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Abstract.
Background: There is an ongoing debate about whether environmental characteristics influence dementia risk like individual
traits do, and whether these differ by sex and gender.
Objective: This study examines the influence of regional characteristics on the incidence of dementia and explores sex and
gender differences using individual-level health information and regional characteristics.
Methods: Using a random sample of 250,000 people aged 70 + insured through Germany’s largest German public health
agency, we analyzed quarterly data about diagnoses and place of residence from 2014 to 2019. Using five-digit postal codes,
we added data on various dimensions of regional characteristics offered by the INKAR database and the 2011 Census database.
We used multilevel survival regressions to tease out regional incidence differences while accounting for spatial clustering.
Results: After adjusting for multi-morbidity and relocation-related selection bias, we saw that people living in regions with
the highest tertile of income (HR = 0.87, p < 0.001), and who had the highest tertile of remaining life expectancy at age 60
(HR = 0.93, p = 0.012) had lower dementia risks. There was no gender difference in the regional income effect, but the effect
of education (HR = 0.91, p = 0.015) was significant only for men and remaining life-expectancy was significant only for
women (HR = 0.93, p = 0.026).
Conclusion: Environmental characteristics related to wealth and health resources of a region influence the risk of dementia
among the elderly in Germany. This effect is independent of the health profiles of the individuals and differs between the two
genders. Health policies need to acknowledge these modifiable risk factors and consider how they affect men and women
differently.
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INTRODUCTION

Dementia is a major burden in aging societies
[1], and currently there are no treatment options
identifying modifiable influencing factors, neither at
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the individual nor the neighborhood (area) levels
[2]. Cognitive abilities, the cognitive (aging) process
itself, and risk factors may be affected by biological
sex and social gender [3]. Women in Europe have a
higher risk of developing dementia, especially after
age 80 [4, 5], but this is not the case in the United
States [6].

Biological processes and/or the distribution of
protective and risk factors differ between men and
women because of social factors, cultural differ-
ences, and gender stereotypes [3]. Risk factors may
be equally distributed in men and women, but may
have a greater impact on one sex, e.g., there may
be a sexually dimorphic response to the therapeu-
tic and toxic effects of cholinesterase inhibitors used
to treat dementia in patients with Alzheimer’s dis-
ease (AD) [7]. Risk factors may also have different
frequencies, e.g., low education is consistently asso-
ciated with increased risk of AD for both women and
men [8], and women have had fewer opportunities for
higher education over the past century. The factors
may also differ in both frequency and impact, e.g.,
men who have never married or are widowed have
a higher risk of dementia than their female counter-
parts [9]; or they may even be restricted to one sex.
Menopause, which occurs only in women, has been
associated with a decrease in verbal memory [10], and
premature menopause (e.g., either natural or surgi-
cally induced) has been associated with an increased
risk of dementia [11].

Glass and Belfour [12] discussed four poten-
tially modifiable dimensions of neighborhood aspects
which influence overall health and are open to inter-
vention. These four dimensions are socioeconomic
conditions (e.g., income, education), social inte-
gration (e.g., unemployment), physical aspects of
place (e.g., built environment, population density),
and services and resources (e.g., health services).
We followed the theoretical framework of Wu and
colleagues [13], which postulates that area-level
socioeconomic conditions influence area-level social
integration, the built environment in terms of envi-
ronmental stress and environmental support, and
area-level health services and resources. These area-
level factors influence individual-level health, with
lifestyle factors, vascular risk factors, and mental
health and well-being as important determinants of
cognitive function later in life. At the individual level,
health trajectories and risk factors for poor health
differ substantially by sex and gender [3], whereas
relatively little is known about these differences in
the effects of neighborhood characteristics on health

[14, 15]. We therefore first present studies for men and
women combined, and then turn to gender-specific
results.

The four dimensions of neighborhood aspects are
frequently used in studies that examine area-level fac-
tors for cognition and dementia, such as small-scale
physical characteristics and social environment char-
acteristics, e.g., the presence of community resources
[16, 17], public open spaces [16, 17], green envi-
ronments [13, 17, 18], neighborhood social cohesion
[19], and the socioeconomic composition of the res-
idential population [20–22]. However, the results
are contradictory. A recent review [23] concluded
that most studies were cross-sectional, conducted
in the United States, and found at least one signif-
icant association. The wide diversity of measures
and neighborhood definitions limited generalizabil-
ity, but it did appear that there was a moderately
strong association between neighborhood socioeco-
nomic status and cognition, and weaker associations
between neighborhood demographics and cognition.
The study concluded that the evidence of an asso-
ciation between neighborhood characteristics and
cognition is currently modest and there is strong
modification of area dimensions by individual-level
characteristics. For example, in England, the inci-
dence of dementia appeared to be socioeconomically
structured primarily by individual levels of affluence,
but no significant differences were identified in terms
of neighborhood area of deprivation [24]. Higher lev-
els of deprivation and crime were not significantly
associated with cognitive impairment and demen-
tia after individual factors were taken into account
[13, 17]. Similarly, dementia risk was higher for psy-
chosocially precarious individuals, but no increased
dementia risk was found for those living in com-
munities with a high deprivation index [25]. On the
other hand, several studies have found associations
between objectively measured neighborhood disad-
vantage [21, 26, 27] and poorer cognitive functioning
in middle-aged and older adults, and there has been a
strong effect of area-level socioeconomic disadvan-
tage on cognitive dysfunction in older adults [26].

