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Abstract
Background: Individual and environmental factors have been found to be related to cognitive function. However,
few studies have examined the longitudinal effects of both individual and environmental factors over time. The
purpose of this study was to examine the effects of individual and environmental factors over time on older people’s
cognitive function.
Methods: Nationally representative panel data from the Taiwan Longitudinal Survey on Aging 1999–2015 (n = 6349
persons, observations = 12,042) were used. City-level indicator data were sourced from the government. A multilevel
mixed linear model analysis was conducted.
Results: Better cognitive function was significantly related to individuals’ work, ethnicity, younger age, higher educa‑
tion level, better self-rated health, higher level of emotional support received, being more religious, higher economic
satisfaction, and living in the cities with higher population densities. Education and social connectedness were pro‑
tective factors over time.
Conclusion: Socioeconomics and social connectedness are related to cognitive function. A more social integrated
lifestyle and financially secure living is suggested in the policy.
Keywords: Cognitive function, Multilevel analysis, Longitudinal study, Social support, Older people
Introduction
The number of people living with dementia worldwide
is over 50 million and is expected to rise to 152 million
by 2050 [1]; cognitive impairment impacts the quality of
life of older adults and their families. Existing cross-sectional and longitudinal studies have found related individual factors related to cognitive impairments, including
genetic, disease-related, lifestyle-related, demographic,
and social factors. Cognitive function may also decline
over time due to interactions between older individuals’ risk factors. In recent studies, environmental factors,
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such as air pollution, social and built environments, and
population composition in living areas, have also been
found to be related to cognitive function [2]. Although
the influence of individual and environmental factors on
cognitive function has both been explored and longitudinal data for individuals have been collected, there is little
research that takes into account person, place, and time
effects together. Contextual factors may also change with
time and interact with an individual’s time-varying factors during the life course. In this study, we used longitudinal nation-representative individual data of older adults
linked to city-level indicators across time to examine the
individual-, time-, and area-level factors and their interactions on cognitive function in older adults.
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According to the ecosystem theory [3], different level
factors (microsystem, mesosystem, exosystem, and macrosystem) may affect an individual’s health, including
cognitive function. Microsystem factors are individual
factors, such as sex, socioeconomic status [2, 4–8] and
education [4–6], genetic factors [9–14], nutrition status
[15, 16], metabolic syndrome [17], physical function difficulties [7, 8, 18], frailty and sarcopenia [19, 20], physical
activity and exercise [21, 22], social activity [23], retirement [24] and religiousness [25]. Genetic factors may
also interact with behavioral factors and affect cognitive
function. The effect of physical exercise on cognitive performance in older adults is also conditioned or moderated by the presence of apolipoprotein E (ApoE4) [12,
13], a genetic risk factor in cognitive impairment. Dietary
habits such as protein or fiber intake showed a similar
pattern [14]. Mesosystem factors, i.e., interpersonal relationships, related to cognitive function include social
networks and social relationships [26–28] and stress
[29]. Exosystem factors indicate the living environment.
Living environment factors related to cognitive function
included nature and physical environment (such as air
and industry pollution) [4], social abnormalities (such
as safety and cleanliness) [6], perceived safety and social
cohesion [28], population composition [6, 7], socioeconomic status of the community, built environment and
social characteristics [2, 7, 8, 30, 31]. Macrosystem represents policy and social context. Population education and
gross domestic product (GDP) are positively related to
cognitive function [32]. Usually the microsystem factors
and the mesosystem factors were categorized as individual factors, while exosytem factors and macrosystem factors were viewed as the environmental factors.
Environmental factors can also be categorized compositional or contextual [33]. Compositional effects indicate the heterogeneity of areas, and such population age
structure or educational compositions [6, 7]. Contextual
effects refer to the social and physical environment with
which individuals interact and accordingly affect health
[4, 6, 28].
A longitudinal study design with repeated measures
is suggested to examine the interaction of time effects
with related factors because cognitive function normally declines over time with aging. Existing research
has explored the interaction of time effects with covariates and its effects on cognitive function. Lower socioeconomic status was related to declining cognitive
function over time [5], while having a spouse, exercising, having a larger social network, and driving as the
means of transportation may be protective factors for
cognitive function over time [5]. Zaninotto et al. [18]
found that women declined faster than men in memory,
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executive function, and global cognitive function, and
increasing age and dementia predicted a faster decline.
Brown et al. [23] used four longitudinal data sets and
found that social activity was more related to fluency
and memory over time, but not all the domains of
cognitive function. A longitudinal study from China
indicated that older people who lived in urban communities had higher cognitive function than those who
lived in rural communities, but the cognitive function
of those who lived in urban communities also declined
faster [34].
Person and environmental factors may also affect
cognitive function. People living in medium–high population areas had better cognition, but those with disabilities living in the densest population areas had worse
cognitive function [35]. Community infrastructure has
a greater impact on cognitive function in rural areas
than in urban areas [8].
Although area-level characteristics are found to be
related to cognitive function, and many longitudinal
studies using individual data have been conducted,
there are only a few longitudinal studies analyzing area-level characteristics and individual factors
changing over time, and the results are not consistent.
Clarke et al. [5] examined the trajectory of cognitive
function and relationship with neighborhood characteristics over 18 years. The neighborhood characteristics (such as community center, public transition, and
public space) were not significant at the intercept, but
these neighborhood factors were significantly related to
declining cognitive function over time. Residence surrounding green space was related to better cognitive
function over time [36] because green lands may foster physical activity and social interaction. Luo et al. [8]
found that the physical characteristics (such as accessibility and bus lines) and the social characteristics (such
as employment services and community socioeconomic
status) of neighborhoods were protective of cognitive
function over time. However, the interactions of individual factors with time and person with environment
were not included. Meyer et al. [37] and Wörn et al.
[38] found that higher neighborhood socioeconomic
status was related to better cognitive function at the
intercept (baseline), but neighborhood socioeconomic
status was not significant on the time slope.
Older people’s cognitive function is related to individual characteristics, environmental factors, and time.
However, the interactions of these three domains are
not always simultaneously examined. In this study, we
used longitudinal data in the case of Taiwan to explore
the individual factors and environmental factors over
time to examine the effects of persons and environment
over time on cognitive function in older people.

