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Abstract.
Background: The relationship among neuroticism, smoking, and Parkinson’s disease (PD) is less examined.
Objective: To examine the causal associations between neuroticism, smoking initiation, and the risk of PD.
Methods: We performed a two-sample Mendelian randomization (MR) design in a network framework. Summary statistics
from meta-analyses of genome-wide association studies (GWAS) were based on large cohorts of European ancestry. Study
participants were from various cohort studies for neuroticism and smoking initiation, and case-control studies or cohort
studies of PD from previously published GWAS meta-analyses. Patients with PD were ascertained from either clinical visit
or self-reported.
Results: The two-sample MR analysis showed no evidence for a causal association between neuroticism and PD risk (odds
ratio [OR] 0.86, 95% confidence intervals [CIs] 0.67 to 1.12). While we did not find a significant association between
neuroticism and PD, one SNP, rs58879558 (located in MAPT region), was associated with both neuroticism and PD. We
found a significant association of neuroticism on smoking initiation (OR: 1.10, 95% CI: 1.05 to 1.14). Further, our results
provided evidence for a protective effect of smoking initiation on the risk of PD (OR: 0.75, 95% CI: 0.62 to 0.91).
Conclusion: These findings do not support a causal association of neuroticism on PD risk. However, they provide evidence
for a causal relationship between neuroticism and smoking initiation and a strong causal effect of smoking initiation on a
reduced risk of PD.
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INTRODUCTION

Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disease and the most preva-
lent movement disorder. The vast majority of PD
cases are idiopathic, caused by an interplay of genetic,
environmental and lifestyle factors [1]. The hypoth-
esis that PD is associated with a specific personality
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type is over a century old and supported by sev-
eral observational studies [2, 3]. It has also been
suggested that certain personality traits are present
before PD diagnosis and represent risk factors or a
prodromal stage of PD, but few longitudinal studies
have been performed. In two studies with up to four
decades-long follow-up times, the personality trait
neuroticism was found to precede PD diagnosis [4,
5]. Neuroticism is a personality trait characterized by
an increased tendency to experience negative emo-
tions such as anxiety, sadness, and fear, is relatively
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Fig. 1. Illustration of study design and instrumental variable assumptions underlying Mendelian randomization. In this study, SNPs robustly
associated with an exposure are used as instrumental variables to assess the effect of an exposure on an outcome (dashed lines), which
equals the product of multiplying the potential true effects (represented by solid lines) mediating this estimated association. This figure also
illustrates the assumptions underlying a Mendelian randomization study. 1) The genetic variants are associated with the exposure, which
were tested by previous GWAS studies. 2) The genetic variants are not associated with confounders of the exposure-outcome associations
(lack of solid lines). 3) The only effect of the genetic variants on the outcome must be through the exposure, and not through any direct or
alternative pathways (lack of solid lines). IV, instrumental variable; SNP, single nucleotide polymorphism; PD, Parkinson’s disease

stable throughout life and has a substantial genetic
component [6–8]. Available evidence indicates that
there is no genetic correlation between neuroticism
and PD [9].

There is a well-documented association between
neuroticism and increased smoking behaviours from
observational studies [10, 11] that was suggested
to be causal in a recent Mendelian randomization
(MR) study, although the results were not completely
conclusive [12]. Further, there is an overwhelming
amount of evidence from observational studies show-
ing that smoking is associated with a reduced risk of
PD and there is an ongoing debate on how to interpret
these findings [13–15]. Results from observational
studies analysing the effect of parental smoking as
an instrumental variable (IV) or passive smoking
on PD risk indicate that the association might be
causal [16, 17]. Several alternative theories have
been proposed, including confounding by a low-risk-
taking personality or reverse causation because of a
decreased responsiveness to nicotine during the pro-
dromal phase of PD, making it easier to quit smoking
[18, 19]. Nevertheless, smoking may act as a mediator
that suppresses the observed effects of neuroticism on
PD [4].

Results from observational studies are prone to
confounding, which makes it difficult to establish a
causal relationship, particularly for PD which has a
late onset and a long prodromal period [20]. There-
fore, it is largely unknown whether neuroticism is
causal risk or protective factors for PD, or if they rep-
resent a preclinical phase of PD. MR is an approach
that can control for confounding by using genetic
variants as probes for an exposure of interest. Pro-
vided that the underlying assumptions hold, inference
about causality can be made. In this study, we used
two-sample MR methods to disentangle the causal
associations between neuroticism, smoking, and PD.

