
 

Original Article

Separate and Combained Associations of PM2.5
Exposure and Smoking with Dementia and
Cognitive Impairment

Lu Cui1,&, Zhihui Wang2,&, Yuhong Liu1, Linlin Ma1, Shige Qi2, Ran An2, Xi Chen3,#,

Haoyan Guo4,#, and Yuxiang Yan1,#

1. Department  of  Epidemiology  and  Biostatistics,  School  of  Public  Health,  Capital  Medical  University,  Beijing
100069,  China; 2. National  Center  for  Chronic  and  Noncommunicable  Disease  Control  and  Prevention,  Chinese
Center for Disease Control and Prevention, Beijing 100050, China; 3. China CDC Key Laboratory of Environment
and  Population  Health,  National  Institute  of  Environmental  Health,  Chinese  Center  for  Disease  Control  and
Prevention, Beijing 100050, China; 4. National Institute for Nutrition and Health, Control and Prevention, Chinese
Center for Disease Control and Prevention, Beijing 100050, China

Abstract

Objective　  The  results  of  limited  studies  on  the  relationship  between  environmental  pollution  and
dementia  have  been  contradictory.  We  analyzed  the  combined  effects  of  PM2.5 and  smoking  on  the
prevalence of dementia and cognitive impairment in an elderly community-dwelling Chinese population.

Methods　  We assessed 24,117 individuals  along with the annual  average PM2.5 concentrations  from
2012 to 2016. Dementia was confirmed in the baseline survey at a qualified clinical  facility,  and newly
suspected  dementia  was  assessed  in  2017,  after  excluding  cases  of  suspected  dementia  in  2015.
National census data were used to weight the sample data to reflect the entire population in China, with
multiple logistic regression performed to analyze the combined effects of PM2.5 and smoking frequency
on dementia and cognitive impairment.

Results　 Individuals exposed to the highest PM2.5 concentration and smoked daily were at higher risk
of dementia than those in the lowest PM2.5 concentration group (OR,  1.603; 95% CI [1.626−1.635], P <
0.0001)  and  in  the  nonsmoking  group (OR, 1.248;  95% CI [1.244−1.252]; P <  0.0001).  Moderate  PM2.5
exposure and occasional smoking together increased the short-term risk of cognitive impairment. High-
level PM2.5 exposure and smoking were associated with an increased risk of dementia, so more efforts
are needed to reduce this risk through environmental protection and antismoking campaigns.

Conclusion　  High-level  PM2.5 exposure  and  smoking  were  associated  with  an  increased  risk  of
dementia. Lowering the ambient PM2.5, and smoking cessation are recommended to promote health.
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INTRODUCTION

D ementia  is  a  major  global  public  health
concern.  The  number  of  people  with
dementia is expected to increase to 152.8

million  globally  by  2050[1].  The  dementia  worldwide
involves symptoms including memory loss, cognitive
dysfunction,  impairment  in  activities  of  daily  living,
and increased costs for the families of patients.  The
long  duration  of  dementia  and  the  high  cost  of  its
treatment  impose  a  huge  burden  on  families  and
society  through  impacts  on  healthcare  systems  and
socioeconomic  development[2,3].  Cognitive
impairment,  particularly  mild  cognitive  impairment,
is  often  considered  a  transitional  stage  between
normal  aging  and  dementia.  With  the  early
identification  and  management  of  cognitive
impairment,  the  progression  of  dementia  can  be
slowed or prevented[4].

One of the main factors contributing to dementia
and cognitive impairment is the rapid growth of the
elderly  population  in  East  Asia[1].  The  dementia
prevalence of those of Mongolian ethnicity in China,
Japan,  and  Korea  is  4.2%,  4.8%,  and  5.3%,
respectively[5–7].  In  European  and  American
countries,  populations  are  smaller,  and  dementia
trends are steadily decreasing, so more research and
proper  prevention  in  East  Asian  countries  could
substantially  reduce  the  global  disease  burden  of
dementia[1,8,9].  According to  the 2016 Global  Burden
of  Disease  Study,  China’s  population  with  dementia
accounted  for  one-quarter  of  the  world’s  total
incidence[10].

Exposure  to  environmental  pollution  can
negatively  impact  human  health.  Environmental
pollution,  especially  PM2.5,  in  outdoor
environments  can  cause  dementia,  including
Alzheimer’s disease, vascular dementia, and mixed
dementia[11–15]. Two large-sample studies on the UK
population  demonstrated  the  detrimental
cognitive  effects  of  ambient  PM2.5,  and  similar
results were found in animal studies[16–18]. Ambient
PM2.5 is a mixture of fine (aerodynamic diameter ≤
2.5 μm) chemical substances suspended in the air,
and  the  composition  and  interactions  between
these  substances  are  complex[19].  PM2.5 particles
are  highly  permeable  and  can  enter  the  blood
circulation  through  alveolar  capillaries[20].  PM2.5
may  cause  central  nervous  system  dysfunction
through  three  separate  or  combined  pathways:
(1)  inhaled  particulate  matter  can  enter  the  brain
through  the  bloodstream  after  deposition  in  the
alveoli;  (2)  particles  can  be  transported  through

the  nasal–brain  axis  after  deposition  in  the
olfactory  mucosa;  and  (3)  the  particles  can  enter
the  central  nervous  system  through  systemic
inflammation[21–23].