Hsu and Bai B
 MC Geriatrics

(2022) 22:243

Methods
Data and Sample

The data for this study combined longitudinal data of
older adults and city-level indicators from the government. The longitudinal data were from the Taiwan
Longitudinal Survey on Aging (TLSA), which is nationally representative of older people aged 60 years old or
older since 1989 and collected every 3 or 4 years. The
new cohorts of the supplement samples were added in
the follow-ups. Proportional-to-size sampling was conducted, and the questionnaires were conducted by faceto-face interviews. The current study used the sample
from 1999 to 2015, and only those who completed the
cognitive function questions were included for analysis.
In total, the analysis sample included 6349 persons with
12,042 observations (please see Supplementary Figure
S1). The TLSA data were deidentified when released.
City-level data were from the open data of the government. The study obtained approval from the Taipei
Medical University Joint Institutional Review Board
(N201912135) before the study was conducted.
Measures

Area-level indicators were selected based on a literature review, and the source was open data from the
government. Because most of the available open data
were provided based on cities, the unit of the area was
the city.
Measures: Individual variables

1. The cognitive function items across waves of
TLSA were not consistent, and therefore only
the common items were used. Eight items were
from Short Portable Mental Status Questionnaire
(SPMSQ) [39]; the other two items from the Montreal Cognitive Assessment (MoCA) [40] and verbal memory test [41]. The items were as following:
where are you, what day is today, what’s the day of
the week, how old are you, mother’s maiden name,
current president, last president, 20 minus 3 consecutively, reverse a series of numbers, and recall
10 items. The total score ranged from 0 to 19.
2. Demographic variables included age, sex, current residential city, education (illiterate, no formal education or elementary school, primary high
school, senior high school, college or university
and above), marital status (having a spouse or
not), ethnicity (Fuchien, Hakka, mainlanders, and
aboriginal and others), having children (yes/no),
living arrangement (living with others or alone),
number of types of social contact at least once per
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week (parents, brothers and sisters, other relatives,
friends and neighbors), and economic satisfaction
(score 1-5).
3. Health behaviors inlcued smoking (current
smoker, quitted smokers, nonsmoker) and drinking
frequency (0-5).
4. Health conditions included self-rated health,
chronic disease numbers, advanced physical function difficulties [42], disability number in activities of daily living (ADLs) [43], disability number in
instrumental activities of daily living (IADLs) [44],
depressive symptoms, and stress. Self-rated health
was scored from 1 to 5, indicating very poor to
excellent. The chronic disease number was defined
as the current morbidity of the following diseases:
hypertension, diabetes, heart disease, stroke in
treatment, cancer, respiratory disease, arthritis,
ulcer, liver or gallbladder disease, kidney disease,
and gout. Advanced physical function difficulties
were measured by the Nagi physical function scale
(each item was scored 0-3, and the total score was
0-27) [42]. The disability number in ADLs included
the items of eating, dressing, transferring, going to
the toilet, taking a bath, and walking indoors. Each
item with which the person had difficulty for at least
3 months was defined as a disability; the ADL disability number was the cumulative disability numbers
of 6 items. The disability number in IADLs included
the following items: shopping for groceries, managing money, going out by car/train alone, heavy
housework, light housework, and making a phone
call. The IADL disability number was defined as the
cumulative difficulty of the items. Depressive symptoms were measured using the Center for Epidemiological Studies Depression 10-item scale (CESD-10)
[45]; the total score ranged from 0 to 30. Stress was
measured by stress or disturbance in the following
items: self ’s health; financial status; job; family member’s health, financial status, job, or marriage; family
relationship; and others. Each item was scored from
0 to 2, indicating no stress, a little, or a great deal of
stress; the total score was from 0 to 12.
5. Regarding social participation and social support,
work was defined as yes/no. Social support included
providing instrumental support (helping in ADLs or
IADLs for family or taking care of children, scored
0-6); receiving instrumental support (family/friends
they can rely on when sick, scored 1-5; available
help, scored 0 or 1; total score was 0-6); and receiving emotional support (family/friends listen to you,
care about you, their care is satisfactory; each item
was scored from 1 to 5, and the total score was from
3-15). A social group was defined as participating
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in any of the following groups (yes/no): community
social interaction groups, religious groups, association or business organization, political party, clan
groups, older people’s clubs, older people’s college,
and volunteer groups. Religiousness was measured
by 4 items for those who had religion belief: pray or
worship at home, reading sutras or the Bible, going
to temple/church, and watching/listening to religion
programs; each item was scored from 1 to 4 according to its frequency. Those who did not have religious
beliefs were defined as 0. The total score was from
0-16.

