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Introduction
Cigarette smoking is a leading cause of premature 
deaths, accounting for about 100 million deaths in 
the 20th century and an estimated 1 billion deaths in 
the 21st century.1 The association between cigarette 
smoking and a significantly increased risk of lung, 
heart, and vascular disease, as well as many cancers, 
is largely indisputable.2 Parkinson’s disease (PD) is 
the second most common neurodegenerative disor-
der that affects 2–3% of elderly people >65 years 
old worldwide,3 which is characterized by bradykin-
esia, resting tremor, and muscular rigidity and other 

non-motor symptoms. A meta-analysis of observa-
tional studies revealed the inverse association 
between cigarette smoking and the risk of PD.4 
Recently, a prospective study further demonstrated 
a causally protective effect of smoking on the risk of 
PD in a 65-year follow-up of 30,000 male British 
doctors.5 However, the mechanism of the inverse 
association between smoking and PD is not fully 
illustrated.

PD is a progressive neurodegenerative disorder 
mainly caused by the degeneration of the 
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dopaminergic neurons within the nigrostriatal 
pathway.6 As a vital part of the nigrostriatal path-
way, the striatum includes the caudate and puta-
men.7 Reduced dopamine transporter (DAT) 
binding is the result of a reduction in the number 
of neurons projecting from the substantia nigra to 
the striatum in PD.8,9 The loss of dopamine neu-
rons results in a substantial reduction of the DAT 
and dopamine levels.10 Chronic cigarette smoking 
results in a dysregulated reward processing, which 
is mediated by neuroadaptations in the mesolimbic 
dopamine system, particularly the striatum.11 
Nicotine is the primary addictive ingredient within 
tobacco, which acts as a presynaptic nicotinic ace-
tylcholine receptors (nAChR) agonist, facilitates 
dopamine release, and makes cigarettes highly 
addictive.12 Nicotine can boost extracellular dopa-
mine levels by binding to nAChR in the striatum, 
and repeated nicotine stimulation may ‘hijack’ 
natural reward circuits by increasing the drive to 
get nicotine.13 Accumulating neuroimaging evi-
dences have consistently shown that cigarette 
smokers exhibited abnormal function in the stria-
tum.14–17 Boosted dopamine levels by nicotine 
effects of chronic smoking in healthy smokers may 
delay or even prevent the onset of PD. Here, we 
speculate that elevated dopamine levels in healthy 
smokers and reduced dopamine levels in PD may 
be the reason for the inverse association between 
cigarette smoking and the risk of PD. DAT is 
responsible for the reuptake of free dopamine from 
the synaptic cleft back into the axonal button.18 
Nicotine stimulates dopamine release,19 which 
may act as the ‘DAT-blockers’ to increase dopa-
mine levels and inhibit the action of DAT. 
Therefore, in this study, we hypothesize that smok-
ers may show decreased striatal DAT binding 
compared with non-smokers. DAT imaging is an 
established diagnostic tool for degenerative parkin-
sonism. To prove this hypothesis, striatal DAT 
binding was compared using DAT imaging among 
PD patients and healthy controls with or without 
regular smoking history from the Parkinson’s 
Progress Markers Initiative (PPMI) cohort.

Meanwhile, several studies reported the harmful 
impact of smoking on PD. For example, smoking 
was associated with global cognitive impairment 
in PD patients, even those who had quit smok-
ing.20 Besides, smoking history showed an inde-
pendent and dose-dependent association with 
impulse control disorders in PD patients.21 
Mounting evidence has demonstrated that ciga-
rette smoking is linked with neurobiological and 

neurocognitive abnormalities.22 Most neuroimag-
ing studies examining the neurobiological conse-
quences of smoking have focused on the volume 
of cortical and subcortical gray matter (GM).23–25 
The most consistently reported brain areas of 
reduced GM volume include the prefrontal cortex 
(PFC), insula, thalamus, and cerebellum.24,26,27 
PFC is critical for cognitive control, which is heav-
ily influenced by dopamine levels.28 Here, we 
hypothesize that PD patients with regular smok-
ing history show reduced GM volume in the PFC, 
which may result in the cognitive impairment.