MATERIALS AND METHODS

Study design

We conducted a two-sample MR study using sum-
mary-level statistics from previously published
genome-wide association studies (GWAS) in a
network framework. Three main analyses were per-
formed to explore causal associations between (I)
neuroticism and PD, (II) neuroticism and smoking
initiation, and (III) smoking initiation and PD (Fig. 1).
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Data sets

Single nucleoid polymorphisms (SNPs)
associated with neuroticism

We extracted summary statistics for genetic vari-
ants influencing neuroticism levels identified from
a recent GWAS meta-analysis on neuroticism [9].
This study reported 136 independent genome-wide
significant loci (p < 5×10–8) in a sample of 449,484
individuals of European descent, comprised of data
from the UK Biobank (UKB) (n = 372,903) [21],
23andMe, Inc. (n = 59,206) [22], and Genetics of
personality consortium (GPC) (n = 17,375) [23]. In
the current study, we used summary statistics based
on analyses excluding 23andMe data, as these sum-
mary statistics were publicly available and have no
sample overlap in the two-sample MR analyses.
Information on neuroticism was obtained through
digital questionnaires in all samples: 12 yes/no items
of the Eysenck Personality Questionnaire-Revised
Short form (EPQ-RS) for UKB and 12 five-point
Likert-scale items from the Neuroticism Extraversion
Openness-Five Factor Inventory (NEO-FFI) for GPC.

SNPs associated with smoking initiation
We used publicly available summary statistics

from a recent GWAS meta-analysis of smoking be-
haviors to extract summary statistics of genetic vari-
ants influencing smoking initiation. This is a binary
phenotype defined as having ever been a regular
smoker or not. The study reported 378 independent
genome-wide significant loci (p < 5×10–8) in a sam-
ple of 1,232,091 individuals of European descent
[24].

PD GWAS
We extracted summary statistics of associations

between identified SNPs and PD from a large
GWAS meta-analysis. Datasets included in this meta-
analysis were the same as in a large recent PD GWAS
meta-analysis [9] excluding proxy PD-case data from
the UK Bio Bank and a smaller sample from the Sys-
tem Genomics of Parkinson’s Disease (SGPD) whose
data were not shared publicly. The data included
23and Me PD case-control summary statistics, which
were provided by 23and Me under an agreement with
23and Me that protects the privacy of the 23and Me
participants. This resulted in GWAS summary statis-
tics data for 36,752 PD cases and 929,806 controls of
European ancestry.

Separate GWAS meta-analyses of PD were per-
formed dependent on definition of PD used (clinical

diagnosis or self-reported). This resulted in a GWAS
meta-analysis involving 9,157 self-reported PD cases
and 822, 855 controls (from 23andMe), and a GWAS
meta-analysis involving 27, 595 clinical diagnosis
PD cases and 106, 951 controls (all other datasets
included in the meta-analysis).

Data extraction and harmonization

After extracting GWAS summary statistics (i.e.,
effect allele, non-effect allele, beta value/log odds
ratio, standard error, and p-value) for each identified
SNP influencing the exposure of interest (neuroti-
cism or smoking initiation), the summary statistics
for the same SNPs were extracted from the GWAS
dataset of the outcome of interest (PD or smoking
initiation). If the SNPs were unavailable in any of the
exposure/outcome GWAS datasets, or if the SNPs
were palindromic (i.e. A/T or G/C), proxy SNPs
that were not palindromic and with an r2 > 0.8 were
identified using LDlink [25]. The SNP-exposure and
SNP-outcome associations were then harmonized to
ensure that the direction of effects reflected the same
alleles.

