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ABSTRACT

The evidence about the association of smoking with both brain structure and cognitive functions remains inconsistent. Using
structural magnetic resonance imaging from the UK Biobank (n = 33,293), we examined the relationships between smoking status,
dosage, and abstinence with total and 166 regional brain gray matter volumes (GMV). The relationships between the smoking
parameters with cognitive function, and whether this relationship was mediated by brain structure, were then investigated. Smoking was
associated with lower total and regional GMV, with the extent depending on the frequency of smoking and on whether smoking had ceased:
active regular smokers had the lowest GMV (Cohen”s d = —0.362), and former light smokers had a slightly smaller GMV (Cohen~s
d = —0.060). The smaller GMV in smokers was most evident in the thalamus. Higher

lifetime exposure (i.e., pack-years) was associated with lower total GMV (8 = —311.84, p = 8.35 x 107). In

thosewho ceased smoking, the durationof abstinence wasassociated withalargertotal GMV (=139.57,p =

2.36 x 107%). It was further found that reduced cognitive function was associated with smoker parameters and that the associations were
partially mediated by brain structure. This is the largest scale investigation we know of smoking and brain structure, and these results are
likely to be robust. The findings are of associations between brain structure and smoking, and in the future, it will be important to assess
whether brain structure influences smoking status, or whether smoking influences brain structure, or both.

1. Introduction

the associations are between smoking, brain structure, and cognitive functions.
Structural magnetic resonance imaging (SMRI) is widely used to assess brain

Over the decades, smoking has become one of the biggest threats to world health.
Therewereabout 1.3billion smokers worldwide in 2020, accounting forabout 16% of
theworld population,andabout8million people die from smoking every year (WHO,
2021). Besides numerous negative health outcomes including circulatory and
respiratory diseases (Jhaetal., 2013), smoking might lead to multiple neurobiological
and neurocognitive abnormalities, which may be through effects on brain structure
(Debette et al., 2011; Durazzo et al., 2014; Mykletun et al., 2008). Hence, itis
increasingly importanttounderstandinalargestudy withmany participantstoproduce
robustfindings,morepreciselywhat

structural differences in vivo. Numerous studies with rela- tivelysmall sampleshave
reported widespread structural differencesin smokers compared to nonsmokers, and
high smoking may cumulatively beassociatedwith moreseriouscognitivedeclineand
brainalterations, includingtheprefrontalcortex(Brodyetal.,2004; Chaaranietal.,2019;
Dingetal.,2015; Fritzetal.,2014; Liaoetal., 2012; Moralesetal.,2012; Zhang et al.,
2011; Zhongetal., 2016), anterior cingulate gyrus (Fritz et al., 2014; Li et al., 2015;
Morales et al., 2012; Pan et al., 2013), thalamus (Ding et al., 2015; Liao et al.,
2012; Moralesetal.,2012;
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Sutherland et al., 2016), temporal lobe (Brody et al., 2004; Peng et al., 2018),
cerebellum (Brody et al., 2004; Peng et al., 2018; Sutherland et al., 2016), etc.
However, some research results on chronic smokers are inconsistentoreventheopposite,
probablybecauseofsmallorselective samples, although recently there are more studies
based on large sample

sizes (N >9000) (Coxetal., 2019; Grayetal., 2020). For example, gray

matter in the insula of smokers has been reported to be decreased (Hanlon et al.,
2016), increased (Zhang et al., 2011), or comparable to that of nonsmokers (Liao et
al., 2012).

