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Abstract

Purpose of Review We assessed the relation between environmental greenness and risk of dementia and cognitive impair-
ment, based on a systematic review and meta-analysis up to March 30, 2022, characterizing whenever possible the shape of
the association using dose—response meta-analysis.

Recent Findings Twelve studies were included in this review, either using normalized difference vegetation index (NDVI)
or land use/cover (LU/LC) methodology to assess greenness. Comparing the highest versus lowest exposure categories of
greenness assessed using the NDVI (6 studies) or LU/LC (6 studies), we found no association with dementia. Dose—response
meta-analysis of the association between greenness measured by LU/LC and dementia, based on only 3 studies, indicated a
U-shaped association, but estimates were imprecise.

Summary Our systematic review and meta-analysis provided some evidence of a slight inverse association between greenness
and dementia at intermediate exposure levels, but not at high levels. Potential methodological limitations, such as exposure
misclassification and unmeasured confounding, may have affected the results.

Keywords Greenness - Green space - Dementia - Cognitive impairment - NDVI - Land use

Introduction

Dementia is a progressive neurodegenerative disease that
results in major economic and social costs for both patients
and their families. Approximately 50 million people in the
world currently suffer from dementia; the estimated number
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of annual incident cases is 10 million, and approximately 150
million prevalent cases are predicted in 2050 [1]. For these
reasons, dementia prevention is a key public health priority
[2ee]. Cognitive impairment is a clinical state that precedes
dementia [3]. It is characterized by lower-than-expected per-
formance in one or more cognitive domains considering the
patient’s age and educational attainment; however, it does not
substantially interfere in activities of daily living (ADLs). On
the contrary, in dementia, more than one cognitive domain is
affected, resulting in significant interference in ADL [3-6].

The causes of dementia remain unknown. Many poten-
tial risk factors have been investigated, such as reduced
physical activity [7], poor diet [8], comorbidities such as
diabetes, hypertension, and cardiovascular disease [9—-11],
and other environmental, clinical, and genetic factors.
Environmental factors in particular, including exposure
to air pollution, heavy metals, and metalloids [12], are
increasingly considered as possible risk factors [13].

To date, there are no effective interventions to prevent, delay,
or treat cognitive impairment and dementia, with the excep-
tion of preventive measures for vascular dementia [14, 15].
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Therefore, the identification of environmental factors as risk
factors for dementia could help prevent the disease, or its related
disorders, either of the Alzheimer’s type or belonging to other
clinical forms. Among the possible risk factors for dementia
is the reduced availability of residential green space (“green-
ness’’). Natural vegetation or green space/greenness surround-
ing residential and workplaces has been hypothesized to be
protective towards dementia [16]. Potential beneficial effects
of greenness on brain structure and function include greater cor-
tical thickness [17, 18ee, 19] and reduced ventricular size [20].
Research has shown a protective effect of residential greenness
for a number of other outcomes including all-cause mortality,
obesity, cardiovascular and respiratory diseases, poor sleep
quality [21ee, 22-29, 30ee], pediatric anxiety and depression,
and adverse birth outcomes [31, 32, 33ee 34e_ 35].

The exposure indices most frequently used in literature
to measure greenness are normalized difference vegetation
index (NDVI) and land use and land cover (LU/LC). NDVI
is obtained by satellite imagery and uses the characteristic of
chlorophyll in leaves to absorb visible light for photosynthe-
sis and reflect light near the infrared. NDVI is computed as
the ratio of the difference between the near-infrared region
and red reflectance to the sum of these two measures [36].
NDVI ranges from — 1 to 1, with more positive values rep-
resenting higher greenness level, and negative values repre-
senting bodies of water [21ee]. Other studies have instead
relied on land use (LU), an indicator of land cover types, and
land cover (LC), reflecting the physical and biological sur-
face of land [37]. Studies based on LU/LC employed a land
cover dataset to determine the percentage of land use around
a predetermined buffer or area around the participant’s
address, with specific reference to the presence of parks or
urban green, forests, or crops/cultivations [38, 39]. Rarely
used indices for exposure assessment include the enhanced
vegetation index, based on land surface reflectance of light
spectrum as NDVI but including adjustment for tree canopy
background [40], and the vegetation continuous fields, rely-
ing on the percentage of land covered by tree canopies [41].