There appears to be an independent effect of geo-
graphic variation in relation to living in rural areas
and the availability of a natural environment. A
meta-analysis concluded that living in rural areas
is associated with an increased risk of AD, espe-
cially if one lived in rural areas early in life [28].
The likelihood of dementia and cognitive impairment
in the highest quartile of natural environment avail-
ability was also increased, while those who lived
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in the highest quartile of land use mix, defined as
a close integration of residential, commercial, and
recreational uses, had a lower likelihood of dementia
[13].

There is some evidence that area-level factors
influencing health in general differ for men and
women [14, 15], but the number of studies is still
small. Knowledge of sex and gender differences in
the relationship of neighborhood characteristics with
dementia and cognitive function is even more limited
[23], with the exception of the “Three Cities Cohort”
in France, in which women living in deprived neigh-
borhoods are at higher risk for dementia and AD, but
men are not [29]. In contrast, limited activity space
in deprived neighborhoods posed a risk only for men,
not for women [30].

The aim of our study was to investigate the influ-
ence of environmental characteristics on dementia
risk, controlling for personal health biographies and
distinguishing between the two genders. Beginning
in 2014, we followed individuals over a four-year
period and recorded their residence, changes in
residence, and physician-diagnosed conditions. Fol-
lowing Glass and Belfour [12] and the literature
cited above, we used six indicators to capture soci-
oeconomic conditions, social integration, physical
aspects of residence, and services and resources.
We hypothesized that dementia risk would depend
on the socioeconomic composition of the residen-
tial environment, and that regions with higher status
populations would be associated with lower demen-
tia risk. This effect should be more pronounced for
women. Although the association between demen-
tia risk and urban or rural regions is not obvious
based on previous research, environments with more
activity opportunities should be more favorable for
men. Environments characterized by good popula-
tion health should generally have lower dementia risk.
In the next sections, we refer to sex when describ-
ing data, methods, and results, and to sex and gender
when discussing our findings and conclusions.

MATERIALS AND METHODS

Individual-level data

We used an age-stratified random sample of
250,000 persons at age 70 and above insured with
the largest German public health insurance, the All-
gemeine Ortskrankenkassen (AOK), which covers up
to 50% of the older German population. In Germany,
health insurance is mandatory for all citizens and

permanent residents. In 2020, 88% of the popula-
tion was insured under the statutory health insurance
system, while the remainder, mainly high-income
individuals, civil servants, and the self-employed,
were covered by private health insurance plans (see
[31] for details on the German healthcare system in
international comparison). The sample was drawn in
the first quarter of 2014 with a follow-up through
the last quarter of 2019. The quarterly data con-
tain all insurants, both living in private households
and institutions, and provide information about age,
sex, five-digit zip-code of the region of residence,
and diagnoses from in- and out-patient medical visits
coded by the German ICD-10 classification. These
diagnoses are the basis of physicians’ and hospitals’
claims for financial transfers from health insurers.

Data protection declaration

The WIdO (Wissenschaftliches Institut der AOK),
the scientific institute of the AOK, granted and
approved our access to these data. Due to current
data protection regulations, access to the complete
register of all AOK insured persons was not allowed.
The dataset only covered anonymized administra-
tive claims data. Hence, no person whose record was
used can be identified or affected by this study. This
study complies with the tenets of the Declaration of
Helsinki and no ethical approval was required.

Definition of dementia

We used the German ICD-10 codes F00.0-
F00.9, F01.0-F01.9, F02.0-F02.8, F03, F05.1, G23.1,
G30.0-G30.9, G31.0, and G31.82 to identify persons
with dementia diagnoses. To deal with false-positive
dementia diagnoses, we used the M2Q [32] crite-
rion (minimum two quarters). The M2Q validation
strategy defined the first diagnosis from a general
practitioner, neurologist, or in-patient doctor as valid
if at least one further diagnosis from a general prac-
titioner, neurologist, or in-patient doctor in at least
one later quarter was recorded within the observa-
tion period. Dementia diagnoses reported in the same
quarter in which a person died were considered valid
only if there had been another diagnosis in any of the
previous quarters.

Washout period and analysis sample

To focus on incident dementia cases, we included
only valid diagnoses first documented from 2015 to
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2019 and excluded diagnoses made in the year 2014
(“washout period”). By the first quarter of 2015, the
original sample size had been reduced to 240,406
individuals due to mortality and change of insurance.
It was further reduced to 224,102 individuals, due to
16,304 ever-diagnosed persons with a dementia diag-
nosis in 2014. By excluding all persons younger than
70 years of age in 2014, the final sample covers data
for 86,898 persons.