Estimation of causal effects

We used the inverse variance weighting (IVW)
method as the main method to estimate the causal
effects. The IVW estimate combines the ratio esti-
mate from multiple genetic variants and can be
viewed as a weighted average of ratio estimates of
genetic effects on outcome and exposure for each
SNP [26]. Additional MR methods that allow for dif-
ferent types of genetic pleiotropy and rely on partly
different assumptions were performed to check the
robustness of our findings. The MR-Egger regres-
sion [27] provides less biased effect estimates in the
presence of directional pleiotropy and heterogene-
ity. This is achieved by allowing an intercept term,
unlike the IVW method, which represents the average
pleiotropic effects of the SNPs. The beta coefficient
of the slope from MR-Egger regression may provide
a valid causal estimate even though the SNPs have
pleiotropic effects on the outcome, if they are not
proportional to the SNP-exposure effect. However,
MR-Egger is more sensitive to associations between
SNPs and exposure-outcome confounders and it is
less powerful than the IVW method. We further per-
formed analyses using the weighted median method
[28], which uses the weighted median of the ratios of
association with outcome and exposure for all SNPs.
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The weighted median method may provide robust
estimates even though some of the SNPs are not valid
instrumental variables as long as at least 50% of the
weights come from valid SNPs.

Sensitivity analyses

We plotted the effect estimates with exposure and
outcome for each SNP in order to visually iden-
tify any outliers. Identified outliers with a potential
pleiotropic effect on outcome were removed from
the main analyses. We repeated the analyses by
excluding the use of proxy SNPs. We also performed
separate MR analyses using different definitions of
PD (clinical diagnosis vs self-reported). The p-value
of Cochran’s Q statistic was used to test for het-
erogeneity, whereas the I2 statistic was used to
estimate the degree of heterogeneity. A significant
intercept parameter from the MR-Egger regression
was used as evidence for directional pleiotropy [27].
We also assessed the probable directional pleiotropy
using a funnel plot similar to that which is used
to assess for publication bias in meta-analysis. A
leave-one-out analysis was conducted by removing
a single SNP in turn from the analysis for each
of three associations. The fluctuation of the esti-
mates in response to excluding each genetic variant
reflects the possibility of outlier genetic variant in the
estimation.

We calculated power for the MR analysis of neu-
roticism on PD using an online calculator (https://
shiny.cnsgenomics.com/mRnd/). By assuming the
odds ratio per standard deviation increase of neuroti-
cism score was 1.15 with variance explained by IVs
being 1.3%, the power of current MR analysis was
91%. All analyses were performed in R 3.6.1. We
used the MendelianRandomization package [29] to
perform the MR analyses.

Ethical approval

This study was approved by the Regional Ethical
Board in Stockholm. This study only used summary
level statistics and no individual level data were used.
Informed consent was not required.

Data availability

The GWAS summary statistics can be obtained
from the 23andMe research team under a data transfer
agreement.

RESULTS

Neuroticism and PD risk

Among the 136 neuroticism SNPs, 29 were
unavailable in the PD GWAS and/or palindromic.
We were able to identify 22 proxy SNPs leaving
129 SNPs for analyses (Supplementary Table 1).
MR analyses showed that neuroticism was associ-
ated with a lower risk of PD (odds ratio [OR]: 0.72,
95% confidence interval [CI]: 0.52 to 1.00). How-
ever, the intercept from MR-Egger regression was
statistically different from the null (� = 0.03, 95%CI:
0.01 to 0.06), implying that there might be hori-
zontal pleiotropy for these SNPs. Furthermore, the
Cochran’s Q test for heterogeneity was significant (p-
value = 0.00) with an I2 of 20%. Further, the weighted
median estimate was in the same direction, albeit with
a wider confidence interval (Table 1). We plotted the
effect estimates on neuroticism and PD for each SNP
to visually screen potential outliers (Fig. 2). The SNP
rs58879558 (located in MAPT region, a proxy for
rs77804065, r2 = 1.0) was identified as an outlier with
a potential pleiotropic effect as it was significantly
associated with PD. This SNP was also identified
as an evident outlier in funnel plots used to assess
directional pleiotropy (Supplementary Figures 1 and
2) and in the leave-one-out analysis (Supplementary
Figure 3). As this may violate the MR assumptions, it
was therefore removed. Reanalysis of the remaining
128 SNPs revealed no strong evidence for a causal
effect of neuroticism on PD risk (OR: 0.86, 95% CI:
0.67 to 1.12) (Table 1). The intercept from MR-Egger
regression was not statistically significant, indicating
that there was no evidence for horizontal pleiotropy
for the remaining SNPs.