In this study, therefore, to explore the neural 
mechanism of the association between cigarette 
smoking and PD, we compared striatal DAT 
binding and GM volume of the whole brain 
among the PD patients with regular smoking his-
tory (PD-S), PD patients without regular smok-
ing history (PD-NS), healthy controls with 
regular smoking history (HC-S), and healthy 
controls without regular smoking history (HC-
NS) using the PPMI cohort. Clarifying this issue 
might improve the understanding of the neurobi-
ological substrates of the association between 
cigarette smoking and PD.

Methods

Participants
The data used in this study were all obtained from 
the PPMI database (www.ppmi-info.org).29 The 
study was approved by the institutional review 
board of all PPMI sites involved, and signed 
informed consent was obtained from all partici-
pants recruited. Data were downloaded on May 
1, 2021. In all, 132 de novo PD patients and 70 
control subjects with smoking history question-
naires were enrolled in this study. One PD patient 
with poor quality of T1-weighted images, one PD 
patient with missing DAT scan, and one control 
subject with image format conversion error were 
excluded. The smoking history questionnaires 
included dozens of smoking questions ranging 
from ‘sqm1’ to ‘smq9’ (Supplementary Table 
S1). In this study, the subjects with ‘sqm2 = yes’ 
were regarded as smoked subjects, while the sub-
jects with ‘sqm2 = no’ were regarded as non-
smoked subjects. ‘sqm2’ referred to the question 
‘In your lifetime, have you ever regularly smoked 
cigarettes, that is, at least one cigarette per day  
for 6 months or longer?’ One PD patient who 
didn’t know/prefer not to answer the ‘smq2’ was 
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excluded. Finally, 129 PD patients (39 PD-S and 
90 PD-NS patients) and 69 controls (26 HC-S 
and 43 HC-NS subjects) were included in this 
study (Figure 1).

In addition to the demographic variables (age, sex, 
and education), the clinical variables were col-
lected, including the Hoehn and Yahr (H-Y) 
stages, the Movement Disorders Society Unified 
Parkinson’s Disease Rating Scale (MDS-
UPDRS), Montreal Cognitive Assessment 
(MOCA), the Geriatric Depression Scale (GDS), 
the Scale for Outcomes for Parkinson’s Disease–
autonomic function (SCOPA-AUT), State and 
Trait Anxiety Scale (STAI), the Questionnaire for 
Impulsive-Compulsive Disorders in Parkinson’s 
Disease (QUIP), the University of Pennsylvania 
Smell Identification Test (UPSIT), and the 
Epworth Sleepiness Scale (ESS). Moreover, car-
diovascular risk factors (CVRF) were further col-
lected, including the hypertension, diabetes, 
hypercholesterolemia, and hyperlipidemia.

DAT data processing
According to the PPMI imaging protocol, the 
DAT scan was acquired using single-photon emis-
sion computed tomography (SPECT) imaging. 
DAT imaging using [123I] FP-CIT SPECT was 
performed at PPMI imaging centers. Then,  
DAT images were sent to the Institute for 
Neurodegenerative Disorders for processing and 

calculation of striatal binding ratios (SBRs). For 
iterative reconstruction, SPECT raw projection 
data were imported to a HERMES (Hermes 
Medical Solutions, Skeppsbron 44, 111 30 
Stockholm, Sweden) system. Second, the recon-
structed files were transferred to the PMOD 
(PMOD Technologies, Zurich, Switzerland) for 
subsequent processing. Third, attenuation correc-
tion and standard Gaussian 3D 6.0 mm filter was 
applied. Fourth, these files were normalized to 
Montreal Neurologic Institute (MNI) space. 
Fifth, the highest striatal uptake of the trans-axial 
slice was identified, and the eight hottest striatal 
slices around it were averaged to generate a single 
slice image. Sixth, striatal regions of interest 
(ROIs) were then placed on the target regions 
(caudate and putamen, Figure 2(a)) and reference 
region (occipital cortex). Finally, count densities 
for each ROI were extracted and used to calculate 
SBRs for each of the four striatal ROIs. SBRs were 
calculated as follows: SBRs = (target region / refer-
ence region) – 1. Detailed DAT processing proce-
dures can be found online (https://www.ppmi-info.
org/access-data-specimens/download-data/) and 
in published documents.30,31