Itis also noteworthy that most studies have focused on the differ- ences between
current smokers and non-smokers, or between those who have ever smoked and non-
smokers. Indeed, smokingbehaviorsinflu- enced by a variety of individual factors
are so complex that it is simplistic todivide the population into smokers and non-
smokers. For example, besides regular active smokers, and nonsmokers who have
never smoked, some people may smoke lightly in their lifetime, or some people may
relapse to smoking again after quitting, etc. Smokers who lightly smoke comprise
morethanaquarterofthesmokingpopulation (Morrelland Cohen, 2006), representing
an important target group for the cessation of smoking, taking into account potential
differences be- tween them and regular smokers in terms of smoking motivation and
quitting-related cognition (Robertson et al., 2016). A study showed that different
smoking habits and higher rates of cigarette smoking increased theriskofcardiovascular
diseaseinmen,withlessriskobservedinlight smokersand almost risk free was found in
those who had stopped for 15years(Amirietal.,2019). Nevertheless, fewstudieshave
compared the brain structure of smoker groups with different smoking habits to non-
smokers. Analyzing smokers in a broader way based on measures of theirsmokingcould
frovide a deeper understanding of the relationship between smoking and brain
structure, which of course needs a large study population (Amirietal.,2019; Oelsner
etal.,2020; Schaneetal.,

2010).

Previous investigations have shown that smoking can be associated with lower
cognitive function (Anstey et al., 2007; Mons et al., 2013), but we know of no
previous investigation of whether the association between smoking and brain
structure is related to altered cognitive function in smokers. In addition, though
former smokers now outnumber current smokers in many countries (Oelsner et al.,
2020), few studies have investigated brain structure and cognitive function in those
who have stopped smoking, and this has important implications forpublichealthand
informingpreventionstrategiesforsmoking.

Based on prior literature, the current study makes new contributions inseveral ways:
(1) the use of amore complete and large-scale sample (n 33,293) makes the results
eeliable and robust; (2) comprehensive consideration of the association of different
smoking habits and brain structure provides a better understanding on their
relationships; (3) exploration of the association of smoking and cognitive function
and whether the relationships are mediated through brain structures in the same
populationisimportant foranunderstanding of the brain mech-
anisms and cognitive function.

Therefore, the present study aimed to investigate the relationship between three
smoking parameters (smoking status, the amount of smoking, and duration of
smoking abstinence), and brain structure and cognitivefunctionsinmiddle-agedandold
adults from the UK Biobank, one of the largest neuroimaging databases in the world.
Specifically,the objectivesofthis study were (1) to investigate the different GMV
be- tween controls and 6 groups of smokers categorized by their smoking
characteristics; (2)toexplorethe relationship betweenbrainstructure and the smoking
amount and smoking abstinence; (3) to examine the relationship between smoking
parameters and cognitive function, and whether this relationship is mediated by
brainstructure.
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2. Materials and methods

2.1. Participants

The UK Biobank (http://www.ukbiobank.ac.uk) is a large prospec- tive
population-based cohort study that recruited approximately 500,000community
volunteershetween2006and2010acrossthe UK. Participants were recruited to collect
a range of questionnaires about detailed phenotypic information including diet,
lifestyle, anthropo- metric and cognitive function assessments, and biological
samples, includingbloodand medical records obtained fromthe NHS registries. Since
2014, a subset of participants have been invited back to collect brainMRIscans,and
questionnaires about diet, lifestyle, and cognitive function assessments, with 38,562
participants (aged from 44 to81at the time of their scans) available inthe current study.
Structural MRIs were collected across three imaging centers (62% of the samples
were acquired inthe Cheadle site, 25% of samples were acquired in the Newcastle
site, and 13% of samples were acquired in the Reading site) that were equipped with
identical scanners.

Forthepurposesofthestudy,asshowninFig.S1,participantswere excluded if they
had (1) reported neuropsychological disorders at the timeofassessmentsuchasbipolar
disorder, depression, and mania; (2) missing or unclear smoking data (for example,
unclear or missing cur- rent and previous smoking habits); (3) missing key
demographic cova- riables (e.g., age); (4) poor quality of SMRI (i.e.,image quality
rating [IQR] was lower than 75%). Detailed information on the exclusion
procedures is presented in the Supplementary Material. Following ex- clusions, there
were 33,293 subjects with SMRI data included in the following analyses.

2.2. Neuroimaging data collection and preprocessing

The UK Biobank used a standard Siemens Skyra 32-channel 3T scanner
(Siemens Medical Solutions, Germany) for all magnetic- resonance brain
imaging, with 1 1 1 resolutionxandxa view field of 208 256 256
(http://bickank.ctswox.ac.uk/crystal/refer.cgi?
id2367).

