)
Street connectivity [z- 41+1.8 43+1.6 43+1.6 3.7+18 40+19 40+1.7 42+1.6 44+17 36+19° 40+1.8

score] (Mean + SD)

(continued on next page)
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Table 1 (continued)

Variables Study sample included in cross-sectional analyses Study sample included in longitudinal analyses
Total (n = 403) Reference HF (n = 98) COD (n = 100) VCI (n = 105) Total (n = 284) Reference HF (n = 63) COD (n=71) VCI (n = 67)
participants participants
(n =100) (n=83)
Green space density [z- 0.1 + 0.5 -0.1+0.3 -0.1+0.4 0.1 +0.8 0.1+0.5¢ -0.1+0.5 -0.1+0.3 -0.1+0.4 0.1 +£0.8 0.1 +0.5
score] (Mean + SD)
Sidewalk density [z-score] 49+ 2.9 4.8 +2.7 5.7 + 2.6 41+28" 4.9 +3.2 4.8 +2.9 4.8 +2.7 5.8 + 2.7 39+27° 5.0 + 3.3
(Mean =+ SD)
Covariates
Age in years (Mean =+ SD) 68.2 + 8.6 659 £ 7.6 70.1 +9.8¢ 66.0 + 8.0 © 70.1 £7.8%" 67.2 +£ 8.0 66.0 +£ 7.2 69.0 +£ 9.5 65.2+7.6° 69.4+7.1"
Sex (%)
Women 33.7 46.0 33.7 22.0°% 33.3 35.6 44.6 34.9 23.9 37.3
Educational level (%) d f d !
Low 23.8 19.0 29.6 27.0 20.0 24.3 16.9 28.6 26.8 26.9
Intermediate 32.3 29.0 30.6 44.0 25.7 34.5 32.5 33.3 46.5 25.4
High 43.9 52.0 39.8 29.0 54.3 41.2 50.6 38.1 26.7 47.8
Area-level socioeconomic 0.4 +0.9 0.4+0.8 0.5+ 0.9 01+1.0%°¢ 05+1.0° 0.4 +0.9 0.5+ 0.7 0.5+0.9 01+1.0¢ 05+09°F
status score (Mean =+ SD)
Other variables
Center (%) g g h g h, i g g h g h,i
AUMC-VUmc 40.0 22.0 60.2 0.0 64.8 39.1 24.1 61.9 0.0 77.6
LUMC 37.0 46.0 39.8 8.0 0.0 25.0 48.2 38.1 9.9 0.0
UMCU 23.0 32.0 0.0 92.0 35.2 35.9 27.7 0.0 90.1 22.4

# Abbreviations: AUMC-VUmc = Amsterdam UMC, location VU University medical center, COD = patients with carotid occlusive disease; HF = patients with heart failure; LUMC = Leiden University Medical Center; Ref
= reference group; SD = standard deviation; UMCU = University Medical Center Utrecht; VCI = patients with possible vascular cognitive impairment.

b For the study sample included in the longitudinal analyses, the presented cognitive functioning outcome measure has been measured at two-year follow-up.

¢ The neighbourhood walkability index (index range: 0-100) and the standardized components were derived from 500-m Euclidean buffer zones around the centroid of the six-digit postal code areas where participants

were living.

4 p-value <0.05 compared to reference participants.
¢ p-value <0.05 compared to patients with heart failure.
f p-value <0.05 compared to patients with carotid occlusive disease.
& p-value <0.001 compared to reference participants.
" p-value <0.001 compared to patients with heart failure.

i

p-value <0.001 compared to patients with carotid occlusive disease.

‘I 39 SUDULWIULLL, [

956201 (£202) 6L 29v]d pup 3oy



E.J. Timmermans et al.

Table 2

Cross-sectional associations of neighbourhood walkability with cognitive functioning at baseline. **.