Given the growing number of studies assessing the rela-
tion between greenness and both cognitive impairment
and dementia and the recent availability of new statistical
tools for the assessment of non-linear relations [42, 43],
we performed a systematic review of the literature and a
dose-response meta-analysis to characterize the associa-
tion between residential greenness and cognitive outcomes.

Methods
Study Identification

In this review, we applied the guidelines of Preferred
Reporting Items for Systematic Reviews and Meta-Analysis

(PRISMA) statement [44, 45]. We performed a literature
online search in the PubMed/MEDLINE and Embase data-
bases until March 30, 2022 with no time restriction. Two
authors (FZ and TF) independently screened publication
titles and abstracts and evaluated full text for inclusion in
the review. In case of conflicting evaluation, a third author
(MV) was sought to resolve the disagreement.

According to the PECOS (Population, Exposure, Com-
parator, Outcome and Study design) guidelines [46], the
specific research question is “In the adult population, what
is the effect of greenness on risk of cognitive impairment
or dementia from epidemiological studies?”.

Based on the research question, we selected epidemiologi-
cal studies investigating exposure to greenness among adults
(> 18 years old). We included research articles and not reviews,
letters, or conference abstracts. We used search terms related
to greenness, €.g., “‘green space,” “recreational parks,” “urban
park,” “urban green,” and “vegetation,” as well as terms related
to greenness measurement methods, i.e., “normalized differ-
ence vegetation index,” “land use,” “land cover,” and “vegeta-
tion index.” To investigate the outcome, we used terms related
to dementia and cognitive impairment using MeSH terms and
Explode terms for PubMed and Embase research, respec-
tively. Only studies quantifying the prevalence, incidence,
or mortality rate for dementia or cognitive impairment were
considered, provided they used the International Classification
of Disease (ICD), prescription of anti-dementia medication,
hospital using scales for cognitive impairment diagnosis like
Mini Mental State Examination (MMSE), and with demen-
tia diagnosis during hospitalization. We included all types of
observational studies with individual level data, i.e., cohort,
case—control, cross-sectional, and ecological studies. From the
original literature search, we excluded studies not reporting the
aforementioned information. Supplemental Table S1 includes
the details of our search strategies. No language restrictions
were applied. If multiple studies used the same population, we
considered the most recent report, which included the one the
largest population, or the one specifically aimed at assessing
dementia as outcome.

99 ¢

Data Extraction

From each selected study, we extracted location, study
design, total study population, number of cases, and num-
ber of controls if applicable, period of observation or year
when the study data were collected, greenness evaluation
methodology, type of outcome and its assessment method,
and risk estimates with 95% confidence intervals (CI) taken
from the fully adjusted model. We also extracted, whenever
possible, all the details about the magnitude of greenness for
each exposure category in which the study population was
divided. When greenness was assessed using different areas
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or buffer diameters, we extracted data from the smallest
area or buffer. We contacted the authors of the four publica-
tions in which detailed data were not provided [47-50] and
obtained additional data needed to perform the analysis.

Risk of bias assessment

We assessed the risk of bias (RoB) of the included studies
using the Risk of Bias in Non-Randomized Studies of Expo-
sure (ROBINS-E) tool [51, 52]. Two investigators (FZ and TF)
assessed the risk of bias. Any discrepancy was resolved by MV.
Supplemental Table S2 reports criteria for RoB evaluation. Stud-
ies were considered “low RoB” if all domains were rated at low
risk; they were considered “moderate” or “high” RoB if one or
more domains was at moderate or high RoB, respectively.

