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Abstract
Smoking is associated with dementia, but causality has not been well-established. Given smoking has a strong genetic component, we used
genetic predisposition to smoking, based on a genome-wide association study (GWAS) from the GWAS & Sequencing Consortium of Alcohol and
Nicotine use, as an instrumental variable. In a Mendelian randomization framework, we assessed the relationships between smoking and impaired
cognitive status using the 2010 wave of the Health and Retirement Study. Cognitive status was assessed using cognition tests and categorized in
three levels (normal cognition, cognitive impairment-non dementia, dementia). Smoking status was self-reported and classi�ed into never, former,
and current smoking. We used multivariable logistic regressions, Wald-type ratio estimators, and two-sample Mendelian randomization methods to
examine associations and infer causal relationships. Among European genetic ancestry participants (n = 8741), current smoking was associated
with cognitive impairment (OR = 1.62, 95%CI: 1.29, 2.01) relative to normal cognition. Two-sample Mendelian randomization results showed an
inferred causal effect of smoking initiation on late-onset Alzheimer’s type dementia (MR-Egger: OR = 1.021, 95%CI: 1.017, 1.025). We observed no
association between current smoking and dementia, or between former smoking and any cognitive status. No associations between smoking
status and cognitive status were observed in the African genetic ancestry sample (n = 2501). Smoking behavior can give rise to cognitive
impairment; therefore, promotion of smoking cessation is also important for brain health. Studies on dose and duration of smoking on cognition
are critically needed, as well as continued research in non-European genetic ancestry study samples.

Introduction
Dementia is a neurodegenerative disorder characterized by di�culties in a person’s daily life through memory loss, impaired language function,
challenges in problem-solving, and changed cognitive status 1 . In 2018 in the United States (US), 14% of people age over 70 were living with
dementia, which cost an estimated $277 billion 2 . Multiple factors contribute to the incidence of dementia, including genetic and environment
factors 3 . Cigarette smoking is one of the most prevalent but controversial dementia risk factors. With a prevalence of 20.6% among adults 4 ,
smoking could be attributed to 10.8% of total dementia cases in the US 5 . However, associations between cigarette smoking and dementia in many
studies were inconsistent 6–8 , and the causal relationship has not been rigorously assessed.

The likelihood of smoking is partially heritable. Based on meta-analysis, approximately 50% of the variation in smoking initiation and persistence
was attributed to genetic factors 9. To date, genome-wide association studies (GWAS) have linked 566 genetic variants at 406 loci to smoking
initiation, cessation, or heaviness 10. For example, a single nucleotide polymorphisms (SNP) of the 15q24 nicotinic acetylcholine receptor subunit
alpha-5 (CHRNA5) gene (rs16969968[A]), is robustly associated with smoking behavior, and speci�cally nicotine dependence 11. Given the large
genetic component to smoking, there is an opportunity to use smoking genetic predisposition as an epidemiologic tool.

Moving beyond association testing to rigorously assess causality is crucial for public health prevention. Mendelian randomization is an
epidemiologic method using genetic variants as instrumental variables to assess inferred causality. It is analogous to a randomized control trial
where individuals are randomized to carry genetic variants that may modify the risk of an exposure. Genetic variants are �xed at conception, which
necessarily precedes the onset of exposures and health outcomes. Thus, Mendelian randomization can overcome many drawbacks of
observational epidemiology studies, such as the potential for reverse causation, and it is useful when randomized trials would be unethical (as with
smoking) 12. Mendelian randomization has provided evidence for causal relationships between several modi�able risk factors and dementia,
including glucose levels 13, insulin sensitivity 14, and cholesterol levels 15. Mendelian randomization studies have also provided evidence that body
mass index is not causally associated with Alzheimer’s type dementia 16,17. Two studies have investigated causal effects of smoking on dementia
or Alzheimer’s type dementia in participants of European ancestry and no causal effect was found using the individual genes, CHRNA5 or BDNF
respectively, as instrumental variables 18. Mendelian randomization studies of smoking and dementia incorporating the broader scope of genetic
predisposition to smoking are needed.

To investigate the association between smoking and dementia for causality, in the present study, we applied a Mendelian randomization
framework. We �rst tested for replication of the reported association between smoking and cognitive status in our US nationally representative
aging cohort study sample. We next evaluated whether polygenic predisposition to smoking was a valid instrumental variable for smoking status in
two genetic ancestry groups. Then we deployed the two-sample Mendelian randomization to test an inferred causal relationship between smoking
and dementia status.

Results
Sample descriptive statistics

The analytic sample included 11242 participants in the Health and Retirement Study (HRS) Wave 2010 with complete covariate information. Our
analytic sample was younger, with lower proportions of never smokers and abnormal cognition compared to the excluded sample (n = 10786)
(Supplementary Table 1). Table 1 shows characteristics of our primary analytic sample (European genetic ancestry n = 8741, African genetic
ancestry n = 2501). Distributions of all covariates differed between the European and African genetic ancestry groups, except for proxy status on
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the cognitive test. Speci�cally, the European ancestry sample had lower proportions of current smokers, abnormal cognition, and chronic health
conditions.

Within the European genetic ancestry sample, age, sex, educational attainment, ever drinking alcohol, body mass index, depression score, and
histories of stroke, hypertension, and diabetes were associated with both the outcome (cognitive status) and exposure (smoking status) and were
treated as covariates in further adjusted models. Proxy respondent status, the number of impaired activities of daily living, and instrumental
activities of daily living were also associated with cognitive impairment, though they may be a consequence of impaired cognition. Thus, we did
not include those variables in our regression analyses (Table 2).