Health and Place 79 (2023) 102956

Variables

Neighbourhood walkability: Neighbourhood walkability index (500-m Euclidean buffer zone) d

Total (n = 403)

Reference participants (n = 100)

HF (n = 98)

COD (n = 100)

VCI (n = 105)

Cognitive functioning outcome measure

Global cognitive functioning
Memory
Language

Attention-psychomotor speed

Executive function

Cognitive impairment
No cognitive impairment

Minor cognitive impairment
Major cognitive impairment

Impairment in memory
No
Yes

Impairment in language
No
Yes

B (95% CI)

B (95% CI)

B (95% CI)

B (95% CI)

B (95% CI)

0.007 (0.002-0.012)
0.010 (—0.002-0.022)
0.003 (—0.001-0.008)
0.011 (0.004-0.018)
0.006 (—0.001-0.012)
OR (95% CI)

0.001 (—0.005-0.007)
—0.005 (—0.016-0.005)
—0.001 (—0.007-0.006)
0.001 (—0.008-0.010)
0.009 (-0.001-0.017)
OR (95% CI)

—0.004 (—0.011-0.003)
—0.004 (-0.019-0.011)
—0.002 (—0.009-0.005)
—0.002 (—0.012-0.010)
—0.009 (—0.019-0.001)
OR (95% CI)

0.002 (—0.006-0.010)
—0.001 (—0.018-0.015)
—0.003 (—-0.011-0.005)
0.011 (—-0.002-0.024)
0.001 (—-0.009-0.012)
OR (95% CI)

0.023 (0.009-0.038)
0.037 (0.002-0.072)
0.015 (0.002-0.027)
0.024 (0.007-0.041)
0.018 (0.004-0.033)
OR (95% CI)

1.00
0.99 (0.97-1.01)
0.97 (0.95-0.99)

1.00
0.97 (0.95-0.99)

1.00
0.98 (0.94-1.01)

Impairment in attention-psychomotor speed

No
Yes

Impairment in executive function

No
Yes

1.00
0.97 (0.95-0.99)

1.00
1.01 (0.99-1.04)

1.00
1.01 (0.95-1.08)
1.01 (0.91-1.11)

1.00
1.02 (0.95-1.10)

1.00

1.00
0.99 (0.92-1.06)

1.00
1.01 (0.94-1.08)

1.00
1.05 (0.99-1.12)
1.02 (0.95-1.10)

1.00
0.99 (0.94-1.05)

1.00
1.04 (0.97-1.12)

1.00
1.03 (0.96-1.09)

1.00
1.05 (0.98-1.12)

1.00
0.98 (0.95-1.02)
1.00 (0.95-1.05)

1.00
0.99 (0.95-1.03)

1.00
1.01 (0.94-1.07)

1.00
0.98 (0.94-1.01)

1.00
1.03 (0.97-1.10)

1.00
0.97 (0.94-1.02)
0.93 (0.90-0.97)

1.00
0.95 (0.91-0.98)

1.00
0.95 (0.91-0.99)

1.00
0.95 (0.92-0.99)

1.00
0.99 (0.95-1.02)

2 Abbreviations: CI = confidence interval; COD = patients with carotid occlusive disease; HF = patients with heart failure; n = number; OR = odds ratio; VCI =
patients with possible vascular cognitive impairment.
b The associations are adjusted for age, sex, educational level, and area-level socioeconomic status at baseline.

¢ In bold: p-value<0.05.

4 The neighbourhood walkability index was derived from 500-m Euclidean buffer zones around the centroid of the six-digit postal code areas where participants

were living.

Table 3

Associations of neighbourhood walkability at baseline with cognitive functioning at two-year follow-up. “*.