Individual level risk factors

We used current age in 5-year age groups (70–74,
75–79, 80–84, 85–89, 90+) and sex. We controlled
for change of residence, as defined by a change of
the five-digit postal code in a particular quarter com-
pared to the prior quarter. There is no information
about the date or reason for the move, or about
relocation within the same postal code region. To
adjust for the general health of an individual we
computed a multi-morbidity score, which is a mod-
ified comorbidity score suggested by Charlson and
colleagues [33]. The score measured the quarterly
total number of (ever-diagnosed) severe diseases
of the patients. We selected the following general
severe diseases: cerebrovascular diseases (G45–G46,
H34.0, I06), ischemic (I20–I25) and other heart dis-
eases (I09.9, I11.0, I13.0–I13.2, I42.0–I42.9, I43,
I50), cancer (C00-C97), kidney diseases (I12.0,
I13.1–13.2, N03.2–03.7, N05.2–05.7, N11–N19,
N25–N29, Z49.0–Z49.2, Z94.0, Z99.2), diabetes
(E11–E14), pneumonia (J12–J18), and lung diseases
(J44). We considered all ever diagnosed diseases
as chronic diseases and as an irreversible persistent
(absorbing) status (“ever” versus “never/not yet diag-
nosed with” statuses). We defined four categories:
none of the severe diseases, one, two, and three or
more of the selected diseases.

Macro-level data

We used publicly available data from the INKAR
database of the Federal Institute for Research on
Building and from the Census database of the Statis-
tical Offices of the Federation and the Länder on level
of counties (Nomenclature of Territorial Units for
Statistics [NUTS]-3 level regions). We used “Aver-
age household income per person in D in 2014” as
an indicator of socioeconomic conditions; “Remain-
ing life expectancy at age 60 in 2014” (e60) as an
indicator of health resources; “Persons per sqkm of
total area in 2014” and “%(proportion of) area in

natural state1 in total area in 2016” as indicators
of the physical aspects of place; and “%(proportion
of) long-term unemployed persons in all unemployed
persons”2 (all INKAR database) and “%(proportion
of) persons aged 65 + with higher education (defined
as university entrance qualification-Hochschulreife
or Fachhochschulreife) in all persons 65 + in 2011”
(Census 2011 database) as measures of social inte-
gration/social deprivation. We computed tertiles for
these six indicators: “average household income per
person in D in 2014” (< 1,588D , 1,588D to < 1,805D ,
1,805D and more), “remaining life expectancy at age
60 in 2014” (e60, < 23.38 years; 23.38 years to 23.96
years, 23.96 years and more), “persons per sqkm of
total area in 2014” (< 132 persons, 132 to < 367 per-
sons, 367 persons and more), “%(proportion of) area
in natural state in total area in 2016” (< 3.3%; 3.3%
to < 5.4%, 5.4% and more), “%(proportion of) long-
term unemployed persons in all unemployed persons”
(< 30.2%, 30.2% to < 37.6%, 37.6% and more), and
“%(proportion of) persons aged 65 + with higher edu-
cation in all persons 65 + in 2011” (<13.0%; 13.0%
to < 17.4%, 17.4% and more).

We assigned the county-specific indicators to
postal code regions by allocating geocodes to five-
digit postal codes. There was at least one person in
8,118 of the 8,171 valid 5-digit German postal codes
(excluding institutions with specific postal codes) in
our AOK analysis sample. We added a missing cate-
gory for persons with unclear or expired postal codes
and persons living abroad.

To reduce a potential insurance selection bias,
we included the proportion of persons insured with
the AOK in each county. The number of insur-
ants for the years 2006-2008 was made available
by the insurance on a three-digit post code level,
which was then transformed into county level and
divided by the counties’ average total population
in 2006-08. We categorized these shares into sex-
tiles (< 25.5%, 25.5% to < 29.9%, 29.9% to < 34.6%,
34.6% to 40.4%, 40.4% to 49.4%, 49.4% or more)
with a separate missing category for expired postal
codes and persons living abroad.

Analysis strategy

First, we estimated directly age-standardized inci-
dence rates of dementia by two-digit postal code

1 Area in natural state was defined as quarrying land, moorland,
heathland, and undeveloped land (such as mountains and dunes).

2 Long-term was defined as one year or longer.
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region of living and mapped these to explore clus-
ters of high and low incidence rates. Second, we
calculated incidence rates and Kaplan-Meier fail-
ure functions for all covariates and by sex. Third,
we used multi-level survival regressions to explore
individual and macro level risk factors of dementia
incidence. To examine the gross effects of the indi-
vidual macro variables, we calculated six separate
models (Model 1a to Model 1f), which controlled for
age, sex, relocation, residence in East/West Germany,
and the proportion of AOK insured. In the next step
we estimated the effects of macro variables combined
(Model 2), controlled for all covariates of Model 1a-
1f, and finally, we included multi-morbidity at the
individual level in Model 2 to examine the extent
to which individual health biographies and macro
factors are related (Model 3). To examine the modi-
fying effect of sex, we calculated interaction effects
between sex and the respective individual and macro-
level factors (Model 4a-k without multi-morbidity
and Model 5a-k with multi-morbidity).

Incidence rates

The incidence of dementia was defined for all per-
sons from the start of the first quarter of 2015 through
the end of the fourth quarter of 2019, or the time
of death or the change of the insurer. Person-time
under risk was measured in years and standardized
as an annual rate. Sex (x)- and age (a)-specific inci-
dence rates were measured as the number of persons
with a valid dementia diagnosis (Event2015-19,x,a),
divided by the person-time under risk in person-years
(PYRisk) within the study time (Eq. 1).