Neuroticism and risk of smoking initiation

We further examined whether neuroticism was
causally related to smoking initiation. Among the 136
neuroticism SNPs, 24 were missing in the smoking
GWAS and/or palindromic. We were able to iden-
tify 17 proxy SNPs leaving 129 SNPs for analyses
(Supplementary Tables 1 and 2). The 129 SNPs used
as instrumental variables for neuroticism provided
evidence for a causal effect of neuroticism on an
increased risk for smoking initiation using the IVW
method (OR: 1.10, 95% CI:1.05 to 1.14). Results
were consistent with the weighted median method
(OR: 1.10, 95% CI: 1.06 to 1.15). The test of hetero-
geneity was significant, but the I2 of 0.0% indicated

https://shiny.cnsgenomics.com/mRnd/
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Table 1
Associations of neuroticism, smoking initiation, and Parkinson’s disease using three Mendelian randomization methods

Exposure - Outcome # SNPs Method OR (�)∗ 95% CI p

Neuroticism - PD 129 IVW 0.72 0.52 1.00 0.05
Weighted Median 0.92 0.74 1.15 0.48
MR-PRESSO 0.73 0.50 1.05 0.15
MR Eggerslope 0.09 0.02 0.44 0.00
MR Eggerintercept (0.03) 0.01 0.06 0.01

Neuroticism – PD 128† IVW 0.86 0.67 1.12 0.27
Weighted Median 0.94 0.75 1.16 0.55
MR-PRESSO 0.85 0.66 1.11 0.30
MR Eggerslope 0.85 0.22 3.23 0.81
MR Eggerintercept (0.00) –0.02 0.02 0.98

Neuroticism - Smoking Initiation 129 IVW 1.10 1.05 1.14 0.00
Weighted Median 1.10 1.06 1.15 0.00
MR-PRESSO 1.10 1.05 1.13 0.00
MR Eggerslope 0.99 0.81 1.20 0.91
MR Eggerintercept (0.00) –0.00 0.01 0.29

Smoking Initiation – PD 365 IVW 0.75 0.62 0.91 0.00
Weighted Median 0.72 0.58 0.90 0.00
MR-PRESSO 0.74 0.61 0.90 0.00
MR Eggerslope 0.47 0.24 0.92 0.03
MR Eggerintercept (0.00) –0.00 0.01 0.16

∗Estimates are presented as ORs for causal effect estimates and �-values for the MR Egger intercept, which is a measure
of directional pleiotropy. The unit for neuroticism was per standard deviation increase. †Outlier rs58879558 removed. MR,
Mendelian randomization; SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval; PD, Parkinson’s
disease; IVW, inverse variance weighting.

Fig. 2. Scatter plots showing the effect estimates (with 95% confidence intervals) of SNP-neuroticism associations and SNP-PD risk
associations, with (left panel) and without (right panel) outlier. Lines represent the three Mendelian randomization estimates. IVW, inverse
variance weighted method; SNP, single nucleotide polymorphism
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Fig. 3. Scatter plot showing the effect estimates (with 95% confidence intervals) of SNP-neuroticism associations and SNP-Smoking
Initiation associations for all 129 Neuroticism SNPs (left panel). Scatter plot showing the effect estimates (with 95% confidence intervals)
of SNP-smoking initiation associations and SNP-PD risk associations for all 365 smoking initiation SNPs (right panel). Lines represent the
three Mendelian randomization estimates. IVW, inverse variance weighted method; SNP, single nucleotide polymorphism; PD, Parkinson’s
disease; OR, odds ratio; CI, confidence interval.

that the effect was not substantial. No strong evidence
was obtained for horizontal pleiotropy (Intercept
from the MR-Egger regression: 0.00, 95% CI: –0.00
to 0.01). No important outliers were detected in
the scatter plot of effect estimates on neuroticism
and smoking initiation for each SNP (Fig. 3, left
panel). The funnel plot showed that the causal effect
estimates for each SNP were symmetrically spread
around the IVW and weighted median estimate, indi-
cating that these effect estimates were not influenced
by directional pleiotropy. Conversely, the MR-Egger
estimate might have been affected by single influen-
tial SNPs explaining the lack of an effect observed
using the MR-Egger approach (Supplementary Fig-
ure 4). No influential outlier was detected in the
leave-one-out analysis (Supplementary Figure 5).