Measures: City‑level indicators

City-level data were obtained from the open data of the
government. Because some of the participants migrated
to different cities across waves, the city-level data were
defined as data from the city where participants lived
during the survey year. The indicators were selected
based on literature review [2, 6–8, 30, 31], included the
following: (1) Population characteristics: population
density (100 people per kilometer square), percentage
of the population with a high level education (college or
university and above) (%), percentage of the population
who were older people (age 65 and above) percentage of
the population (%); (2) Medical resources and built environment: medical personnel numbers (per 10 thousand
population), hospital beds (per 10 thousand population),
and green area for leisure purposes (hectares per 10,000
persons); and (3) Personal and financial security: crime
rate (per 100 thousand population), percentage of the
population considered low-income, median income (NT
dollars), unemployment rate (%), and household income
Gini coefficient (the household income of the city was
categorized into 5 groups, and then the Gini coefficient
was calculated; higher Gini coefficients indicated a more
diverse income range among the households with the
lowest and the highest income). In total 22 cities were
included for analysis.
Analysis

The analysis methods used in this study included descriptive analysis, bivariate analysis of independent variables
and cognitive function, and multilevel linear mixed model
analysis. The effects of the independent variable on the
intercept and time slope were estimated for the repeated
time-varying variables. Level 1 of the model represents
the changes of the individuals or cities over time. Level 2
of the model represents the differences across individuals at the intercept level. Level 3 of the model represents
the differences at the city level. Because the individual
factors and the city factors were both time-varying, we
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used repeated measures of the data and added the individual factors, the city factors, time, the time-individual
interactions, and the time-city interactions in the model
as the fixed effects. Random effects were assumed on the
repeated measures within individuals and intercepts at
the cities. The analyses were conducted by SPSS Statistics
22 software (IBM, SPSS Inc., Chicago, IL, USA) by using
the command GENLINMIXED (generalized linear mixed
models [46].

Results
Table 1 shows the descriptive analysis of the participants’
characteristics over the five waves (1999, 2003, 2007,
2011, and 2015). Although the participants were not
the same, average cognitive function declined over time
because of aging.
The descriptive analysis of the 22 city levels across 5
waves are shown in the Supplementary Table S1. Most of
the city indicators increased over time, while the unemployment rate and green land area fluctuated across
waves. Some of the city-level indicators were highly correlated (r > 0.7), such as population density and highly
educated population, medical personnel and hospital
beds, highly educated population and median income,
unemployment rate and crime rate, and highly educated
population and median income. Some of the city-level
factors were highly correlated (please see Table S2). To
avoid collinearity, high education population and medical
personnel were not included in the linear mixed model
analysis.
We assumed that the multilevel analysis included
repeated measures across time, individuals, and cities,
and the model was assumed to be a time-dependent linear model. The fixed effects included individual factors
at the intercept, individual factors at the time slope, city
factors at the intercept, and city factors at the time slope.
The random effects of repeated measures and individuals
were also included. The model of individual factors with
time and the model of city factors with time were first
analyzed to test the significance (please see Table S3),
and then the significant variables at the intercept were
included in the final model in Table 2.
Table 2 shows the results of the linear mixed model
of older adults’ cognitive function with individual-level
and city-level indicators over time. The older participants had higher cognitive function at the intercept if
they were working (β = 0.294), were not in a minority group (β =  − 1.361 for other groups), were younger
(β =  − 0.205), were highly educated (β = 0.631), had better self-rated health (β = 0.174), had fewer AIDL physical difficulties (β =  − 0.231), received more emotional
support (β = 0.100), had better economic satisfaction
(β = 0.176), were more religious (β = 0.031), and lived in
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Table 1 Descriptive analysis of the sample across 5 waves of TLSA, 1999–2015
1999
(n = 1624)

2003
(n = 2847)

2007
(n = 2480)

2011
(n = 2418)

2015
(n = 2673)

Cognitive function (0–19)

12.43 (2.93)

12.20 (2.83)

12.30 (2.28)

12.02 (2.45)

11.00 (3.29)

Sex: Male

47.8%

48.8%

49.6%

49.9%

48.9%

Female

52.2%

51.2%

50.4%

50.1%

51.1%

Marital status: Having spouse

78.4%

78.7%

80.4%

277%

90.3%

No spouse

21.6%

21.3%

19.6%

72.3%

9.7%

Children: yes

100.0%

96.7%

96.9%

96.7%

100.0%

no

0.0%

3.3%

3.1%

3.3%

0.0%

Living arrangement: With others

93.3%

4.6%

7.7%

7.8%

90.4%

Alone

6.7%

95.4%

92.3%

92.2%

9.6%

Smoking: no

68.3%

66.5%

65.7%

67.3%

68.8%

Smoking: quitted

10.6%

12.3%

15.7%

18.9%

19.4%

Smoking: current

21.1%

21.2%

18.6%

13.8%

11.9%

Exercise: Irregular

54.0%

51.4%

52.9%

46.9%

54.5%

Regular

46.0%

48.6%

47.1%

53.1%

45.5%

Work: yes

44.3%

48.6%

40.8%

36.0%

22.5%

No

55.7%

51.4%

59.2%

64.0%

77.5%

Social group participation: Yes

52.0%

45.0%

49.0%

49.1%

44.2%

No

48.0%

55.0%

51.0%

50.9%

55.8%

Ethnicity: Fuchien

68.4%

70.5%

70.5%

71.1%

71.3%

Ethnicity: Hakka

17.7%

18.4%

18.5%

18.3%

18.4%

Ethnicity: Mainland

12.5%

09.4%

9.6%

9.2%

8.6%

Ethnicity: others

1.4%

1.7%

1.4%

1.4%

1.6%

Age 50–54

9.2%

32.2%

7.9%

0.0%

0.0%

Age 55–59

28.0%

17.7%

31.0%

16.2%

0.0%

Age 60–64

22.8%

16.3%

16.6%

28.7%

22.0%

Age 65–69

14.3%

12.4%

16.2%

17.0%

25.0.%

Age 70–74

18.6%

9.3%

11.2%

14.2%

16.9%

Age 75–59

6.2%

9.2%

9.4%

10.0%

14.6%

Age 80–84

0.7%

2.6%

6.2%

9.2%

9.7%

Age 85 +

0.2%

0.4%

1.7%

4.5%

11.8%

Education: illiterate

26.5%

16.6%

13.5%

13.1%

15.1%

Education: elementary school

48.4%

48.5%

48.5%

48.4%

48.3%

Education: junior high school

9.8%

12.0%

12.9%

13.1%

12.3%

Education: Senior high school

8.4%

12.2%

13.5%

13.5%

13.0%

Education: college/univ. +

Drinking frequency (ordinal)