Incidence2015−19,x,a = Event2015 - 19,x,a

PYRisk,2015 - 19,x,a
1, 000

(1)
We calculated the incidence rate by age in five-

year age groups (70–74, 75–79, 80–84, 85–89, 90+),
two-digit postal code regions, and by the clusters
of regions. 95% binomial exact confidence intervals
were estimated, and the incidence was directly age-
standardized by using age-stratified population data
of the 2014 German population. Age-standardized
incidence rates were mapped on two-digit postal code
level.

We further estimated incidence rates for all cat-
egories of the particular covariates. The incidence
rates were unstandardized or unadjusted to show the
raw correlations between the covariates and dementia
risk.

Kaplan-Meier failure function

We computed Kaplan-Meier failure functions
defined as one minus the cumulative number d of
events over a defined period t to the number of indi-
viduals n who had not yet experienced an event or
were censored (Eq. 2). We assumed that all events
took place in the middle of a quarter.

F(t) = 1 − Ŝ(t) = 1 −
∏

t(i)≤t

ni-di

ni
(2)

Multilevel mixed effects parametric survival
model

As the basic Cox model considers neither hier-
archical structures in the data nor autocorrelation,
we used multilevel mixed effects parametric survival
models as displayed in Eq. 3:

h
(
tji

) = h0
(
tji

)
exp

[
xjiβ + zij uj

]
, [34] (3)

where i = 1 . . . N are the clusters of counties with each
cluster covering j = 1 . . . n persons and h0(tji) is the
baseline hazard function. We used an exponential dis-
tribution to model the analysis time, which is the
chronological time since January 1, 2015 in quarters.
The components xji and zji are design matrices for
the individual β and macro uj effects, where uj is
assumed to follow a multivariate normal distribution
with uj ∼ N (0, �).

Except for sex, all individual factors are time vary-
ing. Because of a high correlation between sex, age
and multi-morbidity [3] we estimated models both
without (Model 2), and with adjustment for multi-
morbidity (Model 3). We conducted likelihood ratio
tests to evaluate the performance and improvements
of the models. We performed all analyses using Stata
version 16 (Stata Corp., College Station, TX, USA)
and the official Stata routine mestreg.

RESULTS

Description of the study population at baseline

Individual level
In the first quarter of 2015, there were more females

(61.11%) than males (38.89%) among the 86,898
persons (Supplementary Tables 1 and 2). Most were
between 75 and 79 years old (35.07%); those aged
80 and higher were also more often female (19.77%)
than male (11.23%). Fewer than one percent (0.55%)
of the people moved to another region during the first
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quarter of the study (males 0.47%, females 0.61%).
Most individuals (33.17%) had three or more severe
disease, and 23.02% had no severe disease (males:
21.12%, females: 16.37%). Dementia had been diag-
nosed in 9,882 persons (4.41%) during the first
quarter of the study (females 62.8%, males 37.2%)
(Supplementary Table 1).

Macro level
Turning to the macro level factors, a higher propor-

tion of AOK insured persons in a county was reflected
in a larger proportion of individuals in the AOK data
(Supplementary Table 2). Considering the sample
proportions within the particular specific macro fac-
tors, there were no disparities between the sexes. The
correlations between macro factors were statistically
significant (generally p < = 0.05), the absolute (posi-
tive or negative) values ranged between 0.0220 and
0.4602, with the highest correlation between e60 and
higher education.

Crude incidence rates and Kaplan-Meier failure
functions (Supplementary Tables 3 and 4)

In the total sample, the yearly crude (unadjusted)
incidence was 4.18 dementia diagnoses per 100
person-years (95% CI: 4.11–4.25). Increasing sig-
nificantly with age, it was higher among persons
who had moved within a quarter (48.25; 95%-CI:
45.35–51.34), were multi-morbid (3 + 6.09; 95%-CI:
5.97–6.22), and who resided in eastern Germany
or Berlin (4.54; 95%-CI: 4.41–4.48; Supplementary
Table 3). Incidence was highest for those living in
regions with the lowest household income (lowest:
4.56, 95%-CI: 4.45–4.68; highest: 3.84, 95%-CI:
3.73–3.95), a high proportion of people in long-term
unemployment (lowest: 3.96, 95%-CI: 3.83–4.09;
highest: 4.38, 95%-CI:44.27–4.50), low population
density (lowest: 4.38, 95%-CI: 4.25–4.51, highest:
4.24, 95%-CI: 4.13–4.35), and low remaining e60
(lowest: 4.48, 95%-CI: 4.35–4.61; highest: 3.85,
95%-CI: 3.74–3.97). Living in a region with the high-
est proportion of natural state was associated with a
slightly higher risk of dementia for females (4.58;
95%-CI: 4.43–4.74) but not for males (3.83, 95%-
CI: 3.65–4.02). There was no difference in incidence
by higher education. Almost all disparities in macro
factors were more pronounced for males than for
females, as can be seen from the Kaplan-Meier failure
functions (Supplementary Figures 1 and 2).