AllUK Biobankstructural MRIdatawerepreprocessedinthe CAT12 toolbox with
default settings, including: (1) the T1-weighted images were segmented into GM,
white matter (WM), and non-brain voxels (cerebrospinal fluid, skull) using the
“new-segment” routine; (2) popu- lation templates (GM, WM) were generated from
each of the datasets separately using the DARTEL algorithm; (3) the gray-matter
images werealignedtoanonlineardeformationfieldandnormalizedto MNI space;
(4) the normalized images were then smoothed with an 8 mm full- width at half-
maximum Gaussian kernel with the resulting voxel size
1.5mm®, Spatially normalized, smoothed, and Jacobian-scaled gray-
matter images were obtained for each subject. The estimated total intracranial
volume (TIV) was calculated as the summation of the gray matter, white matter,and
cerebrospinal fluidvolumesinthenative space. This study focused on the total gray
mattervolume (GMV) and regional GMV for 166 regionsofinterest (ROIs)defined
bytheauto- matedanatomical labelingatlas 3 (AAL3;anatomical regionsarelisted in
TableS1) (Rolls et al., 2020).

2.3. Research variables

2.3.1. Smoking variables

In this study, the 33,293 participants were divided into 6 smoker groupsanda
control group according to the questionnaires about their smoking characteristics.
Specifically,asshowninTable S2,1254 sub- jectswere classifiedas“Current smoker”
who currently smoke on most or all days according to the data field 1239 “Current
tobacco smoking” (https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=1239); 240 sub-
jects were classified as “Relapsed smoker” who previously smoked on mostorall
daysbutwithlightlysmokingnowaccordingtobothdata


http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367
http://www.ukbiobank.ac.uk/
http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367
http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367
https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=1239

Z. Linli et al.

fields 1239 and 1249 “Past tobacco smoking”  (https://biobank.ctsu.ox.
ac.uk/crystal/field.cgi?id=1249); 6749 subjects were classified as “Ex- smoker” who
previously smoked on most or all days and had quit smoking currently according
to the data fields 1239 and 1249. Ac- cordingtodatafields1239,1249,and 2644 “Light
smokers, at least 100 smokes in lifetime”
(https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id 2644), 418 subjects were classified as
“Carr-Lightsmoker” who have smokedlightlyfromthepastuntilnow,andsmokedatleast
100timesin total; 3751 subjects were classified as “Ex-Light smoker” who used to
smoke lightly withsmokingatleast 100timesintotal but quitsmoking currently and 6214
subjects were classified as “ V-Light smoker” those who had very light smoked and
failed to meet the standards of light smokers (i.e., atotal of at least 100 times in their
lifetime). Finally, 14,667 participants who never smoked were classified as “Control”
ac-
cording to both data fields 1239 and 1249.

The other two key smoking parameters calculated were: i) pack-years was calculated
ascigarettes per day divided by 20 and then times the number of years smoked and was
only available for current, relapsed, andex-smokers; ii)quittingduration, whichwas
calculatedasageatthe time of data collection minus the age when the participant
stopped smoking on most days and this was only available for relapsed, and ex-
smokers.

2.3.2. Cognitive measures

The UK Biobank contains a series of cognitive measureswhich were specifically
designed or modified for use by the UK Biobank cognitive neuroscience expert
working group. Despite the non-standard nature of these tests and the limited
psychometric information, the UK Biobank cognitive data have been used in
numerous scientific publications (Hagenaars et al., 2016; Kendall et al., 2017;
Milleretal.,2016). The presentstudy included 7 cognitive measureswith continuous test
scores, namely reaction time, fluid intelligence, numeric memory, pairs
matching, symbol digit substitution, trail making, and paired-associate learning.