Data Analysis

We performed a meta-analysis comparing the highest ver-
sus the lowest greenness categories or continuous increase
of greenness (1 standard deviation or interquartile range or
0.1 unit or 10% increments) using a restricted maximum
likelihood random effects model with inverse—variance esti-
mation method. We also explored the shape of the associa-
tion between greenness and risk of cognitive impairment
or dementia through a dose-response meta-analysis using
a one-stage approach in order to explore also non-linear
association [53] as previously implemented in other fields
[54-56]. For this purpose, we also extracted the mean value
of greenness for each exposure category. If the mean was not
available, we used the median or the midpoint of each expo-
sure stratum. In case of highest and lowest open-ended expo-
sure categories, we used a value 20% higher or lower than
the boundary value, based on the ranges observed in studies
with complete data [57, 58]. Studies that provided risk esti-
mates only for continuous exposure were excluded from the
dose—response analysis. We used a restricted cubic spline
model with three knots at fixed percentiles (10th, 50th, and
90th) of greenness through the restricted maximum like-
lihood random effects model [59]. We provided a graphi-
cal overlay of study-specific trends using predicted curves
showing the influence of variation across studies. Finally,
we assessed the heterogeneity of included studies using the
P statistics [60]. We used Stata software (v17.0, Stata Corp.
College Station, TX, 2021) to perform all data analysis.

Results
Study Selection

Figure 1 shows the PRISMA flow chart for literature search
and study identification. We identified 269 potentially

@ Springer

eligible articles, after the exclusion of duplicates. After ana-
lyzing the title and abstract, we discarded 232 papers and
we retrieved the full text of the remaining 37. After their
in-depth evaluation, we further excluded two studies because
they analyzed the same population [61, 62ee], 17 studies
because they did not evaluate the exposure or outcome of
interest (such as the two measuring cognitive decline but not
cognitive impairment [19, 40]), and six papers because they
were not original research articles. Overall, 12 publications
eventually met the inclusion criteria, i.e., they had individ-
ual-level data and reported the association of greenness with
dementia and/or cognitive impairment [47-50, 63—65, 66ee,
67, 68ee, 69, 70].

Study Characteristics

Table 1 summarizes the main characteristics of included
studies. The publication period ranged from 2015 to 2022.
Three studies were conducted in Europe (two in UK [48, 67],
one in the Netherlands [47]), five in North America (two in
Canada [49, 66ee] and three in US [68ee, 69, 70]), three in
Asia (one each in China [50], Taiwan [65], and Hong Kong
[64]), and one in Australia [63]. Four studies had a cross-
sectional design [48, 64, 67, 68ee], one case—control [65],
five cohort [47, 49, 63, 66ee, 69], one including both cross-
sectional and cohort design [50], and one ecological [70].

With regard to exposure assessment, six studies meas-
ured greenness using NDVI [49, 50, 64, 66ee, 68ee, (9],
five used LU/LC with the corresponding datasets for the
classification of green areas [48, 63, 65, 67, 70], and one
study presented both LU/LC and NDVI [47]. Six studies
compared the greenness of the smallest residential units of
study participants based on the administrative subdivision
of each country [48, 64, 65, 67, 68ee, 70], defined by an
average population (e.g., lower layer super output areas [48,
67]) or on natural or urban boundaries such as roads (e.g.,
census block [68ee]). In the other studies, residential green-
ness was measured using the mean value of NDVI or LU/
LC with various dimensions of buffer around the residential
addresses: one study analyzed residential greenness around a
1.6-km area [63]; another measured greenness at 250-m and
500-m buffers from centroid city block of subject’s residence
[66e¢]; one study assessed the areal greenness of 100 m
surrounding residential address [49]. The area considered
by another study is 500-m buffer size around participant’s
residence [50]; one study analyzed the area of 300 m and
1000 m around the residence [47]; another study analyzed
the greenness at 2000-m buffer around the residence [69].
For data analysis, we used the values related to the smallest
buffers, in accordance with previous reviews [71, 72], that
ranged from 100 m to 2 km across the different studies. The
characteristics of exposure assessment are described in more
detail in the Supplemental Table S3.
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Fig. 1 Flow diagram of study
selection process
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All the three studies of cognitive impairment were based
on categorical definitions of greenness, while seven out of
the 11 studies on dementia used continuous exposure data,
and the remaining four used categorical data.