Age-standardized incidence of dementia by sex
and two-digit postal code region

We found large regional disparities in the age-
standardized incidence of dementia (Fig. 1), ranging
from 2.32 to 6.73 new diagnoses per 100 person-
years. There were high rates (> 5.16 persons) in
central, northeastern, and northwestern Germany, in
eastern Bavaria, and the Ruhr region. The lowest rates
(< 3.73 persons) were concentrated in southern Ger-
many, especially in Baden-Wurttemberg and southern
and central Bavaria, in northern Germany especially
in Schleswig-Holstein, but also in selected regions
in other federal states. However, most of the regions
were around the mean incidence rates of 4.50 for
males and 4.47 for females.

Multilevel survival regression

In the multi-variable regression models, all effects
of the macro factors were adjusted for the potential
associations with individual factors. The likelihood
ratio test for Model 3 revealed a significantly higher
adequacy of the exponential multilevel model com-
pared to a single-level exponential model (χ2 = 4.22;
p = 0.0200).

Individual characteristics (Table 1)

Individual-level characteristics followed our exp-
ectations (Table 1): there was a strong increase of
dementia risk with increasing age, which was pro-
foundly lower when adjusted for multi-morbidity.
Adjusting for multi-morbidity also changed the effect
of sex: without controlling, females had the same
risk (HR = 0.99, p = 0.413) of dementia as men; with
adjustment they had an 8% (HR = 1.08, p < 0.001)
higher risk. Multi-morbidity itself was highly related
to dementia incidence. Persons with one severe dis-
ease had a 39% higher risk (HR = 1.39, p < 0.001),
persons with two severe diseases 68% higher (HR =
1.68, p < 0.001), and persons with three and more
severe diseases a 145% higher (HR = 2.45, p < 0.001)
risk of dementia compared to persons without any
of the selected severe diseases. Relocations were
highly associated with dementia incidence; persons
who had moved had about ten times (HR = 9.53,
p < 0.001) the risk of dementia. Residing in east or
west Germany was not significant once all other
factors were controlled for. Adjusting for multi-
morbidity did not change the latter two results. Int-
eraction effects showed a significant sex difference
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Fig. 1. Age-standardized incidence of dementia at age 70+ per 100 person-years by two-digit postal code regions and sexes in 2015–2019.
AOK data.

with multi-morbidity: without any multi-morbidity,
men had the same risk of dementia (HR = 0. 99;
p = 0.413) as women; with multi-morbidity, the sex
difference became significant (females compared to
males: HR = 1.08, p < 0.001). Finally, after reloca-
tion, the increased risk of dementia was higher in
men (HR = 10.35; p < 0.001)) compared to women
(HR = 9.19, p < 0.001) (Supplementary Tables 5
and 7).

Macro level Indicators (Table 2)

The gross effects of the macro-variables (Model
1a-f) revealed a significantly reduced risk of demen-
tia for counties with the highest household income
(Model 1a: HR = 0.84, p ≤ 0.001). It was highest in
counties with the highest proportion of long-term
unemployed (Model 1b: HR = 1.06, p = 0.040). Coun-

ties with a high proportion of persons with high
education had a significantly reduced risk (Model
1c: 2nd tertile HR = 0.92, p = 0.002; 3rd tertile:
HR = 0.90, p < 0.001), as well as those with high
e60 (Model 1f: 3rd tertile: HR = 0.87, p ≤ 0.001).
Counties with a high population density showed
a 5% lower risk of dementia (Model 1d: 2nd ter-
tile: HR = 0.95, p = 0.042; 3rd tertile: HR = 0.95,
p = 0.100). The proportions of area in natural state
were not significant. When combined in one model
(Model 2), persons living in counties with the highest
average household income per capita had a signifi-
cantly lower risk of dementia (HR = 0.87, p < 0.001)
compared to persons in the counties with the low-
est income. Residents of regions with the highest e60
had a lower dementia incidence than those in regions
with the lowest (HR = 0.91, p = 0.001). While popu-
lation density still had no significant effect, the share
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Table 1
Hazard ratios by individual level covariates of the multilevel survival regression models (part 1), Model 2 not adjusted for multi-morbidity,

Model 3 adjusted for multi-morbidity, AOK data, bold = p < 0.10

Model 2 Model 3

Covariates Hazard Ratio Std. Error p Hazard Ratio Std. Error p

Age 70–74 1.00 1.00
75–79 1.45 0.06 < 0.001 1.35 0.05 < 0.001
80–84 2.51 0.10 < 0.001 2.20 0.09 < 0.001
85–89 4.06 0.16 < 0.001 3.41 0.14 < 0.001
90+ 6.06 0.25 < 0.001 4.96 0.21 < 0.001

Sex Male 1.00 1.00
Female 0.99 0.02 0.413 1.08 0.02 < 0.001

Comorbidity score No severe disease 1.00
One severe disease 1.39 0.05 < 0.001
Two severe diseases 1.68 0.06 < 0.001
Three and more 2.45 0.08 < 0.001

severe diseases
Change No 1.00 1.00

of residence Yes 10.15 0.34 < 0.001 9.53 0.32 < 0.001
AOK-share First sextile (lowest) 1.00 1.00

Second sextile 1.01 0.04 0.691 1.02 0.04 0.641
Third sextile 0.98 0.04 0.670 0.98 0.04 0.633
Fourth sextile 0.95 0.04 0.161 0.95 0.04 0.169
Fifth sextile 0.95 0.04 0.170 0.95 0.04 0.231
Sixth sextile (highest) 0.94 0.04 0.143 0.94 0.04 0.194
Missing data/not in Germany – –