Variables

Neighbourhood walkability: Neighbourhood walkability index (500-m Euclidean buffer zone) ¢

Total (n = 284)

Reference participants (n = 83)

HF (n = 63)

COD (n =71)

VCI (n = 67)

Cognitive functioning outcome measure
Global cognitive functioning

Memory
Language

Attention-psychomotor speed

Executive function

Cognitive impairment
No cognitive impairment

Minor cognitive impairment
Major cognitive impairment

Impairment in memory
No
Yes

Impairment in language
No
Yes

B (95% CI)

B (95% CI)

B (95% CI)

B (95% CI)

B (95% CI)

0.004 (—0.001-0.008)
0.005 (—0.005-0.015)
0.008 (—0.001-0.017)
0.001 (—0.007-0.007)
0.005 (—0.001-0.010)
OR (95% CI)

0.002 (—0.004-0.008)
—0.001 (—0.009-0.008)
0.006 (—0.011-0.024)
0.002 (—0.003-0.008)
0.002 (—0.005-0.010)
OR (95% CI)

—0.002 (—0.008-0.005)
0.004 (—0.011-0.019)
—0.006 (—0.013-0.001)
—0.005 (—0.012-0.002)
—0.012 (-0.025-0.002)
OR (95% CI)

0.006 (—0.004-0.016)
0.009 (—0.014-0.033)
0.002 (—0.005-0.009)
—0.003 (—0.022-0.016)
0.005 (—0.004-0.014)
OR (95% CI)

0.008 (—0.007-0.025)
0.010 (—0.019-0.039)
0.018 (—0.011-0.047)
0.001 (—0.021-0.022)
0.019 (0.006-0.032)
OR (95% CI)

1.00
0.98 (0.95-1.01)
0.98 (0.93-1.02)

1.00
0.99 (0.95-1.03)

1.00
0.95 (0.90-0.99)

Impairment in attention-psychomotor speed

No
Yes

Impairment in executive function

No
Yes

1.00
1.01 (0.97-1.05)

1.00
0.95 (0.91-0.99)

1.00
1.00 (0.94-1.08)

1.00
1.02 (0.94-1.11)

1.00
0.99 (0.91-1.08)

1.00
1.01 (0.96-1.06)

1.00
1.01 (0.92-1.10)

1.00
0.97 (0.89-1.05)
1.00 (0.88-1.14)

1.00
0.98 (0.90-1.06)

1.00

1.00
1.02 (0.91-1.13)

1.00
1.06 (0.97-1.17)

1.00
1.00 (0.94-1.07)
0.88 (0.73-1.05)

1.00
0.98 (0.91-1.05)

1.00
0.98 (0.89-1.08)

1.00
1.02 (0.97-1.08)

1.00
0.98 (0.89-1.07)

1.00
0.94 (0.88-1.01)
0.99 (0.91-1.07)

1.00
1.01 (0.96-1.07)

1.00
0.97 (0.92-1.03)

1.00
1.00 (0.94-1.05)

1.00
0.92 (0.86-0.98)

@ Abbreviations: CI = confidence interval; COD = patients with carotid occlusive disease; HF = patients with heart failure; n = number; OR = odds ratio; VCI =
patients with possible vascular cognitive impairment.
b The associations are adjusted for age, sex, educational level, area-level socioeconomic status, and the relevant cognitive functioning outcome measure at baseline.

¢ In bold: p-value<0.05.

4 The neighbourhood walkability index was derived from 500-m Euclidean buffer zones around the centroid of the six-digit postal code areas where participants

were living.
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Table 4

Health and Place 79 (2023) 102956

Associations of neighbourhood walkability at baseline with change in cognitive functioning over the two-year follow-up period. “*.

Variables

Neighbourhood walkability: Neighbourhood walkability index (500-m Euclidean buffer zone) d

Total (n = 284)

Reference participants (n = 83)

HF (n = 63) COD (n =71) VCI (n = 67)

B (95% CI) B (95% CI)

B (95% CI) B (95% CI) B (95% CI)

Change in cognitive functioning outcome measure
Global cognitive functioning 0.001 (—0.001-0.008)
Memory 0.006 (—0.003-0.014)
Language 0.008 (—0.001-0.017)
Attention-psychomotor speed 0.001 (—0.006-0.007)
Executive function 0.004 (—0.002-0.009)

0.002 (—0.004-0.007)
—0.001 (—0.009-0.008)
0.006 (—0.012-0.023)
0.002 (—0.002-0.008)
0.002 (—0.006-0.010)