As shown in Table 1, two studies investigated the asso-
ciation between greenness and mortality from dementia
[47, 64], while four studies explored the association with
incidence [49, 63, 66ee, 69], one with further subdivi-
sion into all-cause dementia, vascular dementia, and
Alzheimer’s disease [69]. Similarly, one study evalu-
ated the association between greenness and incidence
of four neurodegenerative diseases, namely Parkinson’s
disease, multiple sclerosis, Alzheimer’s disease, and
non-Alzheimer’s dementia, although only the latter two
were considered for the analysis [49]. In addition, two
studies investigated the association between greenness
and both cognitive impairment and dementia [48, 67],
while one study assessed cognitive impairment specifi-
cally [50]. One study investigated the association with
Alzheimer’s dementia using prevalent cases [65], while
one study considered prevalent cases of “Alzheimer’s dis-
ease and related dementias” (ADRD) together and divided
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into “Alzheimer’s disease” (AD) and “non-Alzheimer’s
dementia” (NAD) [68ee]. One ecological study design
[70] used Alzheimer’s disease rate by zip code.

Four studies used the International Classification of Dis-
ease, Injuries and Causes of Death (ICD versions 9 and 10)
to measure outcome [47, 64, 68ee 70]. Another four stud-
ies used for the diagnosis of dementia, in addition to ICD,
hospitalization and/or the first treatment with specific drugs
and/or physician claims [49, 63, 65, 66ee]. Three studies
administered established cognitive tests (e.g., MMSE and
geriatric mental status) [48, 50, 67], though one of them
was based on an adapted version of the MMSE [50]. One
study used a series of clinical and neuropsychological tests
for diagnosis of dementia classified according to DSM-IV
criteria [69].

Five studies included a study population of over 200,000
individuals [47, 49, 64, 66ee,  68ee], one between 100,000
and 200,000 [63], two between 10,000 and 100,000 [50, 65],
and three studies analyzed a population less than 10,000 [48,
67, 69]. The total number of study participants included in
this review was over 3,350,000, including over 275,000 and
over 24,000 cases of dementia and cognitive impairment,
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respectively. The ecological study population comprised
subjects aged > 65 years, who lived in the Mid-Atlantic USA
and had Medicare insurance [70].

After assessing the risk of bias of the included studies
(Supplemental Table S4), we evaluated five studies as being
atlow RoB [47, 48, 63, 67, 69]. Five studies had moderate RoB
[49, 64, 65, 66ee, 68e¢] due to lack of education data, lack of
detailed information about the magnitude of greenness, or with
more than 10% of the population excluded to missing data.
Two studies had a high RoB: one analyzed the relation between
LU/LC and self-reported cognitive impairment [50], and the
second examined the relation between NDVI and dementia
without controlling for age and sex [70]. We performed a sen-
sitivity analysis excluding such studies with high RoB.