Territory West Germany 1.00 1.00
East Germany/Berlin 0.97 0.04 0.330 0.93 0.03 0.045
Missing data/not in Germany – –

Table 2
Hazard Ratios by macro level covariates of the multilevel survival regression models, Models 1a-1f and Model 2 not adjusted for multi-
morbidity, Model 3 adjusted for multi-morbidity, AOK data, bold = p < 0.10, controlled for age, sex, relocation, AOK-share, and territory

Model 1a-1f Model 2 Model 3

Covariates Hazard Std. p Hazard Std. p Hazard Std. p
Ratio Error Ratio Error Ratio Error

Average household income First tertile (lowest) 1.00 1.00 1.00
per person in D in 2014 Second tertile 0.94 0.03 0.029 0.92 0.03 0.004 0.91 0.03 0.002

Third tertile (highest) 0.84 0.03 < 0.001 0.87 0.03 < 0.001 0.87 0.03 < 0.001
Missing data/not in Germany – – –

% Long-term unemployed First tertile (lowest) 1.00 1.00 1.00
persons (unemployed for Second tertile 1.02 0.03 0.377 0.99 0.03 0.810 1.00 0.03 0.996
one year and longer) in all Third tertile (highest) 1.06 0.03 0.040 1.00 0.03 0.961 1.01 0.03 0.650
unemployed persons in 2014 Missing data/not in Germany – – –

% Persons aged 65 + with First tertile (lowest) 1.00 1.00 1.00
highest education in all Second tertile 0.92 0.02 0.002 0.95 0.02 0.029 0.99 0.02 0.723
persons 65 + in 2011 Third tertile (highest) 0.90 0.02 < 0.001 0.94 0.03 0.051 0.96 0.02 0.069

Missing data/not in Germany – – –
Persons per sqkm of First tertile (lowest) 1.00 1.00 1.00

total area in 2014 Second tertile 0.95 0.02 0.042 0.98 0.03 0.394 0.99 0.03 0.738
Third tertile (highest) 0.95 0.03 0.100 0.98 0.03 0.576 0.99 0.03 0.821
Missing data/not in Germany – – –

% Area in natural state First tertile (lowest) 1.00 1.00 1.00
in total area in 2016 Second tertile 1.02 0.03 0.481 0.99 0.02 0.699 0.99 0.02 0.723

Third tertile (highest) 0.99 0.03 0.577 0.95 0.02 0.043 0.96 0.02 0.069
Missing data/not in Germany – – –

Remaining life expectancy First tertile (lowest) 1.00 1.00 1.00
at age 60 in 2014 Second tertile 0.98 0.02 0.381 1.00 0.02 0.868 1.02 0.02 0.506

Third tertile (highest) 0.87 0.02 < 0.001 0.91 0.03 0.001 0.93 0.03 0.012
Missing data/not in Germany – – –
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Fig. 2. Interaction effects by gender: A) Household income; B) high education, C) natural state, and D) e60, AOK data, 95%-confidence
interval, controlled for age, sex, multi-morbidity, relocation, AOK-share, and territory, RG = reference group.

of area in natural state in the living region was sig-
nificantly linked with dementia. Persons in regions
with the highest share showed a lower (HR = 0.95,
p = 0.043) risk of dementia compared to persons in
regions with the lowest share. While 9,882 persons
(4.41%) a borderline significant effect of higher edu-
cation did remain (3rd tertile: HR = 0.94, p = 0.051),
the effect of long-term unemployment was attenu-
ated once adjusted for average household income.
Adjusting for multi-morbidity (Model 3) did not fur-
ther change the effects of the macro indicators but
attenuated some of the effect of higher education (3rd

tertile: HR = 0.96, p = 0.069), and of a high share of
area in natural state (HR = 0.96, p = 0.069).

Including an interaction term by sex in Model
3, the social gradient related to household income
was significant both in males and females and did

not differ significantly between the two (Fig. 2A).
The protective effect of high education (Fig. 2B)
was highly significant in males (3rd tertile compared
to 1st tertile: HR = 0.91, p = 0.015) and the protec-
tive effect of e60 (Fig. 2D) was highly significant in
females (3rd tertile compared to 1st tertile: HR = 0.93,
p = 0.026). The effect of the highest share of area in
natural state was borderline significant among males
only (HR = 0.94, p = 0.096) when not controlled for
multi-morbidity (Supplementary Table 6) but turned
insignificant for both sexes (Fig. 2C) when controlled
for multi-morbidity (Supplementary Table 8).

DISCUSSION

To our knowledge, this is the first study to exa-
mine sex and gender differences in association with
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area-level characteristics and incident dementia in
a population-based study. Previous studies (Sup-
plementary Table 9) were limited to only urban
regions [29, 30], whereas we examined a popula-
tion broadly representative of the elderly German
population, particularly in terms of mortality [35].
Average household income per capita in a region
was significantly associated with dementia onset, and
the social gradient was similar for both genders, with
those living in the most affluent regions at lower
risk. The protective effects of high shares of per-
sons in higher education were highly significant only
for men and the protective effect of high remaining
life expectancy at age 60 were significant only for
women. A similar tendency, however, existed for both
genders.