6.8%

10.6%

11.5%

11.9%

11.3%

0.77 (1.49)

0.28 (0.90)

0.25 (0.87)

0.24 (0.82)

0.27 (0.63)

Disease number

0.99 (1.18)

1.04 (1.19)

1.17 (1.26)

1.32 (1.26)

1.42 (1.31)

Self-rated health

3.43 (1.02)

3.43 (1.05)

3.32 (0.94)

3.27 (0.95)

3.21 (0.96)

ADL disability number

0.03 (0.31)

0.04 (0.37)

0.06 (0.48)

0.14 (0.75)

0.28 (1.06)

IADL disability number

0.31 (0.81)

0.32 (0.84)

0.40 (0.96)

0.36 (1.40)

0.74 (2.04)

Advanced function difficulties

2.08 (3.81)

2.26 (2.38)

2.38 (4.35)

3.14 (5.13)

4.35 (6.26)

Contact outside households

2.86 (1.08)

2.15 (1.09)

1.94 (0.96)

2.16 (0.97)

2.26 (1.06)

Depressive symptoms

4.19 (4.98)

4.05 (4.95)

3.96 (5.10)

4.04 (5.27)

4.62 (5.44)

Stress

1.71 (1.99)

1.84 (1.99)

4.35 (1.42)

2.10 (2.25)

1.93 (2.11)

Providing instrumental help

0.51 (0.89)

0.62 (1.03)

0.49 (0.88)

0.67 (1.31)

0.49 (1.16)

Receiving emotional support

12.44 (2.25)

12.42 (2.17)

12.51 (2.01)

12.42 (2.02)

12.40 (2.10)

Receiving instrumental support

5.16 (1.00)

5.16 (1.00)

5.12 (0.97)

5.20 (0.94)

5.19 (0.90)

Economic satisfaction

3.17 (0.91)

3.09 (0.99)

3.16 (0.93)

3.25 (0.93)

3.39 (0.83)

Religiousness

8.32 (3.94)

8.39 (3.82)

8.16 (3.99)

8.27 (3.86)

7.92 (3.73)
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Table 2 Multi-level mixed linear modeling of older adults’ cognitive
function with individual and city indicators by TLSA 1999–2015
Variables

B (SE)

95% C.I

Fixed effects
Individual-level
Intercept

9.799 (0.573)***

8.677

10.9216

Sex (male)

0.144 (0.104)

-0.059

0.347

Work (yes)

0.294 (0.097)**

0.103

0.485

Ethnicity (Hakka)

0.115 (0.119)

-0.118

0.348

Ethnicity (mainlander)

0.091 (0.168)

-0.238

0.420

Ethnicity (others)

-1.361 (0.332)***

-2.013

-0.709

Age (ordinal)

-0.205 90.032)***

-0.267

-0.143

Education (ordinal)

0.631 (0.045)***

0.543

0.720

Self-rated health

0.174 (0.044)***

0.087

0.260

IADL disability

-0.231 (0.052)***

-0.333

-0.128

Contact outside households

0.016 (0.039)

-0.060

0.093

Stress

-0.039 (0.022)

-0.081

0.004

Receiving emotional support

0.100 (0.020)***

0.062

0.139

Economic satisfaction

0.176 (0.049)***

0.080

0.272

Religiousness

0.031 (0.011)**

0.010

0.052

Time

0.002 (0.061)

-0.118

0.121

Sex (male)*time

-0.010 (0.008)

-0.026

0.006

Work (yes) *time

-0.012 (0.009)

-0.031

0.006

Ethnicity (Hakka) *time

-0.024 (0.009)*

-0.042

-0.006

Ethnicity (mainlander) *time

0.018 (0.014)

-0.009

0.045

Ethnicity (others) *time

0.001 (0.027)*

-0.053

0.054

Age (ordinal) *time

-0.025 (0.003)***

-0.030

-0.020

Education (ordinal) *time

0.011 (0.004)**

0.005

0.0184

Self-rated health

-0.006 (0.004)

-0.015

0.002

IADL disability number*time

-0.005 (0.004)

-0.013

0.002

Contact outside households*time

0.015 (0.004)***

0.007

0.022

Stress*time

0.004 (0.002)

-0.001

0.008

Receiving emotional support*time -0.003 (0.001)

-0.006

0.001

Economic satisfaction*time

-0.009 (0.005)

-0.019

1.506E-5

Religiousness*time

0.0004 (0.001)

-0.002

0.002

Population density

0.009 (0.003)**

0.003

0.015

Median income

-0.009 (0.006)

-0.021

0.002

Unemployment

-0.056 (0.041)

-0.137

0.026

Population density*time

-0.0004 (0.0002)

-0.001

2.244E-5

Median income*time

0.001 (0.005)

1.167E-6

0.002

Unemployment*time

0.007 (0.009)

-0.011

0.024

City-level indicators

Random effect
Repeated

3.261 (0.056)

Intercept (city)

1.717 (0.078)