MRI data acquisition and preprocessing
All baseline 3D T1-weighted imaging (T1WI) 
data were obtained from the PPMI database, 
which were acquired using Siemens 3.0T scanners 
according to a standardized protocol. The 

Figure 1. Flow diagram of the study population.
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scanning parameters were as follows: repetition 
time (TR) = 2300 ms, echo time (TE) = 2.98 ms, 
inversion time = 900 ms, slice thickness = 1 mm, 
field of view = 256 mm, and matrix size = 240 × 256.

Before preprocessing, the magnetic resonance imag-
ing (MRI) images of raw DICOM format were 
reviewed and converted into the Neuroimaging 
Informatics Technology Initiative (NII) format 
using MRICRON software. All NII images were 
preprocessed and analyzed using the CAT12 tool-
box (Computational Anatomy Toolbox; http://
dbm.neuro.uni-jena.de/cat/) implemented in 
SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/
spm12/). CAT12 served as the platform for pre-
processing the structural MRI data and offered a 
processing pipeline for voxel-based morphometry 
(VBM). For processing and analysis steps, pre-set 
parameters in accordance with standard protocol 
(http://www.neuro.uni-jena.de/cat12/CAT12-
Manual.pdf) were used, applying default settings 
unless indicated otherwise. The procedure of data 
analysis was as follows:

(a) T1 images are normalized to a template 
space and segmented into GM, white 
matter (WM), and cerebrospinal fluid 
(CSF).

(b) Display slices for each subject to check 
the quality of spatial registration, includ-
ing if the native volume had artifacts or 
if the native volume had a wrong orienta-
tion. No subject had to be excluded be-
cause of poor quality.

(c) Total intracranial volume (TIV) was esti-
mated.

(d) Mean correlation, weighted overall im-
age quality, and Mahalanobis distance 
algorithms were used to quantify image 
quality after segmentation (‘VBM data 
homogeneity’ function). No subject had 
to be excluded because of poor quality.

(e) Last, segmented GM images were 
smoothed with an 8 mm full-width-half-
maximum (FWHM) isotropic Gaussian 
kernel.

(f) For excluding artifacts on the GM/WM 
border (i.e. incorrect voxel classifica-

Figure 2. (a) Illustrating exact position of the striatal regions of interest, including left caudate (pink), right 
caudate (red), left putamen (sky blue), and right putamen (yellow). PD patients (PD-S and PD-NS) showed 
lower SBRs than healthy controls (HC-S and HC-NS), and HC-S showed lower SBRs than HC-NS in each of 
the four striatal nuclei, including the left caudate (b), right caudate (c), left putamen (d), and right putamen (e). 
SBRs, striatal binding ratios.
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tion), an absolute GM threshold of 0.1 
was applied to the VBM data.

(g) In addition, the volume of each striatal 
nucleus (caudate and putamen) was es-
timated according to the Neuromorpho-
metrics atlas and normalized by TIV for 
each subject (structure/TIV × 103).

Statistical analysis
Clinical and imaging characteristics analyses were 
performed using IBM SPSS Statistics 23 software 
(IBM Corporation, New York). The distribution 
of continuous variables for normality was tested 
using one-sample Kolmogorov–Smirnov test. 
Then, parametric one-way analysis of variance 
(ANOVA) was used to assess differences for the 
data of normal distribution and homogeneity of 
variance between four groups. Non-parametric 
Kruskal–Wallis H test was used to assess differ-
ences for the data of non-normal distribution and 
heterogeneity of variance between four groups. 
And non-parametric Mann–Whitney U test was 
used to assess differences for the data of non-nor-
mal distribution and heterogeneity of variance 
between two groups (such as H-Y stages). 
Besides, Chi-square tests were used to evaluate 
categorical variables. To account for multiple 
comparisons reported, a family-wise error rate 
was applied to each set of analyses. A Bonferroni 
correction was made to adjust for the number of 
comparisons of clinical and imaging characteris-
tics, respectively. The corrected significance level 
is 0.05 divided by the total number of compari-
sons provided for that table, that is, 
0.05/15 = 0.0033 for clinical characteristics com-
parisons in Table 1 and 0.05/15 = 0.0033 for 
imaging characteristics comparisons in Table 2.