Smoking initiation and PD risk

Among the 378 SNPs associated with smoking
initiation, 74 were unavailable in the PD GWAS
and/or palindromic. We were able to identify 61 proxy
SNPs leaving 365 SNPs for analyses (Supplementary

Tables 1 and 3). Using the IVW method, we found a
strong association between smoking initiation and a
lower risk of PD (OR: 0.75, 95% CI: 0.62 to 0.91).
Similar results were obtained from the weighted
median method (OR: 0.72, 95% CI: 0.58 to 0.90)
and MR Egger regression (OR: 0.47, 95% CI: 0.24 to
0.92). There was evidence for heterogeneity among
the SNPs in the causal effect of smoking initiation on
PD risk (p-value = 0.008), although the I2 of 15.5%
indicated that the amount of heterogeneity was not
substantial. Further, there was no strong evidence
of horizontal pleiotropy according to the MR Egger
intercept (� 0.00, 95% CI: –0.00 to 0.01). No impor-
tant outliers were detected in the scatter plot of effect
estimates on smoking initiation and PD risk for each
SNP (Fig. 3, right panel). Further, the funnel plot
showed that the causal effect estimates for each SNP
were symmetrically spread around the overall effect
estimates using the IVW, weighted median estimate,
and the MR-Egger method indicating that the results
were not influenced by directional pleiotropy and no
influential outlier SNP was observed (Supplementary
Figures 6 and 7).
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Sensitivity analysis

As a sensitivity analysis, we repeated all analy-
ses excluding proxy SNPs, and the results largely
corroborated the results presented above (Supple-
mentary Table 4). We also analyzed the effects of
neuroticism and smoking initiation on PD risk sep-
arately depending on whether the PD diagnosis was
based on self-report (n = 9,157) or clinical diagnosis
(n = 27,595). The results from these analyses (Sup-
plementary Table 5) were comparable to the main
analyses presented in Table 1.

DISCUSSION

In this study, we used two-sample MR methods
to disentangle the causal associations among neu-
roticism, smoking, and PD using GWAS summary
statistics curated from the latest meta-analyses of
large cohorts of European ancestry. While we did
not find a significant association between neuroti-
cism and PD, one SNP, rs58879558 (located in MAPT
region), was associated with both neuroticism and
PD. Further, we found evidence supporting a causal
association between neuroticism and smoking initia-
tion and smoking initiation was again associated with
reduced risk of PD.

Interpretations in the context of previous research

Neuroticism has previously been associated with
subsequent increased PD risk after adjustment for
age, sex, smoking, education, and frequency of hos-
pital visits. Further, smoking was identified as a
significant mediator that suppressed this association
[4]. Thus, we used a network MR design to esti-
mate the effect of neuroticism on PD risk, as well
as to assess the role of smoking in this relationship.
Although no evidence was found in support of an
effect of neuroticism on PD risk in our MR analysis
as reported in observational studies [4, 5], significant
associations were observed between neuroticism and
smoking initiation, and between smoking initiation
and PD risk. Our MR analyses of smoking initiation
and the risk of PD have a considerable overlap with
previous MR studies on this topic, where smoking
(ever smoker) was associated with a lower risk of PD
[9, 30]. Taken together, the results are in line with
observational evidence of an indirect path between
neuroticism and PD risk through smoking.

In addition to neuroticism, other personality traits
that has been investigated in relation to PD include

openness, extraversion, novelty seeking, harm avoid-
ance, reward dependence, perseverance/persistence
[31–43]. A meta-analysis [44] summarizing these
results found that both higher levels of neuroticism
and lower levels of openness and extraversion were
associated with higher risks of PD. While reward
dependence and persistence showed no significant
results, lower levels of novelty seeking and higher
levels of harm avoidance were also associated with
risks of PD. These studies, taken together, highlighted
the complicated features of personality in the early
diagnosis and prognosis of PD.