Assessment of genetic instrumental variable for smoking

Persons with higher polygenic scores for smoking were more likely to have smoked in the European ancestry sample (Table 3). A one standard
deviation increase in smoking polygenic score was associated with 1.33 (95%CI: 1.26, 1.40) times higher odds of former smoking and 1.52 (95%CI:
1.41, 1.63) times higher odds of current smoking, relative to never smoking, after adjusting for age, sex, years of education and �ve ancestry-
speci�c genetic principal components. Formal test statistics con�rmed smoking polygenic score as a valid instrument for smoking status
(improvement c2: former smoking (126.2 > 10), current smoking (127.0 > 10)).

In the European genetic ancestry sample, polygenic score for smoking was not associated with cognitive status (Table 4), which is an important
assumption of Mendelian randomization. A one standard deviation increase in smoking polygenic score was not associated (OR = 1.02, 95%CI:
0.93, 1.11) with odds of cognitive impairment non-dementia relative to normal cognition in current and never smokers, adjusting for age, sex, years
of education, and �ve ancestry-speci�c genetic principal components. With adjustment of smoking status, this association remained non-
signi�cant (OR = 1.02, 95%CI: 0.93, 1.11). Together, these �ndings suggest the polygenic score for smoking is a valid genetic instrumental variable
for smoking in relation to cognitive status.

Association between smoking status and cognitive status

Multivariable logistic regression analysis showed current smoking status was associated with cognitive impairment non-dementia in the European
genetic ancestry sample (Table 5). In the primary adjusted model, current smokers relative to never smokers had 1.62 (95%CI: 1.29, 2.02) times
odds of cognitive impairment non-dementia relative to normal cognition. This association became attenuated after additional adjustment for
health status (OR = 1.43, 95%CI: 1.12, 1.81). According to population attributable fraction analysis, in our sample, 11.37% of the cognitive
impairment non-dementia cases were attributed to current smoking. No association was observed between current smoking and dementia, or
between former smoking and cognitive status.

Using two sample Mendelian randomization analyses with GWAS summary statistics, we observed a causal relationship between smoking
initiation and Alzheimer’s type dementia (MR-Egger: OR = 1.021, 95%CI: 1.017, 1.025, nSNP = 7,193,484). Thus, smoking initiation in the European
genetic ancestry sample may be causally associated with 1.021 times higher odds of Alzheimer’s type dementia. As a sensitivity analysis, we also
performed a one-sample Mendelian randomization conducted within our HRS sample. However, the association between current smoking and
cognitive impairment non-dementia was no longer signi�cant in the one-sample Mendelian randomization framework (OR = 1.06, 95%CI: 0.78,
1.45). This non-causal result was different from the association estimate (without any genetic factors) statistically (p for heterogeneity = 0.48).
Comparing with the two-sample Mendelian randomization results, the one-sample result showed a similar, weak, positive estimate, but with a wider
con�dence interval.

Sensitivity Analyses

In the European genetic ancestry sample, there was a weak but signi�cant positive correlation between smoking polygenic score and Alzheimer’s
disease polygenic score (r = 0.05, p < 0.01), suggesting one or more pleiotropic genes affect smoking status and cognition simultaneously. To
address this, we assessed using the primary smoking SNP (rs16969968) as an instrumental variable. The presence of the rs16969968[A] allele was
not associated with smoking status, indicating the SNP was not a valid instrument for smoking status in this sample (Supplementary Table 2). As
a negative control check, in the European subsample of never smokers only (n = 3691), smoking polygenic score was not associated with cognitive
status (Supplementary Table 3). To assess the age speci�city of our results we restricted analyses to participants between ages 60 and 90.
Regression and Mendelian randomization results were similar in the older population to the full sample (Supplementary Table 4).

In the African genetic ancestry sample (n = 2501), we also found similar positive association between smoking polygenic score and smoking
status. A one standard deviation increase in smoking polygenic score was associated with 1.22 (95%CI: 1.09, 1.38) times higher odds of former
smoking and 1.26 (95%CI: 1.10, 1.45) times higher odds of current smoking, relative to never smoking, after adjusting for age, sex, years of
education and �ve ancestry-speci�c genetic principal components. However, no associations were observed between smoking status and cognitive
status in logistic regression analyses, so no further one-sample Mendelian randomization analyses were performed (Supplementary Table 5).

Discussion
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This Mendelian randomization analysis was conducted among older adults from the Health and Retirement Study in the 2010 wave. Consistent
with prior results, in the European ancestry sample, after adjusting for age, sex, years of education, and �ve ancestry-speci�c genetic principal
components, we observed a positive association between current smoking and cognitive impairment-non dementia (OR = 1.62, 95%CI: 1.29, 2.02).
This is one of the �rst studies using a genome-wide polygenic score as an instrument (cumulative genetic risk for smoking) with a Mendelian
randomization framework to examine the inferred causal relationship between smoking and cognitive status. Two sample Mendelian
randomization results showed a causal relationship between smoking initiation and late-onset Alzheimer’s type dementia (MR-Egger: OR = 1.021,
95%CI: 1.017, 1.025, nSNP = 7,193,484). These �ndings suggest current smoking may be causally associated with cognitive impairment.