—0.002 (—0.009-0.005)
0.004 (-0.011-0.019)

—0.006 (—0.013-0.001)
—0.005 (—0.012-0.002)
—0.011 (—0.025-0.002)

0.006 (—0.002-0.014)
0.009 (—0.007-0.025)
0.002 (—0.004-0.009)
—0.003 (—0.021-0.015)
0.005 (—0.004-0.014)

0.008 (—0.009-0.025)
0.010 (—0.019-0.039)
0.018 (—0.011-0.047)
—0.001 (—0.020-0.020)
0.015 (-0.001-0.030)

2 Abbreviations: CI = confidence interval; COD = patients with carotid occlusive disease; HF = patients with heart failure; n = number; VCI = patients with possible

vascular cognitive impairment.

b The associations are adjusted for age, sex, educational level, area-level socioeconomic status, and the relevant cognitive functioning outcome measure at baseline.

¢ In bold: p-value<0.05.

4 This neighbourhood walkability component was derived from 500-m Euclidean buffer zones around the centroid of the six-digit postal code areas where par-

ticipants were living.

attention-psychomotor speed. The longitudinal analyses showed that
individuals who live in residential areas with higher walkability levels
were less likely to have impairments in language and executive func-
tioning at two-year follow-up. Although, the main analyses (using 500-
m buffer zones) did not show that neighbourhood walkability was
associated with change in cognitive functioning over the two-year
follow-up period, sensitivity analyses (using 250-m buffer zones) did
show that exposure to higher levels of neighbourhood walkability at
baseline were significantly associated with an improvement in global
cognitive functioning and language over time.

By examining cross-sectional as well as longitudinal associations of
objectively measured neighbourhood walkability with cognitive func-
tioning in reference participants as well as in a clinical sample of pa-
tients with disorders along the heart-brain axis, this study is an
innovative effort to improve our understanding of environmental de-
terminants of cognitive functioning in healthy and vulnerable in-
dividuals (Besser et al., 2017; Wu et al., 2017; Cerin et al., 2020; Wey
et al., 2021). A particular strength of this study is the use of a composite
exposure measure of neighbourhood walkability that combines objec-
tively measured high-resolution Geographic Information System data on
six components of the built residential environment that have been
associated with cognitive functioning in previous studies, separately
(Besser et al., 2017, 2018, 2021; Wu et al., 2015b, 2017; Clarke et al.,
2012, 2015; Gan et al., 2022; Watts et al., 2015). This composite mea-
sure takes into account that individuals are exposed to multiple envi-
ronmental characteristics at the same time, that these characteristics are
likely to interact with each other, and individually might have relatively
little influence (Jia et al., 2019).

This study has several limitations to consider. Firstly, the sample
sizes in the current study were fairly small, which resulted in less pre-
cision around the estimates, and thereby in a lower ability to find sta-
tistically significant results. Secondly, due to the relative short follow-up
period and the lack of (substantial) changes in neighbourhood walk-
ability over time, we were unable to appropriately examine whether
changes in this environmental exposure measure were associated with
changes in cognitive functioning, and consequently, we were unable to
make stronger assumptions about the causal relation between neigh-
bourhood walkability and cognition. Thirdly, this study examines the
association of cognitive functioning with neighbourhood walkability in
the residential six-digit postal code area of participants, which is a
commonly used detailed spatial level for residential environmental
exposure assessment (Lakerveld et al., 2020; Timmermans et al., 2018a,
2018b). However, this study does not consider exposure to this envi-
ronmental factor in other places where people spend substantial
amounts of time (e.g., places for work, shopping, and recreation).
Assumed that people with better cognitive functioning spent more time
at these places, this may have led to an underestimation of the

associations. Fourthly, there was a maximum temporal mismatch of two
years between the collection of individual-level data and some of the
linked walkability components for some participants in this study.
However, it is not likely that these mismatches have substantially biased
our findings, because neighbourhood walkability components have
shown to be relatively stable over such time window (Timmermans
et al., 2021; Noordzij et al., 2021). Finally, although we adjusted for
relevant covariates in our analyses, there still might be residual con-
founding factors that we did not take into account, such as the number of
years that participants live in their neighbourhood and their occupa-
tional status and household income.