Cigarette  smoking  has  been  extensively  studied
owing to its detrimental effects on various aspects of
health,  including  the  cardiovascular  and  respiratory
systems.  Recently,  increasing  attention  has  been
directed  toward  the  relationship  between  smoking
and  cognitive  function.  Smoking  is  associated  with
neurotoxic effects that increase the risk of dementia,
and  a  measured  response  relationship  with
dementia was proposed[24]. Burning tobacco releases
a  large  number  of  harmful  substances  that  have
been internationally identified as carcinogens; some
can  cross  the  blood–brain  barrier  and  cause  other
diseases[25].  Additionally,  smoking  exacerbates
diseases  such  as  atherosclerosis  and  hypertension,
both of which are important risk factors for cognitive
impairment[26].  Approximately  14% of  Alzheimer’s
cases  worldwide  are  caused  by  smoking[27].
Understanding  the  effects  of  smoking  on  cognitive
functioning is crucial for guiding the development of
public  health  strategies  aimed  at  reducing  the
incidence  of  cognitive  disorders  in  the  aging
population.

Dementia  and  cognitive  impairment  are  caused
by a combination of physiological, psychological, and
social  factors.  Researchers  have  predominantly
focused  on  single,  independent  factors.  However,
PM2.5 exposure  with  smoking,  may  exacerbate  the
effects  of  dementia,  as  both  adversely  affect
cognitive  functioning.  Therefore,  in  this  study,  we
analyzed the association of the exposure to ambient
PM2.5 and  smoking  with  dementia  prevalence  and
cognitive  impairment  in  a  community-dwelling
elderly Chinese population. 

MATERIALS AND METHODS
 

Study Design and Participants

The  Prevention  and  Intervention  on
Neurodegenerative  Disease  (PINDEC)  project  was
conducted  in  2015  as  a  baseline  survey  on  a
nationwide  sample  of  community-dwelling  older
adults  aged  60  years  and  above  to  explore  the
distribution  of  common  chronic  diseases  and  their
influencing  factors  in  this  population[28].  We  used  a
stratified  multistage  cluster  sampling  method  to
recruit  participants.  First,  six  provinces  (Beijing,
Shanghai,  Hubei,  Sichuan,  Guangxi  Zhuang
Autonomous  Region,  and  Yunnan)  in  China  were
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selected  by  considering  population  size,  levels  of
socioeconomic  development,  and  geographical
factors. One urban district and one rural county from
each  province  were  randomly  selected  based  on
probability  proportional  to  population  size  (PPS).
Next,  one  subdistrict  (township)  was  randomly
selected  within  each  urban  district  (rural  county,
PPS).  From  each  selection,  four  or  eight
neighborhood  committees  (administrative  villages)
were selected (PPS). Finally, 250−500 residents aged
60  years  and  older  were  randomly  selected  from
each  committee  (administrative  villages).  After
excluding  2,047  participants  with  missing  data,
24,117  participants  were  analyzed.  In  2017,  those
who  participated  in  the  baseline  survey  were
followed up, and 21,932 subjects participated in the
survey after excluding those who had died and those
who  were  not  followed  up  (Figure  1).  The  baseline
survey  response  rate  was  92%,  and  the  follow-up
survey response rate was 91%. 

Measurement of PM2.5 Exposure

We  obtained  the  annual  surface  PM2.5
concentrations  in  China  from  the  Atmospheric
Composition Analysis Group of Dalhousie University.
The  accuracy  and  reliability  of  the  data  were
determined  and  cross-validated  using  several
ground-based  monitoring  systems.  A  fine  spatial
resolution of approximately 1 km × 1 km guaranteed
an accurate  depiction of  local  PM2.5 concentrations.
Details  of  the  methodology  for  this  average  surface
PM2.5 calculation can be found elsewhere[29]. For the
data  used  in  this  study,  we  could  only  obtain  the
geographical  location  of  the  participants  at  the
county  level  from  2012  to  2016.  Therefore,  those
living in the same county (district) matched identical
PM2.5 concentrations.  We  calculated  the  average
annual  mean  PM2.5 concentrations  for  the  three

years  (2012−2014)  before  the  baseline  survey  to
determine  their  impact  on  dementia.  The  annual
mean  PM2.5 concentrations  for  the  two  years
(2015−2016)  before  the  follow-up  survey  were
obtained  to  determine  their  impact  on  cognitive
impairment.  According  on  the  trisectional  PM2.5
quantiles (the cutoff values were 33.3% and 66.6%),
we  divided  PM2.5 exposure  into  three  groups:  low
(T1), medium (T2), and high (T3). 

Assessment of Dementia and Cognitive Impairment

Two  criteria  were  applied  for  dementia  during
baseline investigation: (1) respondents self-reported
that  they  had  been  diagnosed  with  dementia  by
professional  medical  institutions;  (2)  subjects  who
scored ≥ 2  on  the  Chinese  version  of  the  Ascertain
Dementia  8  (AD8)  scale  (eight  questions  in  total)
were screened using the Chinese version of the Mini-
Mental  State  Examination  (MMSE)[30,31].  Suspected
dementia was assessed based on education level and
MMSE (total score of 30), with an MMSE score ≤ 17
for  the  illiterate  group, ≤ 20  for  the  elementary
school group, and ≤ 24 for the junior high school and
above  group.  Clinical  diagnoses  were  made  by
neurologists  at  collaborating  hospitals  for  people
with  suspected  dementia.  The  detailed  methods
employed for cognitive measurements are published
elsewhere[5].  After  excluding  suspected  dementia
cases  in  2015,  20,825  valid  records  were  obtained
for the follow-up survey. Newly suspected dementia
cases were assessed during the 2017 wave. Patients
with cognitive impairment were identified as having
newly  suspected  dementia  and  the  rest  as  the
general population. 