Our multivariable regression association observed between current smoking and cognitive impairment-non dementia in the European ancestry
sample was consistent with previous studies 19–21. Smokers may have elevated chronic oxidative stress in the brain and other organ systems,
which may trigger the dementia-pathophysiological processes. Computed tomography and magnetic resonance based studies also found
supportive evidence of abnormalities in brain morphology, perfusion and neurochemistry in smokers 22. Our null associations between former
smoking and cognitive impairment were also similar to previous studies 23,24. Although there are several hypothesized pathways through which
smoking may in�uence cognitive function, we were not able to identify speci�c mechanisms in this study.

It is crucial to follow up association studies with methods to assess causality, such as Mendelian randomization. Informed by prior association
studies, in coronary artery disease for example, Mendelian randomization provided evidence for a causal relationship with low density lipoprotein
levels 25, as well as importantly showed no causal relationship with C-reactive protein 26. In Alzheimer’s dementia speci�cally, Mendelian
randomization studies provided evidence that body mass index is not a causal risk factor 16,17. Identifying causal and non-causal factors can help
direct limited public health prevention resources to causal factors as well as inform mechanisms of disease.

In this study, we used both two-sample and one-sample Mendelian randomization models to evaluate causality to balance power and
assumptions. By incorporating data from multiple sources including large consortia, two-sample Mendelian randomization provides an opportunity
to substantially increase the statistical power of the test. The MR Egger regression method used in our analyses also has the advantage of
allowing one or more genetic variants to have pleiotropic effects.27 With the two sample Mendelian randomization, we observed a causal
relationship between smoking initiation and late-onset Alzheimer’s type dementia (MR-Egger: OR = 1.021, 95%CI: 1.017, 1.025, nSNP = 7,193,484).
Given that summary statistics used in the two-sample Mendelian randomization were from published large GWAS consortia, it is possible that the
instrument-exposure and instrument-outcome datasets partially overlap if studies participated in both consortia. Partially overlapping samples
might introduce weak instrument bias, which is towards the exposure-outcome estimate 27. Our one-sample Mendelian randomization was less
powered, as our analyses were restricted to the HRS sample data. We observed a similar estimate with the one-sample Mendelian randomization
analysis using Wald-type/ratio method, but a much wider con�dence interval (OR = 1.06, 95%CI: 0.78, 1.45). To better understand the potential
reasons for the difference between the two-sample and one-sample results, we further performed a thorough evaluation of several assumptions to
assess the validity of the one-sample method. We performed formal tests to assess the smoking polygenic score as a valid instrument for smoking
status in the European ancestry sample. We observed that this relevance assumption was met. Although the independence and exclusion
restriction assumptions cannot be tested pragmatically, we made several attempts to test for potential violation. First, we performed a negative
control analysis among never smokers that supported the satisfaction of these two assumptions. However, the signi�cant association between
smoking polygenic score and Alzheimer’s disease polygenic score suggested the existence of pleiotropy. This possible violation of the exclusion
restriction may be an issue, given evidence showing that the smoking polygenic score was also associated with multiple confounders such as
history of hypertension and stroke, body mass index, and depression score (Supplementary Fig. 1). Taken as a whole, we are limited to testing
inferred causality in this study sample using Mendelian randomization methods.

This study has several strengths. First, studies examining smoking status and cognitive function in the context of genetics are limited, and thus our
�ndings contribute to an important, yet sparse, literature. Second, instead of using a single SNP, which only accounts for a very small fraction of
variability of the incidence of the disease or behavior, we used multiple variants (summarized in a polygenic score) to increase the amount of
variation explained, and thus, increased the power of testing our hypotheses 28. Additionally, we included large, representative samples of two
genetic ancestry groups in our study, which is important given that non-European ancestries are unrepresented in genetic studies 29. The inferred
causal association between current smoking and cognitive impairment was found in the European ancestry sample only, so our results might have
limited generalizability to other ancestral groups 29. We had a relatively small sample of African genetic ancestry participants (African genetic
ancestry n = 2501 versus European genetic ancestry n = 8741). Thus, we were not surprised by the null association observed in the African ancestry
sample. A similar study should be replicated in an African genetic ancestry sample with a larger sample size.

Selective survival is a concern for both dementia and smoking. Smokers may die prematurely from other smoking-related diseases before
developing dementia. To address this, we excluded participants older than age 90 and the oldest birth cohort, focusing our analyses on younger
participants. Within the Health and Retirement Study, the genotyped respondents were longer-lived as compared with their non-genotyped
respondents 30. The development of other smoking-related morbidity, such as cardiovascular diseases and cancer, may also impede participation
in the longitudinal Health and Retirement Study. Thus, our sample might be biased toward healthier smokers – individuals who survived or did not
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experience signi�cant smoking-related morbidity, and the smoking-dementia relationship was likely underestimated. This potential survival bias
could also explain the null association between smoking and dementia found in our European sample (OR = 1.13, 95%CI: 0.66, 1.87).

Several limitations to this work are worth noting. First, although we attempted to account for confounding and population strati�cation, we are
cautious about the �ndings. Future studies are warranted to replicate out �ndings in other cohorts and study populations. Second, cumulative
genetic risk scores are subjective to weak instrument bias, meaning that if only one of the genetic variants is not a valid instrumental variable, the
causal estimate will be biased and false positive error rates will be in�ated 31. Third, cognitive status is not as well-de�ned as other more explicitly
de�ned variables, such as smoking status, and was examined at only one time point, which almost certainly does not completely account for the
lifetime variation in the trait instrumented by the genes. Next steps should include examining cognitive trajectories and dementia incidence. Results
could also be strengthened by using more expansive smoking variables (such as number of cigarettes consumed or duration of smoking), and a
longitudinal assessment of incident dementia.