Model fit
-2 log likelihood

42,501.360

AIC

42,595.360

BIC

42,609.737

Note: Observations = 12,040. AIC: Akaike’s Information Criterion; BIC: Schwarz’s
Bayesian Criterion. Reference groups: sex (female), work (no), ethnicity
(Fuchien); other variables are ordinal or continuous. p < 0.1, *p < 0.05, **p < 0.001,
***p < 0.001

a city with a higher population density (β = 0.009). The
factors causing cognitive function to decline faster on the
time slope included being belonging to the Hakka ethnic
group (β =  − 0.024) and being older (β =  − 0.025), while
being highly educated (β = 0.011), having more social
contacts outside the household (β = 0.015), and belonging in to other ethnic group (β = 0.001) may be protective
of cognitive function over time.
Furthermore, we tried to use only the 8-item SPMSQ
score as the cognitive function measure (please see Table
S4). The 8 items were from a single scale (SPMSQ), but
the score may be a less sensitive tool to measure mild
cognitive impairment. The results were similar to Table 2,
except that some of the variables (work, ethnicity, selfrated health, receiving emotional support, economic satisfaction, religiousness, contacts outside the household
over time) became nonsignificant, and sex and median
income over time became significant. The social support
variables showed less predictive effect in more severe
cognitive impairment.

Discussion
This study used longitudinal nationally representative
data to examine the effects of person, place, time, and
their interactions on cognitive function in older adults
in Taiwan. The individual’s protective factors for cognitive function at the intercept included being younger,
working, not belonging to a minority group, being highly
educated, having better self-rated health, receiving more
emotional support, having better economic satisfaction,
and being more religious. The protective environmental
factor was living in a city with a higher population density. Being highly educated and having more social connectedness were protective over time.
Individual factors

Higher education has been found to be a protective factor [4–6], and we found the same results in our study.
We also found that the protection of higher education
persisted over time. For the current older cohorts in Taiwan, the education level is relatively low compared with
younger cohorts. However, the middle-aged and younger
generations have better educational opportunities, and
thus, the protective effect of education is expected. Work
and financial satisfaction were also positively related
to better cognitive function, consistent with previous
research [2, 4–8]. The ethnicity difference in cognitive
function also reflects the differences in socioeconomic
status. Better socioeconomic status (including work,
financial status, and education) affords better healthrelated opportunities in life, and thus, it has protective
effects on cognitive function. Furthermore, continuity of
work provides more chances in intellectual stimulation
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and more interaction with people. Thus better socioeconomic status would also be beneficial for cognitive
function.
Many studies indicate that not only is receiving social
support beneficial for mental health [26–28] but also
that providing social support can also be protective for
cognitive function [47]. We found that receiving more
emotional social support was related to better cognitive
function but providing or receiving instrumental support was not significant. Social support shows a protective effect on health outcomes through stress prevention,
stress buffering, and direct effects [48]; thus, receiving
emotional support would be related to better cognitive
function. In addition, we also found that having more
social contacts was also be protective of cognitive function over time. More social interaction with other people may stimulate intellectual performance and social
relationships for older people, especially interactions
with social contacts outside households. More social participation is encouraged to maintain cognitive function.
However, providing instrumental support may be more
related to obligation and burden for older people, and
receiving instrumental support also represents worsening physical function. Therefore, providing and receiving
instrumental support may not be related to positive cognitive function.
Being more religious was related to better cognitive
function, consistent with previous longitudinal findings [25]. It is possible that religiousness would not only
reduce stress but also encourage a healthy lifestyle and
more participation in religious groups such that healthy
behaviors and social participation are both beneficial for
cognitive function.
Self-rated health and physical function were related to
cognitive function as seen in previous studies [2, 7, 8, 18].
We used chronic diseases but not specific diseases in this
study because that was not the aim of this study. However, chronic disease number was not significant. It is
possible that not all the chronic diseases were related to
cognitive function, and the added effect offset each other.
Previous studies also suggest that health behaviors may
affect cognitive function [5, 7, 21, 22]. We also included
health behaviors (smoking and exercise) in the model, but
they were not significant. It is possible that the effects of
health behaviors were explained by the health conditions.
City factors

Living in a city with a higher population density was
found to be related to higher cognitive function at
the intercept, even though the individual factors were
included for control. This finding is consistent with
previous studies [2, 31, 34]. An environment with a
larger population represents an urban and developed
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environment. Cities with a higher population density
may have well-developed infrastructure and barrierfree transportation environment for older people, and
more social activities are available in cities. There are
better opportunities for social participation, and therefore, the environment is beneficial for cognitive function. In addition, a higher percentage of highly educated
people was found to be related to cognitive function.
We did not include this variable because it was highly
correlated with population density. Better educated
older adults may move to larger cities to obtain better
compensation and increase their work opportunities.
However, the migration effect was also not significant
when considering the city factors in the model. The
direction of migration and highly educated population
and their effects on cognitive function should be clarified through dynamic analysis of longitudinal data in
future research.
Limitations

There were several limitations in this study. First, the
data were secondary data. The measures of cognitive
function of older participants were not all consistent
across waves. Only the consistent items of cognitive
function across the waves of TLSA were used to define
cognitive function. Second, not all the area-level factors
were available in the early years, or not all the city-level
variables in the data cover all the residences of the participants. For example, we planned to use secondary
data that included social trust at the city level. However, the sampling of that data did not cover all cities in
Taiwan. Thus, the data were not suitable to match the
individual TLSA data. Third, the area-level indicators
were measured at the city level, not a smaller unit such
as a district or town. This is because most of the open
data released by the government are based on cities/
counties, not smaller units. However, the age-friendly
policy in Taiwan is the city/county government’s
responsibility. Consideration of area-level factors at
the city level may show the effectiveness of the policy
enacted by city governments. Fourth, some of the older
adults migrated from one city to another during the follow-ups. The city-level effect may need a longer time to
affect health outcomes, but the data were investigated
every 3 or 4 years. We could not confirm the migration
year. However, we added a migration time variable to
adjust the migration effect.