Assessment  of  Smoking  and  Health-related
Variables

Demographic  characteristics,  medical  history,

 

Baseline survey (2015): Eligible

popula�on 26,164 (aged ≥ 60 y)

Respondents: 24,117

Nonerespondents: 2,047

AD8 ≥ 2→MMSE→clinicaldiagnosis

Cogni�ve impairment: 1,020 

AD8 ≥ 2→MMSE

Cogni�ve impairment: 1,107 Follow-up (2017): Eligible popula�on 20,825

Nonerespondents: 2,185

Figure 1. Flowchart  of  participant  selection.  AD8,  Chinese  version  of  the  Ascertain  Dementia  8;  MMSE,
Mini-Mental State Examination.
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and  risk  factors  were  obtained  using  face-to-face
questionnaires.  Height  and  weight  data  were
obtained  through  physical  measurements  to
calculate  the  body  mass  index  (BMI)  using  the
formula BMI = weight (kg) / height (m2). Low weight,
normal  weight,  overweight,  and  obese  were
assigned  cutoff  values  of  18.5,  24.0,  and  28.0,
respectively[32].  All  the  interviewers  were  uniformly
trained.  The  smoking  frequency  was  defined  as
never,  occasionally,  or  daily. “Daily” was  defined  as
smoking  at  least  one  tobacco  product  every  day  or
almost  every  day  for  a  month  or  more,  and “never”
was defined as not currently smoking at all. The rest
of  the  population  was  defined  as “occasional.”
Drinking  and  interacting  with  neighbors  were
defined as  never,  occasionally,  or  daily,  in  the same
way  as  smoking.  Those  who  participated  in  social
activities  several  times  weekly  were  defined  as
often, those who participated several times within a
month or year were defined as occasional, and those
who  seldom  participated  were  defined  as  rare.
Those  who  exercised  frequently  (≥ 3  days  a  week)
were defined as regular exercisers,  and others were
defined  as  occasional  exercisers.  Respondents  with
three  or  more  symptoms  mentioned  in  the  nine
standard  questions  related  to  Parkinson’s  disease
(PD)  were  considered  to  have  PD  symptoms,
whereas  the  others  were  considered  normal[33].
Activities of daily living (ADLs) were scored according
to  the  ADL  scale:  mild  disability  was  one  or  more
impaired Instrumental Activities of Daily Living (IADL)
functions  and  no  impaired  Basic  Self-Maintenance
Scale  (BADL)  functions;  moderate disability  was one
or  two  impaired  BADL  indicators;  and  severe
disability  was  three  or  more  impaired  BADL
indicators[34]. 

Statistical Analysis

−

X

We  multiplied  the  sampling  cluster  weights  by
the  poststratification  weights  (based  on  the  6th
National  Census)  to  obtain  the  final  weights  to
represent  the  entire  population  in  China;  the
weighted  population  characteristics  were  similar  to
the  census  results.  The  continuous  variable  is
expressed  as  ± S, and  categorical  variables  are
expressed  using n (%).  Differences  in  categorical
variables were tested using X2 test and are presented
as the 95% confidence interval (CI).

Three  models  with  varying  covariate
combinations  were  developed  using  multivariable
logistic regression to investigate the additive effects
of  PM2.5 exposure  and  smoking  on  the  incidence  of
dementia  (or  cognitive  impairment).  Model  1  was

adjusted for  age  and sex;  model  2  was  adjusted for
living  area  (urban  or  rural  area),  education  level,
marital  status,  occupation  (job  worked  for  the
longest  time),  living  status  (with  or  without  family),
interacting  with  neighbors,  participating  in  social
activities,  exercise  frequency,  ADL,  PD  symptoms,
and BMI. Model 3 was adjusted for the covariates in
model  2  plus  PM2.5 exposure and smoking status  to
examine  whether  the  effects  of  PM2.5 and  smoking
on cognition (cognitive impairment) were stable.

Subgroup  analysis  was  performed  to  assess  the
effects  of  PM2.5 exposure  and  smoking  status  on
dementia  and  cognitive  impairment  within  the
different strata. We further analyzed the joint effects
of  PM2.5 exposure  and  smoking  frequency  on
cognitive  impairment  for  low,  moderate,  and  high
PM2.5 exposure  levels,  and  nonsmoking,  occasional
smoking, and daily smoking into nine groups.

We  performed  all  statistical  analyses  using  SAS
version  9.4  (SAS  Institute  Inc.,  Cary,  NC,  USA),  and
two-sided P <  0.01  was  considered  a  statistically
significant difference. 

RESULTS

Table  1 shows  the  distribution  of  PM2.5
concentration  and  smoking  status  in  the  different
populations. The overall study population comprised
24,117  people  with  an  average  age  of  70.5  years
(standard  deviation  [SD],  7.0),  including  12,950
urban (53.7%) and 11,167 rural  (46.3%) dwellers,  as
well  as  10,722  men  (44.5%)  and  13,395  women
(55.5%).  A total  of 3,971 people were daily smokers
(16.5%),  who  smoked  an  average  of  15.9  cigarettes
per day. Men were highly concentrated in the older
population of smokers (94.5% and 77.2% of daily and
occasional smokers, respectively). A total of 67.0% of
the older women were nonsmokers.