Smoking behaviors are partially modi�able, which can be effectively altered, and promote a healthier aging population. Our study provided
evidence to support a positive association between current smoking and cognitive impairment, and a causal relationship between smoking
initiation and Alzheimer’s type dementia. The null effect of former smoking suggests, while preliminary, a plausible protective effect of smoking
cessation. Promotion of smoking cessation could be an effective strategy for lowering dementia prevalence over time at the population level.

In conclusion, in a cross-sectional analysis of the Health and Retirement Study, we observed current smoking was associated with cognitive
impairment in older European ancestry adults, which is consistent with prior research. We conducted a two-sample Mendelian randomization
analysis and observed an inferred causal relationship between smoking and impaired cognition. Interventions targeting contributing, confounding,
or mediating pathways of this association may help attenuate the risk of cognitive impairment. Additional studies on dose and time-span effect of
smoking behaviors on cognitive impairment are critically needed, as well as larger studies in diverse genetic ancestry study samples. Cessation of
smoking is critical for public health more broadly, as well as cognitive health more speci�cally, shown here.

Methods

Study population and design
This cross-sectional study used the 2010 wave of the Health and Retirement Study, a publicly available national longitudinal panel study of
individuals aged over 50 in the US 32. The Health and Retirement Study has collected data on health and economic information related to aging
every two years since 1992 and more than 43,000 individuals have participated to date 33.

Detailed sample selection steps are shown in Supplementary Fig. 2. Since the risk factors and underlying neuropathological features of dementia
are considerably different for people aged under 50 or over 90 34, we excluded participants who were in these age groups, as well as those in the
Asset and Health Dynamics among the Oldest Old and Children of the Depression study, the two oldest cohorts of the Health and Retirement Study
35. Given the characteristics of progressive and irreversible cognition decline, we excluded individuals with reversed cognition, who were classi�ed
as normal cognition in 2010 but dementia in 2008, to minimize misclassi�cation of cognitive status. To avoid potential recall bias, we also
excluded those self-reported never smoking in 2010 but reported former or current smoking in 2008.

Cognitive status assessment
The main outcome variable in this analysis, cognitive status, was categorized in three levels as normal, cognitive impairment-non dementia, or
dementia. The categorization method depended on whether the respondent could participate in the interview themselves or required a proxy
respondent due to physical or cognitive problems. Self-respondent categories were based on a 27-point scale, according to participants’
performance on a series of cognition tests, including immediate and delayed 10-noun free recall, serial 7 subtraction, and backward count from 20
36. The proxy-respondent categories were based on an 11-point scale, using the proxy’s assessment of the respondent’s memory, whether the
respondent had limitations in instrumental activities of daily living, and whether the respondent had di�culty completing the interview because of a
cognitive limitation. Cognitive status cut points were established by Crimmins et al. and have been validated clinically and empirically with an area
under curve score of 0.84 37. All cognition-related data were retrieved from the cross-wave imputation of cognitive functioning data provided by the
Health and Retirement Study 38.

Exposure assessment and covariates
Smoking status was self-reported and classi�ed into never, former, and current smoking 39. Smoking was de�ned as more than 100 cigarettes in a
respondent’s lifetime (do not include pipes or cigars).

Other covariates used in our analysis included demographic characteristics, behavioral risk factors, and chronic health conditions. Age (years) was
calculated by current wave year minus self-reported year of birth. Sex (male/female), years of education, proxy status (self/proxy-respondent), body
mass index (kilograms/meters2), alcohol consumption (ever drinking yes/no), and histories of hypertension, diabetes, and stroke (yes/no) were
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self-reported. Center for Epidemiologic Studies of Depression (CESD) score of depressive symptoms was based on self-reported feelings in the past
week (the higher the score, the more negative the respondent’s feelings). Activities of daily living (ADL) and instrumental activities of daily living
(IADL) were self/proxy-reported according to proxy status, representing number of di�culties in performing two sets of tasks (ADL: bathing, eating,
dressing, walking across a room, and getting in or out of bed; IADL: using a telephone, taking medication, handling money, shopping, and preparing
meals). All variables were assessed at the 2010 wave and retrieved from the RAND Health and Retirement Study Longitudinal File 39.

Genetic data
Respondents provided saliva samples after reading and signing a consent form during an enhanced face-to-face interview. Genotype measures
were obtained using the Illumina HumanOmni2.5 BeadChip and genotyping was conducted by the Center for Inherited Disease Research. Genotype
data that passed initial quality control were released to and analyzed by the Quality Assurance/Quality Control analysis team at the University of
Washington. Details of the genotype collection and quality control are available elsewhere 40.

We used a polygenic score for smoking as the instrumental variable in our primary analysis. A polygenic score is a single quantitative measure of
genetic risk, which aggregates multiple individual loci across the human genome and weights them by effect sizes derived from a GWAS. The
smoking polygenic scores were created using SNPs and weights identi�ed by a 2019 GWAS meta-analysis conducted by the GWAS & Sequencing
Consortium of Alcohol and Nicotine use (GSCAN)10. The Alzheimer’s disease polygenic scores used in sensitivity analysis were created using
results from a 2019 GWAS conducted by Kunkle et al. excluding the APOE region 41. All the polygenic scores were standardized to a standard
normal curve (mean = 0, standard deviation = 1) within genetic ancestry groups.