Conclusion
From an ecological viewpoint, a socially connected and
secure environment at the individual level and at the
city level may be related to cognitive function in older
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people. Having more social connectedness and support,
being more religious, and living in cities with higher
population densities are related to social interactions
and participation, while higher education is related to
socioeconomic status. Older adults are encouraged to
maintain an active lifestyle and social connectedness
with family, friends, neighborhoods or their community. A more social integrated lifestyle and financially
secure living situation is suggested in the policy. Local
government should create an age-friendly environment
that can secure financial needs and encourage social
interactions and participation to maintain cognitive
function and promote active aging in older people.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12877-022-02940-9.
Additional file 1: FigureS1. Thesample of TLSA Table S1. Descrip‑
tive analysis of the city/county characteristicsacross 5 waves, 19992015 TableS2. Correlations of city-level indicators by year of 22 cites in
Taiwan Table S3. Mixedlinear modeling of older adults’ cognitive function
with individual and cityindicators by TLSA 1999-2015 (cognitive function
measured by 10 items) Table S4. Multi-levelmixed linear modeling of
older adults’ cognitive function with individual andcity indicators by TLSA
1999-2015 (cognitive function measured by 8 items ofSPMSQ)
Acknowledgements
We thank the Health and Welfare Data Science Center (HWDC), Ministry of
Health and Welfare, R.O.C. (Taiwan) for providing the data for this study.
Authors’ contributions
HCH conceptualized the study and obtained the funding; HCH & CHB
designed the research and analysis; HCH & CHB applied the data; HCH ana‑
lyzed the data and prepared the writing original draft, and CHB validated the
analysis and revised the manuscript. All authors have read and approved the
manuscript.
Funding
This research was funded by the Ministry of Science and Technology, Taiwan
(MOST 109–2410-H-038–004).
Availability of data and materials
The data that support the findings of this study are available from by the
Health and Welfare Data Science Center (HWDC), Ministry of Health and
Welfare, R.O.C. (Taiwan) but restrictions apply to the availability of these data,
which were used under license for the current study, and so are not publicly
available. We do not have right to share the data. Data are however available
from the authors upon reasonable request and with permission of the HWDC.

Declarations
Ethics approval and consent to participate
The study was conducted according to the guidelines of the Declaration of
Helsinki. This study used a secondary de-identified data, and informed con‑
sent was not applicable. The study was approved by Taipei Medical University
Joint Institutional Review Board (TMU-JIRB No N201912135).
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Page 8 of 9

Author details
1
School of Public Health, Taipei Medical University, Taipei, Taiwan (R.O.C.).
2
Research Center of Health Equity, College of Public Health, Taipei Medi‑
cal University, Taipei, Taiwan (R.O.C.). 3 Department of Public Health, College
of Medicine, Taipei Medical University, Taipei, Taiwan (R.O.C.).
Received: 14 December 2021 Accepted: 14 March 2022

References
1. Alzheimer’s Disease International. Dementia facts & figures. Alzheimer’s
Disease International. 2021. Available at: https://www.alzint.org/about/
dementia-facts-figures. Retrieved on April 23, 2021.
2. Besser LM, McDonald NC, Song Y, Kukull WA, Rodriguez DA. Neighbor‑
hood environment and cognition in older adults: A systematic review.
Am J Prev Med. 2017;53:241–51. https://doi.org/10.1016/j.amepre.2017.
02.013.
3. Bronfenbrenner U. The Ecology of Human Development: Experiments by
Nature and Design. Cambridge, MA (USA): Harvard University Press; 1979.
4. Ailshire J, Karraker A, Clarke P. Neighborhood psychosocial stressors, air
pollution, and cognitive function among older U.S. adults. Soc Sci Med.
2017;172:56–63. https://doi.org/10.1016/j.socscimed.2016.11.019.
5. Clarke PJ, Weuve J, Barnes L, Evans DA, Mendes de Leon CF. Cogni‑
tive decline and the neighborhood environment. Ann Epidemiol.
2015;25:849–54. https://doi.org/10.1016/j.annepidem.2015.07.001.
6. Friedman EM, Shih RA, Slaughter ME, Weden MM, Cagney KA. Neighbor‑
hood age structure and cognitive function in a nationally-representative
sample of older adults in the U.S. Soc Sci Med. 2017;174:149–58. https://
doi.org/10.1016/j.socscimed.2016.12.005.
7. Guo Y, Chan CH, Chang Q, Liu T, Yip PSF. Neighborhood environment and
cognitive function in older adults: A multilevel analysis in Hong Kong.
Health Place. 2019;58: 202146. https://doi.org/10.1016/j.healthplace.2019.
102146.
8. Luo Y, Zhang L, Pan X. Neighborhood environments and cognitive
decline among middle-aged and older people in China. J Gerontol
Psychol Sci Soc Sci. 2019;74(7):e60–71. https://doi.org/10.1093/geronb/
gbz016.
9. Kondo Kondo M, Yamada H, Munetsuna E, Yamazaki M, Hatta T, Iwahara
A, Suzuki K. Associations of serum microRNA-20a, -27a, and -103a with
cognitive function in a Japanese population: The Yakumo study. Arch
Gerontol Geriatric. 2019;82:155–60.
10. ager NT, Cox KL, Flicker L, Foster JK, van Bockxmeer FM, Xiao J, Greenop
KR, Almeida OP. Effect of physical activity on cognitive function in
older adults at risk for Alzheimer disease: a randomized trial. JAMA.
2008;300(9):1027–37.
11. Gu Y, Beato JM, Amarante E, Chesebro AG, Manly JJ, Schupf N, Mayeux
RP, Brickman AM. Assessment of Leisure Time Physical Activity and
Brain Health in a Multiethnic Cohort of Older Adults. JAMA Netw Open.
2020;3(11): e2026506. https://doi.org/10.1001/jamanetworkopen.2020.
26506.
12. Cancela-Carral JM, López-Rodríguez A, Mollinedo-Cardalda I. Effect of
physical exercise on cognitive function in older adults’ carriers versus
noncarriers of apolipoprotein E4: systematic review and meta-analysis.
Exerc Rehabil. 2021;17(2):69–80. https://doi.org/10.12965/jer.2142130.
065.
13. Stringa N, van Schoor NM, Milaneschi Y, Ikram MA, Del Panta V, Koolhaas
CM, Voortman T, Bandinelli S, Wolters FJ, Huisman M. Physical Activity as
Moderator of the Association Between APOE and Cognitive Decline in
Older Adults: Results from Three Longitudinal Cohort Studies. J Gerontol
A Biol Sci Med Sci. 2020;75(10):1880–6. https://doi.org/10.1093/gerona/
glaa054.
14. Zhang Y, Jin X, Lutz MW, Ju SY, Liu K, Guo G, Zeng Y, Yao Y. Interaction
between APOE ε4 and dietary protein intake on cognitive decline: A
longitudinal cohort study. Clin Nutr. 2021;40(5):2716–25. https://doi.org/
10.1016/j.clnu.2021.03.004.
15. Poulose SM, Miller MG, Scott T, Shukitt-Hale B. Nutritional factors affecting
adults neurogenesis and cognitive function. Am Soc Nutr. 2017;8:804–11.
https://doi.org/10.3945/an.117.016261.