Statistical analyses of imaging data were per-
formed using the CAT12/SPM12 statistical mod-
ule. The interaction effects of GM volume 
alteration between cigarette smoking and PD 
were determined using a full-factorial model with 
2 × 2 ANOVA. TIV was included as a covariate 
to remove variance related to this global parame-
ter of brain morphometry. To correct for multiple 
comparisons, we employed cluster-level family-
wise error (FWE) correction at voxel level with 
p < 0.001 and then corrected at the cluster level 
with non-stationary cluster extent correction. 
The significantly different brain region in the 
ANOVA was saved as a mask using xjview (https://
www.alivelearn.net/xjview/). Then, this mask was 

applied to extract the GM volume of every sub-
ject using the ROI signal extractor tool of Data 
Processing & Analysis for Brain Imaging 
(DPABI)32 for post hoc tests.

Results
In this study, a total of 129 PD patients (39 PD-S 
and 90 PD-NS) and 69 controls (26 HC-S and 
43 HC-NS) were included. Baseline demograph-
ics and clinical variables were summarized in 
Table 1. There were no significant differences 
among PD-S, PD-NS, HC-S, and HC-NS in age, 
sex, and education. No difference was observed 
in the H-Y stages between the PD-S and PD-NS. 
Furthermore, MDS-UPDRS (specifically the 
part I, part II, part III, and total score), MOCA, 
GDS, SCOPA-AUT, STAI, QUIP, UPSIT, and 
ESS were also compared. Apart from MOCA, 
STAI, QUIP, and ESS, the clinical variables of 
MDS-UPDRS (part I, part II, part III, and total 
score), GDS, SCOPA-AUT, and UPSIT were 
different in PD subgroups compared with con-
trols subgroups. In addition, there were no sig-
nificant differences of CVRF among the four 
groups (Supplementary Table S2).

Striatal imaging variables were summarized in 
Table 2. One-way ANOVA showed significant 
differences of SBRs in both left and right striatal 
nuclei (caudate and putamen) among PD-S, 
PD-NS, HC-S, and HC-NS (p < 0.001). 
Specifically, post hoc tests showed that PD 
patients (PD-S and PD-NS) had lower SBRs than 
controls (HC-S and HC-NS). Moreover, HC-S 
showed lower SBRs than HC-NS in these four 
striatal nuclei (Figure 2). In addition, the volume 
of each striatal nucleus (caudate and putamen) 
was estimated. However, none of the striatal GM 
volume was different in cohorts of the four groups.

In addition, the interaction effects of GM volume 
alteration between cigarette smoking and PD 
were determined with 2 × 2 ANOVA. A signifi-
cant interaction effect was detected in the left 
medial prefrontal cortex (mPFC) (Figure 3). 
Then, post hoc tests revealed that PD-S showed 
decreased GM volume in the left mPFC com-
pared with PD-NS and HC-S.

Discussion
To our knowledge, this study is the first to explore 
the neural substrates for the association between 
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cigarette smoking and PD by analyzing both DAT 
and GM volume. The DAT results showed that 
PD patients had lower striatal DAT binding than 
controls, and HC-S had lower striatal DAT bind-
ing than HC-NS in both left and right striatal 
nuclei (caudate and putamen). In addition, a sig-
nificant interaction effect between smoking and 
PD was detected in the left mPFC. Compared 
with PD-NS and HC-S, PD-S showed decreased 
GM volume in the left mPFC.