Favorable environments in terms of a healthy, high-
income population with abundant natural resources
may be associated with higher recreational and cul-
tural resources [29], protective lifestyles in terms of
physical activity, and more cognitive stimulation, all
of which have been shown to reduce cognitive impair-
ment [36].

Although dementia is a disease of old age, the
preclinical stage of dementia precludes the disease
for years, even decades, before, with middle age
and infancy being critical periods. Beginning in
utero, favorable environmental conditions have life-
long effects on brain tissue volume and cognitive
function [37]. Lower education in early life impairs
cognitive reserve [38], and risk factors in midlife
and later life affect cognitive reserve and may trig-
ger neuropathological changes [39]. Although we do
not have information on risk factors in midlife, our
study showed that the number of chronic diseases in
old age, which include the major vascular risk factors
for dementia, is significantly associated with demen-
tia risk. In addition, we showed that relocation in old
age is associated with increased dementia risk. This
relocation may be the consequence of poor health –
and older people moving to live with their children or
in a nursing home [40, 41]— or the relocation may
act as a trigger for deteriorating health and cognition
[42, 43]. In conclusion, across all age groups, individ-
ual risk factors and suboptimal living environments
have short- and long-term negative effects on physical
health [44] and cognition [45].

Regarding a region’s household income, our results
support the findings of previous research [23] in that
there is an association between area-socieoconomic
status and cognition. However, our study differs from
the findings of Letellier and colleagues [29], who

found a significant correlation between area depriva-
tion and incident dementia for men only. One reason
may be that their study was confined to an urban
environment, another that they used a compound indi-
cator of deprivation, which included ten dimensions,
among them median household income, unemploy-
ment rate, and the proportion without secondary
education. Whereas in our study the gross effects
of the indicators of unemployment and education
were significant, these two dimensions became non-
significant once controlled for household income,
both for men and women. This is the result of high
correlation between the three indicators and supports
our approach of using single indicators rather than a
composite measure.

Our results on the protective effect of near-natural
space support Letellier and colleagues [30], who
found that individuals with limited activity space have
a higher risk of developing dementia. In our study,
this effect is largely attenuated when controlling for
multi-morbidity, suggesting that it acts through its
influence on overall health. In Germany, much of the
near-natural space is accessible for recreational use
by the public and thus can be used for physical activ-
ities. A recent review showed that more men than
women walk in their leisure time at age 60 and older
[46], which may explain the findings in the study by
Letellier and colleagues [30] that the effect was par-
ticularly strong in men living in disadvantaged neigh-
borhoods but was not found in women. Also in our
study, the effect of near-natural space was stronger
for men and always not significant for women.

It has been shown that people with limited activity
space are more likely to be exposed to risk factors
of cognitive decline, such as depressive symptoms
[47–50]. In addition, near-natural space is associated
with lower levels of air pollution, which is associated
with a reduction in dementia diagnosis.

In our study, near-natural space is not synonymous
with rural space or green space, as it is defined as
land that is not used for agriculture or industry (e.g.,
cliffs and rocks, beach shores, bogs, and marshes).
This differs from the definition used by Wu and col-
leagues [17], which was based on the proportion of
green space and private gardens in a neighborhood.
In their study, a U-shaped relationship was found
between natural environment and cognitive impair-
ment. Our study found no urban versus rural gradient
when measured as population density. This supports
Wu and colleagues’ [13, 17] findings that land-use
is important and that no simple urban-rural gradient
exists.
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A country’s remaining life expectancy at age 60
is negatively related to dementia incidence, but only
in women at a conventional significance level. On
the one hand, this result may be indicative of a com-
pression of morbidity, as shown in a previous study of
German elderly [51]. On the other hand, it has already
been shown that the health profile of a region exerts
an independent effect on the individual risk of need-
ing long-term care, with better regional health status
being associated with less need for long-term care
[52]. In Germany, dementia and the need for long-
term care are closely linked [53] and women are at a
higher risk for both.

It has been argued that much of the effect of
area deprivation can be explained by the individ-
ual characteristics of people living in these areas,
rather than by the characteristics of the areas them-
selves [24]. On the other hand, findings from England
have documented a link between neighborhood depri-
vation and cognitive functioning, independent of
individual markers of socioeconomic status [21].
In our study, objectively diagnosed multi-morbidity
did not attenuate the regional income effect. We
included information on multi-morbidity over a four-
year period, which did not change the effects of
our macro indicators. Multi-morbidity reflects not
only health status but also socioeconomic status
[54, 55], and we argue that it controls for socioe-
conomic status differences to some extent in the
absence of individual-level health status informa-
tion. Interestingly, in the absence of multi-morbidity,
men have a significantly lower risk of dementia than
women, which may be explained by the higher edu-
cational attainment of men and the low labor force
participation of women in these cohorts [56]. Both
are important factors in cognitive reserve [57], which
posits that individuals with higher education and chal-
lenging professional carers have an initial advantage
over individuals with lower education, which they
may carry throughout their adult lives. While a higher
cognitive reserve does not change the rate of cogni-
tive ageing, these people may start from a higher level
of cognitive functioning [58].