Genetic ancestry was identi�ed through the union of self-reported race/ethnicity and principal component analysis on genome-wide SNPs
calculated across all participants. Ancestry-speci�c genetic principal components were created in each ancestry sample by another principal
component analysis to adjust for hidden population structure within ancestry. A binary variable of APOE-ε4 allele carrier (having at least one copy
of the ε4 allele, yes/no), and a categorical variable of smoking susceptibility rs16969968[A] carrier (0/1/2 copies) were derived from the imputed
genetic data in the Health and Retirement Study which used a worldwide 1000 Genomes Project reference panel (phase I) 42. All genetic data were
downloaded from published datasets by the Health and Retirement Study 43.

Statistical analyses
Analyses were carried out separately for European and African genetic ancestry groups. We used the χ2 test and analysis of variance as
appropriate to examine differences in baseline characteristics across included/excluded samples, different ancestry groups, exposure and outcome
groups. Linear regression analysis was used to examine the associations of smoking polygenic score with other covariates.

An ordinal logistic regression was tried �rst to assess the proportional association between the three-level smoking and cognition variables.
However, we observed a violation of the proportional odds assumption at all variables, except the smoking polygenic score, indicating
heterogenous associations across different levels of smoking and cognitive status. Thus, we performed multivariable logistic regressions in four
subsets of each ancestry sample, using never smoking and normal cognition as the reference groups. Primary models were adjusted for age, sex,
years of education, and �ve ancestry-speci�c genetic principal components. Additional adjustment included dementia risk factors that were
associated with smoking status. The results were presented as odds ratios (ORs) and 95% con�dence interval (95%CIs). Population attributable
fractions were also calculated for signi�cant associations. P value < .05 was considered for statistical signi�cance if not speci�ed. Our primary
analyses were in the European ancestry. The conceptual directed acyclic graph and study subsets are shown in Fig. 1.

Late-onset Alzheimer’s disease is the most common form of dementia and may contribute to 60–70% of cases 34. Thus, we used late-onset
Alzheimer’s disease as the outcome phenotype for our two-sample Mendelian randomization study. We performed the two-sample Mendelian
randomization analysis using the summary statistics from the same two GWASs (2019 GSCAN smoking10 and 2019 Kunkle Alzheimer’s disease41)
that were used for polygenic score construction. We used the Mendelian randomization-Egger (MR-Egger) method 44, which implemented an
adaption of Egger regression in Mendelian randomization study to allow for pleiotropic effects, with all overlapped SNPs in these two GWASs. We
assumed that samples from these two GWASs were independent and no pruning of SNPs in linkage disequilibrium was performed. Mendelian
Randomization results were also presented as ORs and 95%CIs. The two-sample Mendelian randomization was performed using the R package
TwoSampleMR (version 0.5.6) 45.

Sensitivity analyses
We used the R package MendelianRandomization (version 0.4.2) 46 to conduct an one-sample Mendelian randomization analysis, where the
association of genetic variant with the exposure and with the outcome are estimated in the same sample 47, to examine whether smoking
polygenic score was associated with cognitive status through its associations with smoking status. To evaluate the strength of the instrument, we
used improvement χ2 from the �rst-stage logistic regression, with values greater than 10 being taken as evidence against weak instruments 27.
Wald-type ratio estimators were used to calculate the causal effect of smoking on cognitive status and the Delta method was used to estimate
standard errors 27. To evaluate heterogeneity, we compared results from the Mendelian randomization analyses with standard logistic regression
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using interaction tests 48. Mendelian randomization methods are based on the following three assumptions: 1) relevance assumption: the genetic
variants associate with the risk factor of interest; 2) independence assumption: there are no unmeasured confounders of the association between
genetic variants and outcome; 3) exclusion restriction: the genetic variants affect the outcome only through the effect on the risk factor of interest
27. To test the robustness of the observed associations, we performed several sensitivity analyses to assess the potential violation of these
assumptions. To check for pleiotropy, we tested for associations between the smoking polygenic score and general cognition polygenic score in our
study sample. We also used a single SNP (rs16969968) as an instrumental variable instead to re-evaluate its associations with cognitive status.
We further examined the association between smoking polygenic score and cognitive status in never smokers only, which served as a negative
control.

The apolipoprotein E (APOE) ε4 allele polymorphism is by far the strongest independent genetic risk factor for dementia 49. We added in APOE-ε4
allele carrier as a precision variable in our sensitivity analysis to reduce the standard errors of the regression models and hence shrink con�dence
intervals on coe�cients of interest. Finally, we repeated our standard logistic regression analyses in an older population (age ≥60 and ≤90).