The  mean  PM2.5 exposure  concentration  was
48.4 μg/m3 (SD = 16.7) in 2012–2014 and 41.4 μg/m3

(SD  =  15.1)  in  2015–2016.  The  PM2.5 exposure
concentrations were divided into three groups based
on  cut-off  values  of  39.50  and  54.40  μg/m3 in
2012–2014,  and  39.40  and  49.83  μg/m3 in
2015–2016.  The proportions by sex and age in each
PM2.5 subgroup  were  similar  to  those  in  the  overall
survey population. Supplementary Figure S1 displays
the annual average PM2.5 concentrations and 5-year
means  for  2012−2014  and  2015–2016  for  the  six
surveyed provinces.

Supplementary  Figure  S2 presents  the
proportions  of  dementia  and  cognitive  impairment
for  the  PM2.5 and  smoking  subgroups.  Remarkably
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Table 1. Baseline characteristics of particulate matter with aerodynamic diameter ≤ 2.5 μm and smoking status

Characteristics
PM2.5, N (%) Smoking, N (%)

　Total T1 T2 T3 No Occasionally Daily

Location

Urban 12,950 (53.7) 2,985 (37.2) 3,855 (48.3) 6,110 (75.3) 10,937 (56.4) 389 (52.4) 1,624 (40.9)

Rural 11,167 (46.3) 5,042 (62.8) 4,121 (51.7) 2,004 (24.7) 8,467 (43.6) 353 (47.6) 2,347 (59.1)

Age groups, years

60– 12,379 (51.3) 4,418 (55.0) 3,967 (49.7) 3,994 (49.2) 9,725 (50.1) 337 (45.4) 2,317 (58.3)

70– 8,715 (36.1) 2,645 (33.0) 2,996 (37.6) 3,074 (37.9) 7,143 (36.8) 273 (36.8) 1,299 (32.7)

≥ 80 3,023 (12.5) 964 (12.0) 1,013 (12.7) 1,046 (12.9) 2,536 (13.1) 132 (17.8) 355 (8.9)

Sex

Male 10,722 (44.5) 3,575 (44.5) 3,580 (44.9) 3,567 (44.0) 6,397 (33.0) 573 (77.2) 3,752 (94.5)

Female 13,395 (55.5) 4,452 (55.5) 4,396 (55.1) 4,547 (56.0) 13,007 (67.0) 169 (22.8) 219 (5.5)

Education level

Illiteracy 9,544 (39.6) 3,761 (46.9) 3,921 (49.2) 1,862 (22.9) 7,931 (40.9) 354 (47.7) 1,259 (31.7)

Primary school 7,548 (31.3) 2,823 (35.2) 2,193 (27.5) 2,532 (31.2) 5,776 (29.8) 235 (31.7) 1,537 (38.7)

Secondary school and above 7,025 (29.1) 1,443 (18.0) 1,862 (23.3) 3,720 (45.8) 5,697 (29.4) 153 (20.6) 1,175 (29.6)

Marital status

Married 18,435 (76.4) 6,027 (75.1) 6,076 (76.2) 6,332 (78.0) 14,706 (75.8) 437 (58.9) 3,292 (82.9)

Single/divorced/widowed 5,682 (23.6) 2,000 (24.9) 1,900 (23.8) 1,782 (22.0) 4,698 (24.2) 305 (41.1) 679 (17.1)

Occupation

Farmer 14,001 (58.1) 6,952 (86.6) 4,510 (56.5) 2,539 (31.3) 11,123 (57.3) 366 (49.3) 2,512 (63.3)

Worker 5,873 (24.4) 584 (7.3) 2,254 (28.3) 3,035 (37.4) 4,680 (24.1) 300 (40.4) 893 (22.5)

Nonmanual worker 4,243 (17.6) 491 (6.1) 1,212 (15.2) 2,540 (31.3) 3,601 (18.6) 76 (10.2) 566 (14.3)

Living status

Alone/with others 2,824 (11.7) 719 (9.0) 1,021 (12.8) 1,084 (13.4) 2,268 (11.7) 94 (12.7) 462 (11.6)

With family 21,293 (88.3) 7,308 (91.0) 6,955 (87.2) 7,030 (86.6) 17,136 (88.3) 648 (87.3) 3,509 (88.4)

Socializing with neighbors

Rarely 3,459 (14.3) 1,055 (13.1) 799 (10.0) 1,605 (19.8) 2,750 (14.2) 105 (14.2) 604 (15.2)

Occasional 3,614 (15.0) 996 (12.4) 1,326 (16.6) 1,292 (15.9) 2,815 (14.5) 276 (37.2) 523 (13.2)

Daily 17,044 (70.7) 5,976 (74.4) 5,851 (73.4) 5,217 (64.3) 13,839 (71.3) 361 (48.7) 2,844 (71.6)

Social activity

Rarely 13,674 (56.7) 5,307 (66.1) 3,904 (48.9) 4,463 (55.0) 11,011 (56.7) 287 (38.7) 2,376 (59.8)

Occasional 5,168 (21.4) 1,091 (13.6) 2,293 (28.7) 1,784 (22.0) 4,159 (21.4) 155 (20.9) 854 (21.5)

Often 5,275 (21.9) 1,629 (20.3) 1,779 (22.3) 1,867 (23.0) 4,234 (21.8) 300 (40.4) 741 (18.7)

Alcohol consumption

No 18,661 (77.4) 5,980 (74.5) 6,435 (80.7) 6,246 (77.0) 16,499 (85.0) 290 (39.1) 1,872 (47.1)

Occasional 2,432 (10.1) 883 (11.0) 573 (7.2) 976 (12.0) 1,496 (7.7) 355 (47.8) 581 (14.6)

Daily 3,024 (12.5) 1,164 (14.5) 968 (12.1) 892 (11.0) 1,409 (7.3) 97 (13.1) 1,518 (38.2)