Greenness and Dementia

Figure 2 shows individual and summary risk ratios (RRs) of
dementia comparing the highest to lowest greenness catego-
ries, or in case of continuous data for 1-unit exposure increase.
We used a dose value 20% higher or lower of the boundary
value in one study [63]. Overall, the summary RR for the asso-
ciation between greenness and dementia was 0.98 (95% CI
0.90-1.06) when greenness was measured with NDVI and 0.99
(95% CI 0.93—1.05) when LU/LC models were used. Stratifica-
tion by types of study (e.g., longitudinal vs cross-sectional) and
greenness measurement methodologies showed similar results
(Supplemental Figure S1 and Supplemental Figure S2). The
analysis restricted to Alzheimer’s disease as the outcome avail-
able in five studies yielded similar results: in the three studies
[49, 68ee, 69] using NDVI, the summary RR was 1.03 (95%
CI0.83-1.28), while in the two studies using LU/LC [65, 70],
the summary RR was 0.96 (95% CI 0.87-1.06) (Supplemental
Figure S3). Conversely, risk of non-Alzheimer’s dementia was
reported in two studies only, one study [49] reporting a RR of
0.95 (95% CI1 0.93-0.98) for interquartile increase of green-
ness and the second study [68ee] reporting a RR of 0.95 (95%
0.89-1.02) in the intermediate exposure category and RR of
1.01 (95% C1 0.93-1.08) in the highest exposure group.

The association between dementia and greenness compar-
ing the highest versus the lowest exposure categories, after
excluding six studies based on 1-unit continuous exposure
increase, showed a higher estimate compared with the over-
all result (Supplemental Figure S4). Similar results were also
obtained after excluding the only study [70] at high risk of
bias (Supplemental Figure S5).

The dose-response curve between dementia and green-
ness as measured by LU/LC showed a lower risk ratio for
the “intermediate” range of exposure, between 0.2 and 0.8,
with the lowest RR of around 0.8 at a greenness level of
0.5. At the highest levels of greenness, there was little evi-
dence of protection, with the RR approaching and slightly
exceeding 1 (Fig. 3). Two of the three included studies

demonstrated a U-shaped relation while the other suggested
no association [48, 63, 67] (Supplemental Figure S6). A
dose-response meta-analysis between dementia and green-
ness based on the NDVI methodology could not be com-
puted since only two studies were suitable for inclusion.

Greenness and Cognitive Impairment

The two studies that investigated greenness using LU/LC
and cognitive impairment reported a summary RR of 1.47
(95% CI 1.22-1.76) when comparing the highest and lowest
exposure categories (Fig. 4). Only one study, having high
RoB, assessed greenness with NDVI [50], and reported an
odds ratio of 0.92 (95% CI 0.84-1.01).

We could not compute a dose—response meta-analysis
between greenness and cognitive impairment due to the
small number of studies available, whether using NDVI
(n=1) or LU/LC (n=2).

Discussion

Environmental greenness will have greater importance to
humans given the progressive shift towards urbanization,
with over 60% of the population projected to live in urban
areas by 2030 [73]. The present systematic review and meta-
analysis suggests that greenness may have a non-linear
association with dementia. Specifically, the dose-response
curve for greenness measured by LU/LC is consistent with
the hypothesis that living in a place with an intermedi-
ate greenness value may protect against dementia. This
U-shaped association may be related to possible counter-
acting effects and interplay of greenness-associated factors,
both beneficial (reduced air pollution and noise annoyance,
psychological factors, and increased physical activity) and
adverse (greater social isolation, decreased interaction with
neighbors, increased loneliness, and distance from medical
and social services, particularly in rural areas) [16, 74-76].
However, such possible mediators and confounders were not
adequately assessed in the available studies, and should be
carefully considered in future investigations [77, 78]. The
null findings from the categorical analysis do not necessarily
contradict the dose—response analysis. Because the catego-
ries of exposure were defined independently in each study
and were heterogeneous across studies, the pooled analysis
is difficult to interpret and may be misleading. In addition,
since the dose-response meta-analysis indicated compara-
ble RRs in the highest and the lowest exposure ranges, the
null results of the categorical analysis were not surprising as
they could not capture the shape of the association between
greenness and dementia at intermediate exposure levels.
NDVI and LU/LC were the greenness indices used in
the papers that could be retrieved in this review. NDVI is