All analyses were conducted in R version 3.5.1 50. Code to produce all analyses in this manuscript are available (https://github.com/bakulskilab).
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Tables
Table 1. Characteristics of study sample participants (n = 11242) strati�ed by genetic ancestry, Health and Retirement Study, Wave 2010a
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  Overall European ancestry African ancestry  
P-valueb

 

    n = 11242      n = 8741      n = 2501    

Categorical Variables [Count (Frequency)]          

Smoking status at Wave 2010                                      <0.001*  

Never 4659 (41.4%) 3691 (42.2%) 968 (38.7%)  

Former 4768 (42.4%) 3823 (43.7%) 945 (37.8%)  

Current 1815 (16.1%) 1227 (14.0%) 588 (23.5%)  

Cognitive Status at Wave 2010                                      <0.001*  

Normal 9307 (82.8%) 7654 (87.6%) 1653 (66.1%)  

Cognitive Impairment-Non Dementia 1572 (14.0%) 894 (10.2%) 678 (27.1%)  

Dementia 363 (3.23%) 193 (2.21%) 170 (6.80%)  

Sex (Female) 6307 (56.1%) 4802 (54.9%) 1505 (60.2%)  <0.001*  

Stroke history (Yes) 718 (6.39%) 502 (5.75%) 216 (8.64%)  <0.001*  

Hypertension history (Yes) 6492 (57.8%) 4723 (54.1%) 1769 (70.8%)  <0.001*  

Diabetes history (Yes) 2308 (20.5%) 1597 (18.3%) 711 (28.5%)  <0.001*  

Drink status (Ever drinker) 6603 (58.7%) 5342 (61.1%) 1261 (50.4%)  <0.001*  

Proxy status (Self-respondent) 11039 (98.2%) 8573 (98.1%) 2466 (98.6%) 0.10  

APOE-ε4 allele carrier (Yes) 2678 (28.7%) 1981 (26.4%) 697 (38.0%)  <0.001*  

Copies of rs16969968[A] allele                                       <0.001*  

0 4657 (52.9%) 3084 (43.8%) 1573 (89.3%)  

1 3379 (38.4%) 3197 (45.4%) 182 (10.3%)  

2  773 (8.78%) 767 (10.9%)  6 (0.34%)   

Continuous Variables [Mean (SD)]          

Age (yrs) 65.0 (8.93) 65.8 (8.86) 62.2 (8.62)  <0.001*  

School years (yrs) 13.2 (2.54) 13.4 (2.44) 12.4 (2.69)  <0.001*  

Body Mass Index (kg/m2) 28.9 (6.22) 28.4 (5.89) 30.5 (7.03)  <0.001*  

Activities of daily living 0.26 (0.80) 0.22 (0.71) 0.43 (1.01)  <0.001*  

Instrumental activities of daily living 0.22 (0.72) 0.19 (0.66) 0.34 (0.86)  <0.001*  

CESD score 1.36 (1.93) 1.22 (1.87) 1.83 (2.07)  <0.001*  

Abbreviations: APOE, Apolipoprotein E; CESD, Center for Epidemiological Studies Depression; SD, Standard Deviation.   

Notes:

[a] All the statistics including count, frequency, mean, SD, and P value were calculated based on non-missing data for each variable.

[b] The overall P value was calculated from chi-square test or analysis of variance for categorical or continuous variables as appropriate,
interpreted as differences between groups.  

           

Table 2. Bivariate characteristics strati�ed by cognitive or smoking status, Health and Retirement Study, Wave 2010, European ancestry sample (n =
8741)a
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    Cognitive Status   Smoking Status

  Overall Normal Impaired Dementia P-valueb   Never Former Current P-valueb

     n =
8741  

   n =
7654  

   n =
894   

   n =
193   

     n =
3691  

   n =
3823  

   n =
1227  

Categorical Variables [Count
(Frequency)]

                 

Smoking status                                                  <0.001*   -

Never 3691
(42.2%)

3315
(43.3%)

311
(34.8%)

 65
(33.7%)

 

Former 3823
(43.7%)

3307
(43.2%)

412
(46.1%)

104
(53.9%)

 

Current 1227
(14.0%)

1032
(13.5%)

171
(19.1%)

 24
(12.4%)

 

Sex (Female) 4802
(54.9%)

4325
(56.5%)

395
(44.2%)

 82
(42.5%)

 <0.001*   2323
(62.9%)

1803
(47.2%)

676
(55.1%)

 <0.001*

Stroke (Yes) 512
(5.86%)

344
(4.49%)

110
(12.3%)

 58
(30.2%)

 <0.001*   176
(4.77%)

245
(6.41%)

 91
(7.42%)

 <0.001*

Hypertension (Yes) 4723
(54.1%)

4033
(52.8%)

553
(61.9%)

137
(71.4%)

 <0.001*   1911
(51.8%)

2217
(58.1%)

595
(48.5%)

 <0.001*

Diabetes (Yes) 1597
(18.3%)

1319
(17.2%)

230
(25.7%)

 48
(24.9%)

 <0.001*   650
(17.6%)

759
(19.9%)

188
(15.3%)

0.001*

Drink status (Ever drinker) 5342
(61.1%)

4887
(63.8%)

411
(46.0%)

 44
(22.8%)

 <0.001*   2074
(56.2%)

2528
(66.1%)

740
(60.3%)

 <0.001*

Proxy status (Self-
respondent)

8573
(98.1%)

7595
(99.2%)

864
(96.6%)

114
(59.1%)

 <0.001*   3637
(98.5%)

3734
(97.7%)

1202
(98.0%)

0.02*

APOE-ε4 allele carrier
(Yes)

1981
(26.4%)

1658
(25.4%)

246
(30.9%)

 77
(43.0%)

 <0.001*   826
(25.9%)

901
(27.0%)

254
(26.0%)

0.57

Copies of rs16969968[A]
allele

                                                0.65                                       0.65

0 3084
(43.8%)

2688
(43.8%)