Regular exercise

Occasional 4,794 (19.9) 1,857 (23.1) 1,509 (18.9) 1,428 (17.6) 3,817 (19.7) 237 (31.9) 740 (18.6)

Often 19,323 (80.1) 6,170 (76.9) 6,467 (81.1) 6,686 (82.4) 15,587 (80.3) 505 (68.1) 3,231 (81.4)
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higher proportions of dementia was observed in the
higher  PM2.5 concentration  groups.  Cognitive
impairment  did  not  follow  this  pattern.  In  the
smoking  subgroups,  the  proportions  of  dementia
and cognitive impairment were significantly higher in
occasional  smokers  than  in  non-smokers  and  daily
smokers  (P <  0.0001).  The  distribution  of  dementia
at  baseline  according  to  location,  sex,  and  age  is
shown in Supplementary Table S1.

Table  2 shows  the  three  models  used  to  study
the  main  associations  of  PM2.5 concentration  and
smoking  status  with  dementia.  In  general,  being
exposed  to  a  high  PM2.5 concentration  was
associated  with  a  higher  risk  of  dementia  in  all
models. In model 1, corrected for the sample weight,
age,  and  sex  covariates,  we  found  that  high  PM2.5
exposure  positively  associated  with  a  high  risk  of
dementia,  whereas  low  PM2.5 exposure  was
associated  with  a  low  risk  of  dementia  (T2: OR =
1.105 [95% CI: 1.102−1.108]; T3: OR = 2.095 [95% CI:
2.090−2.101]; P <  0.0001).  Model  2  was  based  on
Model  1,  and  the  association  remained  after
weighting  by  location,  educational  level,  marital
status,  occupation,  living  status,  socialization  with
neighbors,  social  activity,  alcohol  consumption,
regular  exercise,  ADL,  PD  symptoms,  and  BMI.  The
results of adding smoking status (model 3) to model
2  were  similar.  In  model  2  with  multifactorial
correction  regarding  the  correlation  between

smoking  and  dementia,  the OR was  1.199  (95% CI:
1.192−1.207; P < 0.0001) for occasional smoking and
1.172  (95% CI:  1.168−1.175; P <  0.0001)  for  daily
smoking,  using  the  nonsmoking  elderly  community
as  a  reference.  After  including  PM2.5,  the ORs  for
occasional  and  daily  smoking  were  1.224  (95% CI:
1.217−1.232; P <  0.0001)  and  1.248  (95% CI:
1.244−1.252; P < 0.0001), respectively.

The  results  of  the  association  of  PM2.5 exposure
and  smoking  status  with  cognitive  impairment  are
presented  in Table  3.  The  risk  of  cognitive
impairment  in  the  T2  group  was  4.213  (95% CI:
4.202−4.224; P <  0.0001)  compared  with  the  T1
group,  whereas  the correlation in  the T3 group was
negative  after  adjusting  for  all  covariates.  We
observed  a  higher  risk  of  cognitive  impairment
among  occasional  smokers  (model  2: OR =  1.449
[95% CI:  1.444−1.454]; P <  0.0001)  compared  with
nonsmokers.  Occasional  smoking  was  still  a  risk
factor  for  cognitive  impairment  after  adjusting  for
PM2.5 (model  3: OR =  1.432  [95% CI:  1.427−1.436];
P <  0.0001).  Similar  results  were  found  in  the
analysis of the sex and age subgroups, except for the
women in the T3 group and occasional smokers, and
people  above  80  years  of  age  in  the  T3  group
(Supplementary Tables S2−S3).

We  performed  a  subgroup  analysis  of  PM2.5
concentration and smoking to observe their impacts
on  cognitive  impairment  (Tables  4 and 5).  After

Continued
 

Characteristics
PM2.5, N (%) Smoking, N (%)

　Total T1 T2 T3 No Occasionally Daily

Activities of daily living

Normal 20,724 (85.9) 6,629 (82.6) 7,064 (88.6) 7,031 (86.7) 16,500 (85.0) 658 (88.7) 3,566 (89.8)

Mild 2,952 (12.2) 1,240 (15.4) 820 (10.3) 892 (11.0) 2,517 (13.0) 76 (10.2) 359 (9.0)

Moderate 271 (1.1) 114 (1.4) 42 (0.5) 115 (1.4) 232 (1.2) 6 (0.8) 33 (0.8)

Severe 170 (0.7) 44 (0.5) 50 (0.6) 76 (0.9) 155 (0.8) 2 (0.3) 13 (0.3)

Parkinson’s symptoms

Normal 20,469 (84.9) 6,731 (83.9) 7,368 (92.4) 6,370 (78.5) 16,324 (84.1) 641 (86.4) 3,504 (88.2)

PD symptoms 3,648 (15.1) 1,296 (16.1) 608 (7.6) 1,744 (21.5) 3,080 (15.9) 101 (13.6) 467 (11.8)

BMI

Low weight 1,665 (6.9) 690 (8.6) 638 (8.0) 337 (4.2) 1,231 (6.3) 60 (8.1) 374 (9.4)

Normal 12,427 (51.5) 4,220 (52.6) 4,300 (53.9) 3,907 (48.2) 9,628 (49.6) 471 (63.5) 2,328 (58.6)

Overweight 7,561 (31.4) 2,270 (28.3) 2,349 (29.5) 2,942 (36.3) 6,379 (32.9) 164 (22.1) 1,018 (25.6)

Obese 2,464 (10.2) 847 (10.6) 689 (8.6) 928 (11.4) 2,166 (11.2) 47 (6.3) 251 (6.3)