Our finding that the association between neuroti-
cism and PD may be due to shared genetics is
consistent with a previous study reporting that neu-
roticism and PD have some overlapping genes [8].
When excluding this variant in the MR analysis, the
magnitude of the association was considerably atten-
uated, implying that genetics play an important role in
the observed associations in conventional epidemio-
logical studies and the variant may exhibit pleiotropic
effects in MR analysis. It is therefore crucial to take
genetic confounding into account when examining
the role of neuroticism in PD.

We found new evidence to support a causal role
of neuroticism in smoking initiation, which is in line
with published observational cohort studies [10]. A
previous MR study using ten SNPs as instrumental
variables for neuroticism reported that neuroticism
was associated with increased odds ratio for smoking
initiation although with a wide confidence inter-
val and statistically not significant [12]. Our study,
empowered with more SNPs as instrumental vari-
ables and a larger sample size for smoking initiation,
updates previous findings and provides additional
evidence for the causal association between them.
These results could be informative for future imple-
mentation of smoking intervention strategies.

We found that smoking initiation was associated
with a reduced risk of PD. This finding is consistent
with previous MR studies that reported a reduced risk
of PD for ever smokers [30] and for smoking initia-
tion [9]. Our findings are also in line with numerous
observational studies consistently showing a reduced
risk of PD in relation to smoking [13]. Several expla-
nations have been suggested for this association,
including residual confounding and reverse causation
such that individuals with prodromal PD are more
likely to quit smoking [18]. However, some findings
from observational studies support a causal effect of
smoking on PD. For example, smoking intensity and
duration are both related to PD risk reduction [14],
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and passive smoking among never smokers has also
been associated with reduced PD risk [17]. Further,
smoking has also been associated with reduced PD
risk in co-twin control studies, reducing confound-
ing due to genetic and familial environmental factors
[45]. Taken together, these findings support the theory
that smoking has a protective effect on PD risk.

Strengths and limitations of the study

A main strength of this two-sample MR study
is the large sample size accrued from GWAS sum-
mary statistics that provided high statistical power
to examine causal relationships between neuroticism,
smoking initiation, and PD. Another advantage is that
the use of genetic variants as a proxy for an exposure
may be a better measure of life-time exposure lev-
els than single measurements. For example, results
from personality tests could be affected by periodic
fluctuations or stochastic influences on personality.

The limitations of this study mainly concern
the general assumptions of MR analysis. The first
assumption that the SNPs used as instrumental vari-
ables must be associated with the exposure is the only
testable assumption. We only used SNPs that were
associated with the exposures at genome-wide sig-
nificance which makes this assumption more likely
to hold. The second assumption is that the SNPs
should not be associated with any confounding fac-
tors between neuroticism, smoking initiation and
PD. MR studies are less vulnerable to confounding
compared to observational studies given the ran-
dom assortment of alleles. However, violation of
this assumption is possible and cannot be ruled out.
One important potential cause of violation to this
assumption is population stratification. However, we
only included data based on participants of Euro-
pean ancestry reducing this potential bias. The third
assumption is that the SNPs should only affect the
outcome through the exposure, i.e., there should be
no pleiotropy. We performed several tests to exam-
ine for potential pleiotropic effects and the SNPs
that violated this MR assumption was removed. The
Cochran’s Q test of heterogeneity was overall sig-
nificant; this may however not be a major concern,
given that the I2 statistic was generally low, the MR
Egger intercept was overall non-significant in our
main analyses, and the Cochran’s Q test is known
to be overpowered when using many SNPs as in
this study. Moreover, we used different MR models
that allow for different types of genetic pleiotropy
and make different assumptions regarding instrument

validity. As these different models produced similar
causal effect estimates, our findings seem to be robust.
In addition, because of the non-significant findings
of the association between neuroticism and PD, our
analysis is unable to estimate whether there is a direct
effect and to assess whether this direct effect may be
in the opposite direction compared to the direct effect.

CONCLUSION

In this study, we found no evidence that genetic
liability to neuroticism is associated with increased
risk of PD, but with an increased tendency to start
smoking regularly. Further, our study provided evi-
dence that genetic liability to smoking initiation is
associated with a reduced risk of PD. Future studies
with large sample sizes containing information on
both smoking phenotypes and PD in the same dataset
with the potential to stratify on smoking status, may
investigate whether smoking heaviness or cessation
are also causally related to PD risk, to increase the
understanding of the relationship between smoking
and PD.
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