325
(43.4%)

 71
(42.3%)

  1298
(43.5%)

1371
(43.8%)

415
(44.6%)

1 3197
(45.4%)

2771
(45.2%)

351
(46.9%)

 75
(44.6%)

  1343
(45.0%)

1436
(45.8%)

418
(44.9%)

2 767
(10.9%)

673
(11.0%)

 72
(9.63%)

 22
(13.1%)

  344
(11.5%)

326
(10.4%)

 97
(10.4%)

Continuous Variables
[Mean (SD)]

                   

Age (yrs) 65.8
(8.86)

65.1
(8.67)

70.2
(8.60)

73.6
(7.77)

 <0.001*   65.5
(8.78)

67.3
(8.71)

62.1
(8.36)

 <0.001*

School years (yrs) 13.4
(2.44)

13.7
(2.30)

11.9
(2.65)

11.6
(3.18)

 <0.001*   13.8
(2.40)

13.4
(2.48)

12.6
(2.23)

 <0.001*

Body Mass Index (kg/m2) 28.4
(5.89)

28.5
(5.83)

28.1
(6.32)

26.1
(5.53)

 <0.001*   28.4
(5.87)

28.8
(5.91)

26.9
(5.65)

 <0.001*

Activities of daily living 0.22
(0.71)

0.16
(0.59)

0.40
(0.88)

1.52
(1.90)

 <0.001*   0.17
(0.64)

0.24
(0.75)

0.28
(0.78)

 <0.001*

Instrumental activities of
daily living

0.19
(0.66)

0.12
(0.45)

0.35
(0.81)

2.24
(2.05)

 <0.001*   0.14
(0.59)

0.21
(0.73)

0.25
(0.66)

 <0.001*

CESD score 1.22
(1.87)

1.14
(1.81)

1.75
(2.13)

2.50
(2.29)

 <0.001*   1.07
(1.71)

1.16
(1.81)

1.88
(2.34)

 <0.001*

Smoking polygenic risk
score

0.01
(0.99)

0.00
(0.99)

0.06
(1.03)

0.14
(1.00)

0.03*   -0.16
(0.97)

0.08
(0.98)

0.25
(1.03)

 <0.001*

AD polygenic risk score 0.01
(1.00)

-0.01
(1.00)

0.14
(1.03)

0.02
(1.04)

0.001*   0.01
(1.02)

0.00
(1.00)

0.07
(0.98)

0.17
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Abbreviations: AD, Alzheimer’s disease; APOE, Apolipoprotein E; CESD, Center for Epidemiological Studies Depression; SD, Standard Deviation

Notes:

[a] All the statistics including count, frequency, mean, SD, and P value were calculated based on non-missing data for each variable.

[b] The overall P value was calculated from chi-square test or analysis of variance for categorical or continuous variables as appropriate,
interpreted as differences between groups.

 

Table 3. Associations between polygenic risk score for smoking and smoking status, Health and Retirement Study, Wave 2010, European ancestry
sample (n = 8741)a

  Impaired Cognition & Normal Sample   Dementia & Normal Sample   Overall Sample

  N OR (95 CI%) Improvement
C2 b

  N OR (95 CI%) Improvement
C2

  N OR (95 CI%) Improvement
C2

Former
vs. Never

                           

Crude 7345 1.28 (1.22,
1.34)

-   6791 1.28 (1.21,
1.34)

-   7514 1.29 (1.23,
1.35)

-

Adjustedc 7345 1.32 (1.26,
1.39)

118.1   6791 1.32 (1.25,
1.39)

109.2   7514 1.33 (1.26,
1.39)

126.2

Current
vs. Never

                           

Crude 4829 1.51 (1.41,
1.62)

-   4436 1.52 (1.41,
1.63)

-   4918 1.52 (1.42,
1.63)

-

Adjusted 4829 1.51 (1.41,
1.63)

123.6   4436 1.61 (1.40,
1.64)

107.0   4918 1.52 (1.41,
1.63)

127.0

Abbreviations: CI, Con�dence Interval; OR, Odds Ratio

Notes:

[a] All the values were based on results from standard logistic regression analyses in each sample, in which "never smoking" was used as the
reference group. 

[b] Calculated by 2*(log likelihood of full model - log likelihood of reduced model). Statistics larger than 10 indicates a valid instrument in
convention.

[c] Adjusted for age, sex, education and �ve ancestry-speci�c principal component sets.

 

Table 4. Associations between polygenic score for smoking and cognitive status, Health and Retirement Study, Wave 2010, European ancestry
sample (n = 8741)a
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    Impaired Cognition vs. Normal   Dementia vs. Normal

    Former vs. Never Current vs. Never   Former vs. Never Current vs. Never

    N OR (95 CI%) N OR (95 CI%)   N OR (95 CI%) N OR (95 CI%)

Total effect of smoking polygenic
score

                       

Crude   7345 1.06 (0.98,
1.14)

4829 1.05 (0.95,
1.15)

  6791 1.16 (0.99,
1.36)

4436 1.02 (0.83,
1.27)

Adjusted (demographic)b 7345 1.02 (0.93,
1.11)

4829 1.03 (0.93,
1.14)

  6791 1.11 (0.94,
1.32)

4436 1.00 (0.80,
1.26)

Adjusted (health status)c 7191 1.01 (0.93,
1.11)

4723 1.02 (0.91,
1.13)

  6590 1.04 (0.83,
1.31)