Total 24,117 (100.0) 8,027 (100.0) 7,976 (100.0) 8,114 (100.0) 19,404 (100.0) 742 (100.0) 3,971 (100.0)

　　Note. T1, low; T2, medium; T3, high.
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controlling  for  PM2.5,  smoking  was  found  to  affect
cognitive  impairment  in  the  T1  PM2.5 subgroup
regardless of the smoking frequency (occasional: OR,
regardless  of  the  smoking  frequency  (occasional:
OR = 1.532 [95% CI:  1.513−1.551],  daily: OR = 1.307
[95% CI:  1.299−1.316], P <  0.0001).  Occasional
smoking  was  more  likely  to  affect  cognitive  decline
than daily  smoking in the T2 PM2.5 subgroups (OR =
1.475 vs. 0.967, P < 0.0001). Both moderate (T2) and
high (T3) PM2.5 exposure levels were risk factors for

cognitive  impairment  in  nonsmokers.  Moderate
PM2.5 concentration  exposure  was  a  strong  risk
factor  for  short-term  cognitive  impairment  in  all
smoking subgroups (ORs of 4.881, 10.730, and 2.841
in  the  no,  occasional,  and  daily  smoking  subgroups,
respectively).

A  significant  joint  effect  of  PM2.5 exposure  and
smoking  frequency  was  observed  (Figure  2).  In  the
full model with adjustment for all covariates, the risk
of short-term cognitive impairment was significantly

 

Table 2. Association of PM2.5 and smoking with dementia in multivariate regression models

Variables
Model 1 Model 2 Model 3

OR 95% CI,
upper

95% CI,
lower P-value OR 95% CI,

upper
95% CI,
lower P-value OR 95% CI,

upper
95% CI,
lower P-value

PM2.5 < 0.0001 < 0.0001 < 0.0001

T1 ref ref ref

T2 1.105 1.102 1.108 1.202 1.198 1.206 1.204 1.200 1.208

T3 2.095 2.090 2.101 1.627 1.623 1.632 1.630 1.626 1.635

Smoking < 0.0001 < 0.0001 < 0.0001

None ref ref ref

Occasional 1.277 1.270 1.285 1.199 1.192 1.207 1.224 1.217 1.232

Daily 0.988 0.985 0.991 　 1.172 1.168 1.175 　 1.248 1.244 1.252 　

　　 Note. Model  1:  Adjusted  covariates  included  sample  weight,  age  groups,  and  sex.  Model  2:  Adjusted
covariates  included  sample  weight,  age  groups,  sex,  location,  educational  level,  marital  status,  occupation,
living status, socializing with neighbors, social activity, alcohol consumption, regular exercise, activities of daily
living, Parkinson’s symptoms, and BMI. Model 3: Model 2 + smoking/PM2.5. T1, low; T2, medium; T3, high; CI,
confidence interval; OR, odds ratio; BMI, body mass index.
 

Table 3. Association of PM2.5 and smoking with short-term cognitive impairment in multivariate
regression models

Variables
Model 1 Model 2 Model 3

OR 95% CI,
upper

95% CI,
lower P-value OR 95% CI,

upper
95% CI,
lower P-value OR 95% CI,

upper
95% CI,
lower P-value

PM2.5 < 0.0001 < 0.0001 < 0.0001

T1 ref ref ref

T2 4.031 4.022 4.040 4.228 4.218 4.239 4.213 4.202 4.224

T3 0.770 0.768 0.772 0.950 0.947 0.953 0.950 0.947 0.953

Smoking < 0.0001 < 0.0001 < 0.0001

None ref ref ref

Occasional 1.587 1.582 1.592 1.449 1.444 1.454 1.432 1.427 1.436

Daily 0.908 0.906 0.910 　 0.913 0.911 0.915 　 0.997 0.995 0.999 　

　　 Note. Model  1:  Adjusted  covariates  included  sample  weight,  age  groups,  and  sex.  Model  2:  Adjusted
covariates  included  sample  weight,  age  groups,  sex,  location,  educational  level,  marital  status,  occupation,
living  status,  socializing  with  neighbors,  social  activities,  alcohol  consumption,  regular  exercise,  activities  of
daily living, Parkinson’s symptoms, and BMI. Model 3: Model 2 + smoking/PM2.5. T1, low; T2, medium; T3, high;
CI, confidence interval; OR, odds ratio; BMI, body mass index.
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higher in the group of moderate PM2.5 exposure and
occasional  smokers  than  in  the  other  groups  (OR =
6.824 [95% CI:  6.794−6.854]; P <  0.0001).  The same
trend  was  observed  in  most  subgroup  analyses  of
age  and  sex,  except  in  women  (Supplementary
Figures S3 and S4). 

DISCUSSION

To the best  of  our  knowledge,  this  is  one of  the
few  epidemiological  investigations  of  PM2.5,
smoking,  and  neurodegenerative  diseases  in  East
Asian  countries.  We  analyzed  the  combined  effects
of  the  exposure  to  different  concentrations  of
ambient PM2.5 and smoking on the risks of dementia
and  cognitive  impairment  in  older  community-
dwelling  people.  This  study  provides  data  for
examining  the  links  between  the  environment  and
cognition  as  well  as  a  scientific  basis  for  dementia
prevention policies.