@ Springer



584

Current Environmental Health Reports (2022) 9:574-590

Fig.2 Risk ratio (RR) with
95% confidence interval (CI) Study

RR Weight
[95% CI] (%)

between exposure to green- NDVI
ness measured by normalized
difference vegetation index
(NDVI) or land use/land cover
(LU/LC) and dementia. The
squares represent risk estimate,
and horizontal lines represent
their 95% CI. The area of each
square is proportional with

the weight of the study in the
meta-analysis. The diamonds
represent the combined risk for
each type of exposure, and the

Ho et al. 2020

Paul et al. 2020

Yuchi et al. 2020 (NAD)
Yuchi et al. 2020 (AD)
Klompmaker et al. 2020
Aitken et al. 2021
Slawsky et al. 2022
Overall

solid line represents null value. Lurc

The inverse-variance estima- Wu et al. 2015
tion method was used for study Wu et al. 2017
weighting. AD, Alzheimer’s Liu et al. 2019

disease; NAD, non-Alzheimer’s

dementia Astell-Burt et al. 2020

Klompmaker et al. 2020
Wu et al. 2021
Overall

Heterogeneity: 1° = 0.01, I = 97.54%, H* = 40.68

0.93[0.91, 0.95] 10.90
0.97[0.96, 0.98] 11.08
0.95[0.93, 0.98] 10.79
- 1.24[1.13, 1.36] 8.20
0.96[0.88, 1.04] 8.46
0.93[0.88, 0.99] 9.62

Heterogeneity: T° = 0.00, I = 81.48%, H® = 5.40

an index obtained through satellite images [36] that can-
not distinguish the type of “green,” while the LU/LC index,
generated through regional databases, may better represent
greenness typology. LU/LC has the additional advantage to
reflect the presence of anthropogenic activities and related
interactions with the natural ecosystem [38]. Therefore,
while NDVI is an overall measure of green area, with no
relation with greenspace use, LU/LC models may assess
greenness as proximity of natural environments like for-
est and agricultural crops, owing to information generally
yielded by regional datasets. Therefore, studies based on LU/
LC might be able to provide more information than NDVI to
investigate types of greenness. In addition, these studies may
be affected by confounding, such as the different availability
of facilities like recreational and social meeting places asso-
ciated with proximity to green spaces, thus raising relevant
methodological issues that have not been fully addressed in
existing studies. These aspects may be particularly important
in the study of dementia, since social isolation has been sug-
gested as possible adverse effect of greenness when assess-
ing its relation with cognition [77-79]. In this regard, LU/
LC might be more valid than NDVI in providing an adequate
characterization of green areas, accounting for these issues.
Unfortunately, the number of studies based on LU/LC and
addressing cognitive outcomes is limited.

The observational nature of included studies and the
lack of detailed information for some potential mediators
and/or confounders and their interactions represent major

@ Springer
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limitations of the studies on greenness and cognitive out-
comes. In particular, it is difficult to identify the exact fac-
tors independently associated with greenness and that may
mediate potential favorable effects on dementia, such as
decreased stress levels [80, 81], lower air pollution [§2e,
83, 84e], increased physical activity [23, 85], reductions in
obesity [86], and improved mental health [87, 88].
Heterogeneity in the definition of greenness across stud-
ies, particularly in terms of area characteristics and size,
could have hampered the detection of an association with
cognitive impairment and dementia. For instance, to define
greenness, some studies chose the buffer size area from
residence [47, 49, 50, 63, 66ee, 69], e.g., area of 1.6 km
from the point of residence because it is the distance that a
person can cover on foot and because long distances allow
opportunities for contact with more green spaces [88]. In
other studies [48, 64, 65, 67, 68ee, 70], the area considered
to assess greenness coincided with the smallest geographic
unit used by the national demographic agency, e.g., the cen-
sus block level NDVI for each study participants’ residen-
tial address in a Florida study [68ee]. Similarly, the timing
of exposure assessment differs across studies, since some
of them assessed greenness at several time points during
the follow-up [66ee], or reported the average value of four
seasons [50], or alternatively relied on a single measure, as
done in most studies. In addition, timing of exposure assess-
ment did not consider changes in greenness over time, before
disease onset. Another source of exposure misclassification
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Fig.3 Dose-response of 1.8
dementia and greenness meas-