Hsu and Bai B
 MC Geriatrics

(2022) 22:243

16. Lee WJ, Liang CK, Peng LN, Chiou ST, Chen LK. Protective factors against
cognitive decline among community-dwelling middle-aged and older
people in Taiwan: A 6-year national population-based study. Geriatr
Gerontol Int,. 2017;17(Suppl 1):20–7. https://doi.org/10.1111/ggi.13041.
17. Assuncao N, Sudo FK, Drummond C, de Felice FG, Mattos P. Metabolic
Syndrome and cognitive decline in the elderly: A systematic review. PLoS
ONE. 2018;13(3): e0194990. https://doi.org/10.1371/journal.pone.01949
90.
18. Zaninotto P, Batty GD, Allerhand M, Deary IJ. Cognitive function trajec‑
tories and their determinants in older people: 8 years of follow-up in
the English Longitudinal Study of Ageing. J Epidemiol Comm Health.
2018;2018(72):685–94. https://doi.org/10.1136/jech-2017-210116.
19. Panza F, Lozupone M, Solfrizzi V, Sardone R, Dibello V, Di Lena L, D’Urso
F, Stallone R, Petruzzi M, Giannelli G, Quaranta N, Belomo A, Greco A,
Daniele A, Seripa D, Logroscino G. Different cognitive frailty models and
health- and cognitive-related outcomes in older age: from epidemiology
to prevention. J Alzheimers Dis. 2018;2018(62):993–1012. https://doi.org/
10.3233/JAD-170963.
20. Chang KV, Hsu TH, Wu WT, Huang KC, Han DS. Association between
sarcopenia and cognitive impairment: a systematic review and metaanalysis. J Am Med Dir Assoc. 2016;17(12):1164.e7-1164.e16. https://doi.
org/10.1016/j.jamda.2016.09.013.
21. Jia RX, Liang JH, Xu Y, Wang YQ. Effects of physical activity and exer‑
cise on the cognitive function of patients with Alzheimer’s disease:
a meta-analysis. BMC Geriatric. 2019;19:181. https://doi.org/10.1186/
s12877-019-1175-2.
22. Northey JM, Cherbuin N, Pumpa KL, Smee DJ, Rattray B. Exercise interven‑
tions for cognitive function in adults older than 50: a systematic review
with meta-analysis. Br J Sports Med. 2018;52:154–60. https://doi.org/10.
1136/bjsports-2016-096587.
23. Brown CL, Gibbons LE, Kennison RF, Robitaille A, Lindwall M, Mitchell MB,
Shirk SD, Cimino CR, Benitez A, MacDonald SWS, Zelinski EM, Willis SL,
Shcaie KW, Johansson B, Dixon RA, Mungas DM, Hofer SM, Piccinin AM.
Social activity and cognitive function over time: a coordinated analysis
of four longitudinal studies. J Aging Res. 2012;287438. https://doi.org/10.
1155/2012/287438.
24. Denier N, Clouston SAP, Richards M, Hofer SM. Retirement and cognition:
a life course view. Adv Life Course Res. 2017;31:11–21. https://doi.org/10.
1016/j.alcr.2016.10.004.
25. Hosseini S, Chaurasia A, Oremus M. The effect of religion and spirituality
on cognitive function: a systematic review. Gerontologist. 2019;59(2):e76–
85. https://doi.org/10.1093/geront/gnx024.
26. Evans IEM, Martyr A, Collins R, Brayne C, Clare L. Social isolation and
cognitive function in later life: a systematic review and meta-analysis. J
Alzheimers Dis. 2019;70:S119–44. https://doi.org/10.3233/JAD-180501.
27. Kelly M, Duff H, Keely S, Power JEM, Brennan S, Lawlor BA, Loughrey
DG. The impact of social activities, social networks, social support and
social relationships on the cognitive functioning of healthy older adults:
a systematic review. Syst Rev. 2017;6:259. https://doi.org/10.1186/
s13643-017-0632-2.
28. Lee HL, Waite LJ. Cognition in context: the role of objective and subjec‑
tive measures of neighborhood and household in cognitive functioning
in later life. Gerontologist. 2018;58(1):159–69. https://doi.org/10.1093/
geront/gnx050.
29. Korten NCM, Comijs HC, Penninx BWJH, Deeg DJH. Perceived stress and
cognitive function in older adults: which aspect of perceived stress is
important? International J Geriatric Psychiatr. 2017;32:439–45. https://doi.
org/10.1002/gps.4486.
30. Wu YT, Prina AM, Jones AP, Barnes LE, Matthews F, Brayne C. the Medical
Research Council Cognitive Function and Aging Group. Community envi‑
ronment, cognitive impairment and dementia in later life: Results from
the Cognitive Function and Ageing Study. Age Ageing. 2015;44:1005–11.
https://doi.org/10.1093/ageing/afv137.
31. Wu YT, Prina AM, Jones A, Matthews FE, Brayne C. the Medical Research
Council Cognitive Function and Aging Group. The built environment
and cognitive disorders: Results from the Cognitive Function and Ageing
Study. Am J Prev Med. 2017;53:25–32. https://doi.org/10.1016/j.amepre.
2016.11.020.32 .
32. Rodriguez FS, Hofbauer LM, Röhr S. The role of education and income for
cognitive functioning in old age: a cross-coutry comparison. Int J Geriatr
Psychiatry. 2021;36:1908–21. https://doi.org/10.1002/gps.5613.