Although  environmental  pollution  in  China  has
recently  decreased  annually,  the  mean  PM2.5

exposure  concentration  of  48.4  μg/m3 in  the  six
provinces  remains  high  compared  with  those  in
Nordic  and  other  European  countries,  such  as  11
μg/m3 in the U.K. from 2005 to 2010 and 15 μg/m3 in
France  in  2015[35–37].  This  information  regarding  the
complementary effects of smoking and PM2.5 fills the
gap  in  the  epidemiological  surveys  on  PM2.5 and
cognitive  correlations  in  higher-pollution  areas.  We
found  that  older  residents  in  communities  exposed
to higher concentrations of ambient PM2.5 were at a
higher risk of dementia after adjusting for covariates
and  controlling  for  smoking  variables.  This  is
consistent  with  the  findings  of  previous  studies  and
epidemiological  investigations  in  Chinese
populations[36,38,39].  Hu  et  al.  (2022)  noted  that  the
recent  reduction  in  PM2.5 in  China  has  had  a
protective  effect  on cognition[40].  Similarly,  evidence
from  the  China  Health  and  Retirement  Longitudinal
Study  shows  that  PM1,  PM2.5,  and  PM10 are
significantly  associated  with  cognitive  impairment
and  can  be  influenced  by  smoking  status[39].
Similarly, differences in cognition-related biomarkers

 

Table 4. PM2.5 subgroup analysis of association of smoking with short-term cognitive impairment

Variables
T1 T2 T3

OR 95% CI,
upper

95% CI,
lower P-value OR 95% CI,

upper
95% CI,
lower P-value OR 95% CI,

upper
95% CI,
lower P-value

Smoking < 0.0001 < 0.0001 < 0.0001

None ref ref ref

Occasional 1.532 1.513 1.551 1.475 1.470 1.480 0.853 0.837 0.870

Daily 1.307 1.299 1.316 　 0.967 0.965 0.969 　 0.967 0.960 0.974 　

　　Note. Adjusted  covariates  included  sample  weight,  age  group,  sex,  location,  educational  level,  marital
status,  occupation,  living  status,  socializing  with  neighbors,  social  activities,  alcohol  consumption,  regular
exercise,  activities  of  daily  living,  Parkinson’s  symptom,  BMI/PM2.5.  T1,  low;  T2,  medium;  T3,  high; CI,
confidence interval; OR, odds ratio; BMI, body mass index.

 

Table 5. Smoking subgroup analysis of the association of PM2.5 with short-term cognitive impairment

Variables
No Occasional Daily

OR 95% CI,
upper

95% CI,
lower P-value OR 95% CI,

upper
95% CI,
lower P-value OR 95% CI,

upper
95% CI,
lower P-value

PM2.5 < 0.0001 < 0.0001 < 0.0001

T1 ref ref ref

T2 4.881 4.866 4.896 10.730 10.560 10.902 2.841 2.826 2.857

T3 1.084 1.080 1.087 　 0.524 0.512 0.537 　 0.755 0.749 0.760 　

　　Note. Adjusted  covariates  included  sample  weight,  age  group,  sex,  location,  educational  level,  marital
status,  occupation,  living  status,  socializing  with  neighbors,  social  activity,  alcohol  consumption,  regular
exercise,  activities  of  daily  living,  Parkinson’s  symptoms,  and  BMI/PM2.5.  T1,  low;  T2,  medium;  T3,  high; CI,
confidence interval; OR, odds ratio; BMI, body mass index.
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were observed in the cerebrospinal  fluid of children
in  the  Mexico  City  metropolitan  area  who  were
continuously  exposed  to  high  levels  of  PM2.5 and
other  pollutants  before  and  after  birth  compared
with  those  breathing  clean  air[12].  A  community-
based survey in the USA showed that seniors living in
areas with high concentrations of PM2.5 scored lower
on  working  memory  and  orientational  recognition
tests  than  those  in  areas  with  low  PM2.5
concentrations[41].

Smoking  was  also  considered  in  this  study.  The
current  findings  on  smoking  and  cognition  are
inconsistent,  with  some  studies  reporting  that

smoking is a risk factor for dementia, others claiming
that  this  correlation  is  weak,  and  some  suggesting
that  the  risk  of  dementia  is  reduced  in  people  who
regularly  smoke[24,25,42–44].  In  this  study,  after
adjusting  for  covariates  and  controlling  for  PM2.5,
daily  smokers  had  a  higher  risk  of  developing
dementia than occasional smokers and nonsmokers.
A meta-analysis of 37 studies using a random-effects
model  showed  that  current  smokers  had  a  higher
probability of developing dementia than nonsmokers
(risk  ratio,  1.3)[45].  Another  meta-analysis  including
19  prospective  studies  found  that  the  risk  of
dementia  was  1.27  times  higher  among  smokers  at
baseline  than  among  nonsmokers[24].  Although
smoking  may  have  benefits  for  cognitive  health  in
older  adults,  the  overall  health  risks  far  outweigh
these benefits, and tobacco control remains a public
health  priority.  Local  governments  in  Beijing  and
Shanghai have implemented tobacco control policies
that  have  notably  reduced  smoking  rates  and
improved  public  health.  However,  a  nationwide
smoking  ban  has  not  yet  been  implemented[46].  The
enforcement  of  laws  and  regulations  should  be
strengthened,  tobacco  taxes  should  be  increased,
and tobacco control education campaigns should be
implemented  to  further  reduce  the  adverse  impact
of smoking on the cognitive health of older people.