In this study, PD patients showed significantly 
decreased striatal DAT binding compared with 
healthy controls, which is in line with the previous 
studies.33 However, the influence of smoking on 
striatal DAT binding of PD patients (PD-S versus 
PD-NS) was not detected. One explanation may 
be that there is a statistical ‘floor’ effect34 that the 
DAT damage is severe enough in PD regardless of 
smoking history. Furthermore, we found that 
HC-S had significantly decreased striatal DAT 
binding in both left and right striatal nuclei (cau-
date and putamen) relative to HC-NS. A recent 
meta-analysis included seven previous small-sam-
ple studies of DAT imaging in smokers. It demon-
strated a significant reduction in DAT availability 
in the current smokers compared with non-smok-
ers.35 Furthermore, this study demonstrated a sig-
nificant decrease in DAT availability in healthy 
individuals with regular smoking history (25 ex-
smokers and only 1 current smoker, Table 1) rela-
tive to 43 healthy non-smokers. DAT mediates 
the reuptake of free dopamine from the synaptic 
cleft back into the axonal button.18 Nicotine stim-
ulates dopamine release, which has been demon-
strated in non-human primates36 and human.19 
The stimulants may act as the ‘DAT-blockers’ to 
increase dopamine concentration in the synaptic 
gap and inhibit the action of DAT. This is sup-
ported by a DAT imaging study that nicotine may 

act as a stimulant on striatal DAT to reduce pri-
marily elevated DAT density in adults with atten-
tion deficit hyperactivity disorder (ADHD).37 
Furthermore, cigarette smoking has been demon-
strated to inhibit monoamine oxidase (MAO) 
activity.38,39 MAO is a metabolic enzyme to break-
down dopamine. Thus, inhibited MAO is likely to 
result in greater dopamine concentration. 
Therefore, we believe that cigarettes may act as a 
stimulant to impact striatal DAT, increasing 
dopamine concentration in the synaptic gap and 
inhibiting the action of DAT. This study demon-
strated that chronic smoking decreased DAT 
availability in healthy smokers using [123I] FP-CIT 
SPECT. [123I] FP-CIT uptake may compete with 
intrinsic boosted dopamine levels by nicotine 
effects of chronic smoking and result in decreased 
DAT availability in healthy smokers. Therefore, 
we do not suggest that decreased DAT availability 
is caused by nigrostriatal degeneration in healthy 
smokers. We suggest that boosted dopamine lev-
els by nicotine effects in healthy smokers may 
delay or even prevent the onset of PD. The reduc-
tion of striatal DAT binding was detected in both 
PD and healthy smokers in this study. However, 
the different neurobiological mechanisms between 
PD and nicotine addiction result in inverse dopa-
mine levels in PD and healthy smokers. This 
inverse alteration of dopamine levels in PD and 
healthy smokers may provide the reason for the 
inverse association between cigarette smoking and 
the risk of PD.4,5 In the future, more studies are 
needed to confirm this hypothesis that chronic 
smoking affects striatal dopamine, DAT, and 
MAO.

In addition, we found smoking and PD showed a 
significant interaction effect in the left mPFC. 
PD-S showed decreased GM volume of mPFC 
relative to PD-NS and HC-S. In addition to 