Neighbourhoods that are characterized by higher walkability levels
may positively affect (domains of) cognitive functioning by providing a
“brain training” setting that directly stimulate cognition (Besser et al.,
2017, 2021; Wu et al., 2017; Cassarino and Setti, 2015; Clarke et al.,
2012), or by supporting healthy lifestyles, mental health and social
engagement (Besser et al., 2017, 2021; Wu et al., 2017; Barnett et al.,
2017; Cerin et al., 2017; Van Cauwenberg et al., 2018; Aggarwal et al.,
2014; Generaal et al., 2018, 2019). This may have a positive impact on
the hemodynamic dysfunction and abnormalities in the circulatory
system, ultimately leading to better cerebral blood flow (Cerin, 2019; De
la Torre, 2012; Leeuwis et al., 2017; Guiney et al., 2015). Patients with
VCI, who are characterized by vascular brain injuries, may particularly
benefit more from this, which may explain the stronger positive asso-
ciations of neighbourhood walkability with cognitive functioning in this
patient group (Leeuwis et al., 2020). This study further showed that
neighbourhood walkability at baseline (using 500-, 1000-, and 2000-m
buffer zones) was not associated with change in cognitive functioning
over the two-year follow-up period. This might be due to a lack of sta-
tistical power in these analyses. However, sensitivity analyses (using
250-m buffer zones) did indicate that exposure to higher levels of
neighbourhood walkability are associated with an improvement in
global cognitive functioning and language over time. This suggests that
especially built environmental aspects of the direct residential envi-
ronment might be relevant for improving cognitive functioning over
time.

Before informing policies about the positive, and potentially clini-
cally relevant, impact of improving neighbourhood walkability levels
for residents’ cognitive functioning, the present results need to be
confirmed in future research. Future research could replicate our
approach with data from a larger number of participants and over a
longer follow-up period. Such approach would enable to appropriately
assess whether changes in built environmental characteristics are asso-
ciated with changes in cognitive functioning over time, and would be
informative to the causal relationship between these environmental
characteristics and cognition. Furthermore, future research could
incorporate other potentially relevant factors or by-products from the
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built as well as social environment for cognition (e.g., area-level air
pollution, blue space, and social cohesion) (Cerin, 2019; Cerin et al.,
2020; Power et al., 2011; Zhang et al., 2019), and could also examine the
role of potentially relevant mediating factors (e.g., physical activity,
mental health, cerebral blood flow, white matter hyperintensities, and
neuro-inflammation) (Cerin, 2019; Besser et al., 2021; Brockmeyer and
D’Angiulli, 2016; Wellenius et al., 2013). In addition, future studies
could not only take environmental exposures in the residential envi-
ronment into account, but could also use time-activity-weighted expo-
sure measures, that consider exposures at other significant places where
individuals spent their time (Park and Kwan, 2017). This may improve
the assessment of environmental factors that an individual is exposed to,
and may reduce bias of estimated environment-cognition associations.

5. Conclusions

The main analyses in this study (using 500-m buffer zones) provide
supportive evidence for positive cross-sectional associations of neigh-
bourhood walkability with cognitive functioning in reference partici-
pants and patients with disorders along the heart-brain axis; particularly
in those with VCI. The main analyses also indicate that higher levels of
walkability at baseline lower the odds of impaired language and exec-
utive functioning at two-year follow-up. Sensitivity analyses (using 250-
m buffer zones) provide evidence that exposure to higher levels of
neighbourhood walkability are associated with an improvement in
global cognitive functioning and language over the two-year follow-up
period. Together, these findings highlight the importance of the built
environment for cognitive functioning in healthy and vulnerable groups.
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