We analyzed the separate and combined effects
of  the  differences  in  short-term  ambient  PM2.5
concentrations  and  smoking  frequencies  on
cognitive  reduction  using  2  years  of  follow-up  data.
The  risk  of  short-term  cognitive  impairment  was
higher  among  occasional  smokers  in  both  the  full
model  and  subgroup  analyses  controlling  for  PM2.5.
In  all  three  models,  daily  smoking  was  inversely
associated  with  short-term  cognitive  impairment,
which  is  consistent  with  the  results  of  previous
surveys[43,47]. Nourse et al. (2021) noted that because
nicotine-induced  protective  mechanisms  are  likely
dependent on the mitogenic factors PINK-1 and PDR-
1,  smoking  provides  selective  protection  of  some
neurons[44].  Another  study  reported  that  cigarette
smoking  was  not  a  risk  factor  for  dementia[42].  We
assume  that  this  may  have  been  due  to  smoking
being a hobby for some, with regular smoking being
generally  perceived  as  more  enjoyable  when
interacting with people; notably, gregariousness is a
long-recognized protective factor for cognition[48,49].

We explored the joint effects of short-term PM2.5
exposure  and  different  smoking  frequencies  on
cognitive impairment. We found that elderly people
who lived in an environment with moderate levels of
PM2.5 and  smoked  occasionally  were  more  likely  to
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Figure 2. Joint effects of PM2.5 and smoking on
cognitive  impairment. The adjusted covariates
included  sample  weight,  age  group,  sex,
location,  educational  level,  marital  status,
occupation,  living  status,  socialization  with
neighbors,  social  activities,  alcohol
consumption,  regular  exercise,  activities  of
daily living, Parkinson’s symptoms, and BMI.
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have  cognitive  impairment  in  the  short  term,  and
this  joint  effect  was  insignificant  for  those  exposed
to  low  and  high  levels  of  PM2.5.  We  found  that
elderly people exposed to moderate levels of PM2.5
and who were occasional smoking were more prone
to  short-term  cognitive  impairment,  a  result  that
contrasts with the widely held view that higher PM2.5
concentrations and frequent smoking are associated
with  an  increased  risk  of  dementia[36,38,45].  This
suggests that additional factors modulate the impact
of  environmental  and  behavioral  risks  on  dementia
and cognitive impairment. Furthermore, the baseline
data  revealed  that  individuals  exposed  to  poor  air
quality  and  who  were  frequent  smokers  were  at  a
higher  risk  of  developing  dementia.  These  findings
underscore  the  complexity  of  the  etiologies  of
dementia and cognitive impairment, highlighting the
need  for  a  more  refined  understanding  of  the
contributing risk factors.

In  our  age  and  sex  subgroup  analysis,  we
observed  a  higher  risk  of  cognitive  impairment
among  those  exposed  to  moderate  PM2.5
concentrations,  especially  in  the  60  to  70-year-old
group.  Smoking  showed  a  protective  effect  for
women  in  the  group  with  the  highest  exposure  to
PM2.5 compared  with  not  smoking.  Both  PM2.5 and
tobacco  smoke  are  environmental  pollutants  with
complex  components,  and  PM2.5 affects  cognition
through inflammation and atherosclerosis pathways,
similar  to  the  pathways  affected  by  smoking[47,50].
Although  the  underlying  mechanisms  are  unclear,  a
link  between  inflammation  of  the  middle-sequence
nervous system and neurodegenerative diseases has
been recognized[21,51,52].  The smoking rate in  women
was  much  lower  than  that  in  men  in  this  study
population, probably resulting in a stronger converse
addictive  effect  of  PM2.5 and  smoking  on  women’s
cognitive functioning because nonsmokers are more
vulnerable to the adverse effects of PM2.5

[53].
This  may  be  the  first  nationally  representative

study  examining  the  combined  effects  of  ambient
PM2.5 levels and smoking on cognition. In addition, in
our  study,  a  clinically  confirmed  diagnosis  of
dementia  was  required,  which  is  less  common  in
large epidemiological surveys, rather than relying on
questionnaire  measures.  However,  some  limitations
should be noted when interpreting our results. First,
we  only  explored  PM2.5,  smoking,  and  other
environmental  pollutants  including  particulate
matter,  nitrogen  oxide,  carbon  monoxide,  and
indoor  pollutants,  as  well  as  passive  smoking,  solid
fuels  used  for  cooking,  and  occupational
environmental pollution, may have been influencing

factors.  Therefore,  more  detailed  studies  are
required  at  the  regional  level  on  environmental
pollutants  with  a  more  precise  determination  of
smoking  frequency  in  relation  to  cognition  at.
Second,  the  PM2.5 used  for  analysis  was  an  annual
average;  more  accurate  data  were  not  available  for
the  specific  geographic  locations  of  the  individuals,
and the lifetime residence of the survey respondents
was  unknown,  potentially  limiting  the  PM2.5 data.
Third,  the  follow-up  data  included  a  clinically
confirmed  diagnosis  of  dementia;  hence,  cognitive
impairment  could  only  be  assessed  based  on  a
combination  of  self-reported  history  of  the  disease,
AD8,  and  the  MMSE  questionnaire  results.  Finally,
information  on  demographic  characteristics  and
lifestyle  was  obtained  through  face-to-face
interviews, which may have led to recall bias.

The  risk  of  dementia  in  older  community-
dwelling  adults  increases  with  increasing  ambient
PM2.5 concentrations  and  smoking  frequency.  At  a
certain  level  of  ambient  PM2.5,  older  adults  who
smoked  were  occasionally  more  likely  to  suffer
cognitive  impairment  in  the  short  term  than  daily
smokers; however, the long-term effects need to be
explored  in  future  studies.  We  emphasize  that
lowering ambient PM2.5 concentrations and smoking
cessation are recommended to promote health, and
stricter  environmental  protection  policies  could
improve people’s living environments.
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