Figure 3. Using 2 × 2 analysis of variance (ANOVA), significant interaction effect was detected in the left mPFC 
(BA10) (medial frontal gyrus) (peak MNI coordinate: –22.5, 57, 24; F values: 21.0359; cluster size: 1599). mPFC, 
medial prefrontal cortex.
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motor dysfunction, dopaminergic degeneration is 
also associated with cognitive deficits in PD.40 
Both PD patients and mice with ventral tegmen-
tal area (VTA) dopamine depletion can lead to 
attenuated delta activity (1–4 Hz) in the mPFC 
during interval timing.41 Interval timing is a task 
of estimating an interval of several seconds as 
guided by a cue and requires executive resources 
such as working memory and attention to time.41 
Furthermore, optogenetic stimulation of the 
mPFC neurons expressing D1 dopamine recep-
tors at delta frequencies can compensate for the 
impaired temporal control of action caused by 
VTA dopamine depletion.41 The rodents with 
6-hydroxydopamine (6-OHDA)-induced lesion 
in the medial forebrain successfully recapitulates 
PD motor impairment and several non-motor 
symptoms.42 Nicotine, the addictive component 
of cigarettes, activates nAChR in the VTA, result-
ing in dopamine release in the frontal cortex, 
mesolimbic area, and corpus striatum. Dopamine 
release results in a pleasurable experience, which 
is critical for the reinforcing effects (effects that 
promote self-administration) of nicotine.43 The 
mPFC plays a crucial role in addictive behavior. 
A subset of the mPFC neurons forms neuronal 
ensembles to encode the coupling between the 
reward of drug use and the associated contexts. 
And reactivation of the neuronal ensembles 
caused by drug-associated contexts during absti-
nence can provoke drug relapse.44 The mPFC 
contributes to goal-directed behavior in response 
to motivational salience and reward expecta-
tion.45 Functional MRI studies have shown that 
decreased reward-related mPFC activity is related 
to impaired motivation and poor self-control in 
individuals with addictions.46 Total smoking 
pack-years have been found to be associated with 
global cognitive impairment in PD patients with 
smoking history even in patients who have quit 
smoking.20 In this study, PD-S showed reduced 
GM volume of mPFC compared with PD-NS 
and HC-S. Taken together, these findings sug-
gest that reduced GM volume of mPFC may be 
associated with cognitive impairment in smoking 
PD patients.

In this study, we found a laterality observation 
that the GM alteration of mPFC volume was on 
the left side. Such a hemispheric laterality differ-
ence maybe because of the lateralization of dopa-
minergic systems. It is well known that PD is 
characterized as dopaminergic dysfunction. The 
dopaminergic neurons of the substantia nigra are 

more vulnerable in the left hemisphere in right-
handed patients with PD,47 and a stronger left-
sided nigrostriatal FC was associated with a lower 
risk for PD.48 This was further supported by the 
fact that nicotine intake can be affected in humans 
via dopaminergic agonists and antagonists.49 
Many reward-related functional MRI studies 
revealed an obvious left-sided bias to the activa-
tion of cortical and subcortical regions involved in 
reward processing.50–52 In addition, structural 
MRI studies demonstrated a strong left-sided bias 
to the abnormality of cortical and subcortical 
regions in smokers, such as left PFC and insula,53 
left anterior cingulate cortex,54 left thalamus, and 
amygdala.55

This study has several limitations. First, in this 
retrospective analysis, more detailed smoking 
behavior characteristics on smoking history were 
not collected, such as years smoked, cigarettes 
smoked per day, smoking initiation age, and nico-
tine dependence levels. Thus, further association 
analysis cannot be performed between altered 
imaging biomarkers and smoking behavior char-
acteristics. Second, this retrospective study design 
does not allow us to determine causality; we can-
not determine whether the alterations of DAT 
binding and GM anatomy predispose to smoking 
initiation or whether chronic smoking influences 
DAT binding and GM anatomy. This question 
could be answered by prospective longitudinal 
studies. Future longitudinal evaluations are 
needed to explore the alterations of DAT binding 
and GM anatomy before and after the initiation 
of smoking.

Conclusion
In this study, we reported baseline clinical and 
imaging characteristics of PD patients and healthy 
controls with or without regular smoking history. 
PD patients showed significantly reduced striatal 
DAT binding compared with healthy controls. 
PD is characterized by selective degeneration of 
dopaminergic neurons, and it results in a substan-
tial reduction of the DAT and dopamine levels. 
Interestingly, HC-S showed significantly reduced 
striatal DAT binding compared with HC-NS. 
Nicotine may act as a stimulant to inhibit the 
action of striatal DAT, increasing dopamine lev-
els in the synaptic gap. Despite the reduction of 
striatal DAT binding in both PD and healthy 
smokers, the inverse alteration of dopamine levels 
because of different neurobiological mechanisms 
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between PD and nicotine addiction may be the 
reason for the inverse association between smok-
ing and the risk of PD. In addition, smoking and 
PD showed a significant interaction effect in the 
left mPFC. The mPFC atrophy may be associ-
ated with cognitive impairment in PD-S.
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