Page 9 of 9

33. Macintyre S, Ellaway A. Ecological approaches: Rediscovering the role
of the physical and social environment. In: Berkan LF, Kawachi I, editors.
Social Epidemiology. New York, NY, USA: Oxford University Press; 2000. p.
349–67.
34. Xiang Y, Zare H, Guan C, Gaskin D. The impact of rural-urban community
settings on cognitive decline: results form a nationally- representative
sample of seniors in China. BMC Geriatric. 2018;18:323. https://doi.org/10.
1186/s12877-018-1003-0.
35. Cassarino M, O’Sullivan V, Kenny RA, Setti A. Disabilities moderate the
association between neighbourhood urbanity and cognitive health:
results from the Irish longitudinal study on ageing. Disabil Health J.
2018;11:359–66. https://doi.org/10.1016/j.dhjo.2017.12.002.
36. De Keijzer C, Tonne C, Basgaňa X, Valentin A, De Keijzer C, Singh-Manoux
A, Alonso J, Dadvand P. Residential surrounding greenness and cognitive
decline: a 10-year follow-up of the Whitehall II cohort. Environ Health
Perspect. 2018;126(7):077003. https://doi.org/10.1289/EHP2875.
37. Meyer OL, Mungas D, King J, Hinton L, Farias S, Reed B, Beckett L. Neigh‑
borhood socioeconomic status and cognitive trajectories in a diverse
longitudinal cohort. Clin Gerontologist. 2018;41(1):82–93. https://doi.org/
10.1080/07317115.2017.1282911.
38. Wörn J, Ellwardt L, Aartsen M, Huismna M. Cognitive functioning among
Dutch older adults: Do neighbourhood socioeconomic status and urban‑
ity matter? Soc Sci Med. 2017;187:29–38. https://doi.org/10.1016/j.socsc
imed.2017.05.052.
39. Pfeiffer E. A short portable mental status questionnaire for the assess‑
ment of organic brain deficit in elderly patients. J Am Geriatr Soc.
1975;23:433–41. https://doi.org/10.1111/j.1532-5415.1975.tb00927.x.
40. Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead V, Col‑
lin I, Cumings JL, Chetkow H. The Montreal Cognitive Assessment, MoCA:
A brief screening tool for mild cognitive impairment. J Am Geriatr Soc.
2005;53:695–9. https://doi.org/10.1111/j.1532-5415.2005.53221.x.
41. Knopman DS, Ryberg S. A verbal memory test with high predictive accu‑
racy. Arch Neurol. 1989;46:141–5. https://doi.org/10.1001/archneur.1989.
00520380041011.
42. Nagi SZ. An epidemiology of disability among adults in the United States.
Milbank Mem Fund Q Health Soc. 1976;54:439–67.
43. Katz S, Akpom CA. A measure of primary sociobiological func‑
tions. Int J Health Serv. 1976;6:493–508. https://doi.org/10.2190/
UURL-2RYU-WRYD-EY3K.
44. Lawton MP, Brody EM. Assessment of older people: self-maintaining
and instrumental activities of daily living. Gerontologist. 1969;9:179–86.
https://doi.org/10.1097/JCN.0b013e3181a80faf.
45. Kohout FJ, Berkman LF, Evans DA, Cornoni-Huntley J. Two shorter forms
of the CES-D (Center for Epidemiological Studies Depression) depression
symptoms index. J Aging Health. 1993;5:179–93. https://doi.org/10.1177/
089826439300500202.
46. Heck RH, Thomas SL, Tabata LN. Multilevel and longitudinal modeling
with IBM SPSS. 2nd ed. New York: Taylor & Francis Group; 2014.
47. Hsu HC, Chang WC. Reducing the risks of morbidity, disability,
and mortality using successful aging strategies. J Am Geriatr Soc.
2015;63(11):2426–8. https://doi.org/10.1111/jgs.13817.
48. Holt-Lunstad J, Uchino BN. Social support and health. In: Glanz K, Rimer
BK, Viswanath K, editors. Health behavior: theory, research, and practice.
San Francisco: Jossey-Bass, Wiley; 2015. p. 181–203.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