ured by land use/land cover

(LU/LC). Spline curve (black

solid line) with 95% confidence 1.6

limits (black dashed lines). RR,
relative risk

Dementia (RR)

0.0 0.2 0.4 06 08 1.0
Greenness (LU/LC)
RR Weight

Study [95% CI] (%)
NDVI
Zhu et al. 2019 — 0.92[0.84, 1.01] 38.54
Overall ) ) 0.92[0.84, 1.01]

Heterogeneity: 1° = 0.00, I = %, H* = .
LU/LC
Wu et al. 2015 ] 1.41[1.00, 1.98] 27.56
Wu et al. 2017 —l— 1.49[1.20, 1.85] 33.90
Overall 1.47 [1.22, 1.76]

Heterogeneity: 1° = 0.00, I* = 0.00%, H* = 1.00
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Fig.4 Risk ratio (RR) with 95% confidence interval (CI) between
exposure to greenness measured by normalized difference vegetation
index (NDVI) or land use/land cover (LU/LC) and cognitive impair-
ment. The squares represent risk estimate, and horizontal lines rep-
resent their 95% CI. The area of each square is proportional with the

stems from the fact that greenness was generally measured
surrounding the participants’ address of residence, while
the time spent in other places (such as during working and
recreational activities) was not taken into consideration. In
addition, a source of heterogeneity across studies and of
bias may have been the different confounders considered in
the analyses. All studies except one [70] were adjusted for
socio-economic status, which may be a relevant confounder
[89], while only two studies [64, 66e¢] accounted for air pol-
lution, also an important covariate. Air pollution has been

1

weight of the study in the meta-analysis. The diamonds represent the
combined risk for each type of exposure, and the solid line represents
null value. The inverse—variance estimation method was used for
study weighting

associated with a large spectrum of neurological disorders
including its ability to affect the incidence and mortality
of dementia [90]. Considering the observation that green
spaces, especially urban green spaces, may have the abil-
ity to reduce air pollutant levels [91], the latter can be both
a mediator and a confounder [92-94] when addressing the
role of greenness in the etiology of cognitive impairment
and dementia. In the only study evaluating the association
between greenness and dementia risk with and without air
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pollution in the multivariate model, the hazard ratio became
weaker in the full adjusted model [66ee].

With reference to outcome assessment, a potential source of
heterogeneity was the different methodologies used across stud-
ies. For dementia diagnosis, some studies used ICD classification,
while others used first anti-dementia medication, first hospitaliza-
tion with dementia reported, and/or physicians’ diagnosis, or other
tools such as Global Clinical Dementia Rating. In contrast, all
studies used the MMSE for the diagnosis of cognitive impairment.

We acknowledge additional limitations of our review and
the underlying studies on which it was based. The small
number of available studies hampered our assessment,
yielding statistically imprecise summary risk estimates and
hampering the possibility to carry our subgroup analyses,
including the exploration of potential effect modifiers such
as sex, age, race, socioeconomic status, and the different
associations with dementia types.

Conclusions

This systematic review and meta-analysis suggests that
environmental greenness may have a non-linear association
with dementia. Specifically, the data are consistent with the
hypothesis that living in a place with an intermediate green-
ness value may protect against dementia. Given the limita-
tions of previous studies in terms of exposure assessment,
control of confounding, and lack of precision, future studies
should address these methodological challenges to facilitate
pooled analyses and to provide more reliable conclusions.
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