4326 0.97 (0.73,
1.28)

Adjusted (AD genetics)d 5856 1.02 (0.92,
1.12)

3772 1.03 (0.91,
1.16)

  5353 1.00 (0.78,
1.29)

3440 0.96 (0.69,
1.33)

Direct effect of smoking polygenic score (adjusting for smoking
status)

                 

Crude   7345 1.04 (0.96,
1.13)

4829 1.00 (0.91,
1.10)

  6791 1.13 (0.97,
1.32)

4436 1.01 (0.82,
1.25)

Adjusted (demographic) 7345 1.02 (0.93,
1.11)

4829 0.99 (0.89,
1.10)

  6791 1.11 (0.93,
1.31)

4436 0.99 (0.79,
1.25)

Adjusted (health status) 7191 1.01 (0.92,
1.11)

4723 0.99 (0.89,
1.10)

  6590 1.05 (0.84,
1.33)

4326 0.98 (0.73,
1.30)

Adjusted (AD genetics) 5856 1.02 (0.92,
1.12)

3772 1.00 (0.88,
1.12)

  5353 1.01 (0.78,
1.30)

3440 0.97 (0.70,
1.36)

Abbreviations: AD, Alzheimer’s disease; APOE, Apolipoprotein E; CESD, Center for Epidemiological Studies Depression; CI, Con�dence Interval; OR,
Odds Ratio; PGS, polygenic risk score

Notes:

[a] All the values were based on results from multivariable logistic regression in each sample, in which "never smoking" and "normal cognitive
status” were used as the reference groups. 

[b] Adjusted for age, sex, years of education and �ve ancestry-speci�c principal component sets.

[c] Adjusted for ever drink alcohol, history of stroke, hypertension, diabetes, BMI, and CESD score in addition to variables in [b].

[d] Adjusted for APOE4 allele status and AD PGS in addition to variables in [c].

 

Table 5. Associations between smoking status and cognitive status, Health and Retirement Study, Wave 2010, European ancestry samplea
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  Former vs. Never   Current vs. Never 

    Logistic
Regression

Wald-
type/ratio

P for
heterogeneityb

    Logistic
Regression

Wald-
type/ratio

P for
heterogeneity

  N OR (95% CI) OR (95% CI)   N OR (95% CI) OR (95% CI)

Impaired vs.
Normal

                         

Crude 7345 1.33 (1.14,
1.55)

1.26 (0.92,
1.73)

0.76   4829 1.77 (1.44,
2.15)

1.12 (0.89,
1.41)

0.003*

Adjusted
(demographic)c

7345 0.98 (0.83,
1.16)

1.06 (0.78,
1.45)

0.63   4829 1.62 (1.29,
2.02)

1.07 (0.83,
1.37)

0.01*

Adjusted (health
status)d

7191 1.02 (0.86,
1.22)

1.05 (0.76,
1.44)

0.88   4723 1.43 (1.12,
1.81)

1.04 (0.80,
1.35)

0.06

Adjusted (AD
genetics)e

5856 1.03 (0.85,
1.25)

1.07 (0.75,
1.52)

0.86   3772 1.44 (1.11,
1.87)

1.07 (0.80,
1.42)

0.10

Dementia vs.
Normal

                         

Crude 6791 1.60 (1.18,
2.20)

1.84 (0.97,
3.48)

0.70   4436 1.19 (0.73,
1.88)

1.06 (0.64,
1.76)

0.74

Adjusted
(demographic)

6791 1.13 (0.81,
1.58)

1.47 (0.80,
2.69)

0.45   4436 1.13 (0.66,
1.87)

1.01 (0.58,
1.75)

0.76

Adjusted (health
status)

6590 0.90 (0.57,
1.42)

1.16 (0.51,
2.64)

0.59   4326 0.90 (0.46,
1.70)

0.92 (0.47,
1.81)

0.94

Adjusted (AD
genetics)

5353 0.94 (0.57,
1.55)

1.01 (0.41,
2.52)

0.90   3440 0.82 (0.37,
1.70)

0.90 (0.41,
1.98)

0.84

Abbreviations: CESD, Center for Epidemiological Studies Depression; CI, Con�dence Interval; MR, Mendelian Randomization; OR, Odds Ratio; AD,
Alzheimer’s disease

Notes:

[a] All values were based on results from multivariable logistic regression or Mendelian randomization analyses in each sample, in which "normal
cognitive status" and “never smoking” were used as the reference groups. 

[b] P value represents the statistical signi�cance of the test of heterogeneity between logistic regression and Mendelian randomization.

[c] Adjusted for age, sex, years of education, and �ve ancestry-speci�c principal component sets.

[d] Adjusted for ever drink alcohol, history of stroke, hypertension, diabetes, BMI, and CESD score in addition to variables in [c].

[e] Adjusted for APOE4 allele status and AD PGS in addition to variables in [d].

 

Figures
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Figure 1

Mendelian randomization analyses structure and subsets of study population, Health and Retirement Study, Wave 2010 (n = 11242)a Notes: [a]
Mendelian randomization assumptions: (i) the genetic variant must be associated with the exposure, (ii) the genetic variant must not be associated
with any confounder of the exposure-outcome association and (iii) the genetic variant must be associated with the outcome only via the exposure.
[b] Subsets used in standard logistic regression and Mendelian randomization analyses. All primary models adjusted for age, sex, years of
education, and �ve ancestry-speci�c genetic principal components.
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