Strengths and limitations of the study

Our study has many strengths, but also limita-
tions. One major strength is the use of health claims
data. The data cover a high number of individuals
with a wide range of diagnoses and combinations of
diagnoses registered by physicians in a longitudinal

perspective. To further increase the validity of the
diagnoses, we reduced the number of false-positive
diagnoses by applying the M2Q criterion. In contrast
to most other studies, we also included nursing homes
in addition to private households.

The longitudinal data design allowed us to observe
health history, disease trajectory, and changes in
health status without affecting the sample selection
of patients and physicians, the type of measurement
and diagnosis, the criteria of dementia definition, the
quantity of patients’ health care utilization, and the
quality of documentation by physicians. The data
do not suffer from reactivity bias (e.g., social desir-
ability), any type of response bias, cognitive bias
(e.g., recall bias or overconfidence bias), selective
attrition (e.g., change of health insurance, which is
rare at old age), or relocation-related selection bias
because health insurance is usually retained even if
the insurant moves to a new residence. The latter is
particularly important, as evidenced by the high inci-
dence of dementia among those who moved in our
study. We assume only a marginal direct social selec-
tion bias of access to health care services, because
the German statutory health insurance allows reg-
ular visits to a general practitioner at no cost for
the patients. Due to the large sample size and the
inclusion of five-digit postal codes, we were able to
complement and analyze the effects of macro factors
at a comparatively small regional level. The regional
macro factors are of high quality because they were
collected and harmonized by an administrative insti-
tution and are based on established and reliable data
sources and measurements. We selected six indica-
tors from the large, diverse, and publicly available
INKAR database, considering a variation of different
dimensions and aspects of regional characteristics.
The selection criterion was comparability, variabil-
ity between regions, and multidimensionality with
respect to the different characteristics. Using mul-
tilevel survival regression models, we were able to
estimate the simultaneous effects of individual and
macro-level factors, taking hierarchical dependencies
into account.

However, our study has limitations. Most impor-
tantly, the data do not include information on the
diagnostic measures used, the experience level of
physicians, the socioeconomic status and lifestyle of
individuals, or the health history of individuals before
2014 or after 2019. Consequently, effects of advanc-
ing or postponing dementia and undocumented
or false-negative diagnoses remained unobserved.
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Another issue is the definition of dementia. We used
ICD-10 codes that were officially reported to the
health insurance company by physicians. We have no
information on the accuracy and appropriateness of
the diagnosis measurement, definition, and reporting
quality used by physicians.

We had no way to validate the diagnoses externally.
However, in previous analyses, we compared demen-
tia incidence and prevalence from German claims
data with results from international epidemiologi-
cal studies and found that the age-specific profiles
fit well [56, 59]. A U.S. study comparing dementia
determined from survey-based cognitive tests with
dementia diagnosis from Medicare claims arrived at
similar population-level prevalence estimates [60],
and in Sweden there were very few cases of demen-
tia patients in the National Patient Registry who did
not score respectively on cognitive tests [61]. We
do not differentiate dementia by etiology because
approximately 45% of diagnoses are categorized as
unspecified dementia (F03), and even among spec-
ified diagnoses, there may be a large proportion of
misclassifications [61]. Methodological limitations
relate to 1) the selection of regional indicators and
2) individual risk factors. Although we selected six
different macro factors, there may be more (latent)
dimensions (e.g., regional-cultural norms, health
behaviors, lifestyle, socio-political history) associ-
ated with dementia occurrence. In addition, regional
indicators are limited to late stage of life and do
not capture environmental influences during the life
course. This is similar to the studies cited in the Back-
ground section, which primarily focus on the elderly
and in which, with few exceptions, external envi-
ronmental indicators are mainly tied to one point in
time (see Supplementary Table 1). The selection of
individual-level risk factors was severely constrained
by limitations of the registered data. Several risk fac-
tors known from the literature, such as socioeconomic
status, genetic predisposition, physical activity, diet,
and alcohol and tobacco use, were not included in the
data and therefore we could not control for them. This
limitation is directly related to a possible insurance
selection bias. While our results are representative
of the entire AOK population, previous studies have
shown that AOK members on average have a lower
socioeconomic status and are older [35, 62], and as
a result thy are unhealthier than the overall German
population. To reduce this potential bias, we adjusted
the models for age, for multi-morbidity, and for the
proportion of AOK members within a region.

Conclusion

Living in low-income areas is detrimental to the
mental health of both men and women in terms of
higher dementia risk. We do not confirm previous
studies which found an effect only for men, instead
we show that women also suffer from low-income
environments. We confirm that a nature-based envi-
ronment allowing free physical activity for the entire
population is associated with a lower risk of dementia,
and our results suggest that this effect is mainly due to
an improvement in health in general; the effect seems
to be stronger in men. On the other hand, women
appear to profit more from the overall health status
among the elderly of a region, as measured by life
expectancy at age 60. Our findings suggest that both
men and women living in low-income neighborhoods
should be targeted for dementia prevention. In addi-
tion, further studies are needed to examine whether
the gendered effect of nature-based space is related to
differences in lifestyle, with women engaging more
in social activities and men engaging more in physi-
cal activities. Finally, further studies need to examine
health resources related to regional long-term care
provision and the medical system, which influence
life expectancy and seem to be particularly important
for women.
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