Reaction time assessment is based on 12 rounds of the card-game ‘Snap”. The
participant is shown two cards at a time; if both cards are thesame, they pressabutton-
boxthatisonthetableinfrontofthemas quickly as possible. The internal consistency
reliability of these trials, measured by Cronbach”s a, was 0.85. The score of this
cognitive variable for use is the mean duration to the first press of the snap-button summed
overroundsin which both cards matched. It givesa measure of the raw processingand
reactionspeed ofaparticipantthatthelargerthevalue, the slower the reactionspeed.

Fluid intelligence assessment involved participants answering 13 multiple-
choice questions which were designed to assess verbaland numerical reasoning
(Cronbach a reliability 0.62). Participants who didnotanswerallofthequestions
within the allotted 2-min limit are scored as zero for each of the unattempted
questions. The score ofthis cognitive variable for use isasimple unweighted sumofthe
number of correct answers given to the 13 fluid intelligence questions. It reflects the
verbalandnumericalreasoningabilityofaparticipantthelargerthe value, the stronger
the reasoning ability.

Numeric memory assesses numeric short-term memory. The partic- ipant was
shown a 2-digit number to remember. The number then dis- appearedandafterashort
whiletheywereaskedtoenterthenumberon the screen. The number became one
digit longer each time they remembered correctly (up toa maximum of 12 digits).
Thescore of this cognitive function used in the present study was the longest number
correctly recalled during the numeric memory test. It provides a mea- sure of working
memory such that the larger the value, the better the memory.

The pairs matching test was used to assess visual memory. Partici- pantsare asked
to memorize the position of as many matching pairs of cardsaspossible. Thecardsare
thenturnedfacedownonthescreenand the participantisaskedtotouchasmany pairsas
possibleinthe fewest tries. Multiple rounds were conducted. The first round used 3
pairs of
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cardsandthesecond6pairsofcards. Thescoreofthiscognitivevariable for use was the
number of incorrect matches in the round. It givesa measure of visual memory such
thatthe largerthe value, the worsethe memory.

Symbol digit substitution was used to measure processing speed. The participantwas
presented with one grid linking symbols to single-digit integers and a second grid
containing only the symbols. They were thenaskedto indicate the numbers attached
to each of the symbols in the second grid using the first one asakey. The values of this
cognitive test were the numbers of symbols correctly matched to digits by the
participantthatthe larger the value, the better the cognition.

The trail-making test is a neuropsychological test of visual attention and task
switching. Participants were asked to connect scattered circles containing a sequence of
numbers (Trail A) and then to connect circles containing numbers or letters by
alternating between them in ascending sequence (Trail B). We used the time taken to
complete these tests for our analyses. It reflects the ability of visual search speed,
scanning, speed of processing, and mental flexibility, as well as executive func-
tioning, and has been widely used in many studies that the larger the value, the longer
completetime.

Paired-associate learning isaclassic memory paradigmthatisused to understandhow
peopleencodeandretrieve newlyformedassociations betweenstimuli, whichhasmost
commonly been used to examine and understand the mechanisms of learning and
forgetting of information. In the paired-associate learning test, the participants were
shown 12 pairs of words (for 30sintotal) and then, afteraninterval (inwhichthey dida
different test), presented with the first word of 10 of these pairsand askedtoselect
thematchingsecondwordfromachoiceof4alternatives. We used the number of word
pairs correctly associated for our study, which provides a measure of verbal
declarative memory such that the larger the value, the better the memory.

It is worth emphasizing that the cognitive scores for use in the study are
recommendedbythe UK Biobankand/orfollowedpreviousstudies, and most of them
have been proven to have substantial concurrent validity and test-retest reliability
(Fawns-Ritchie and Deary, 2020).

2.3.3. Mental health

Given that anxiety, low well-being, and irritability or mania are common
mental health symptoms for smokers (Moylan et al., 2013; Stickley et al., 2015)
and based on the data category 136 “Mental Health”, the relevant measures
(Anxiety, Happiness and subjectivewell- being,and Mania) were included in this study.
Specifically, these vari- ableswerecalculatedaccordingtothedatacategories139,140,
and147 in the UK Biobank website, and were converted into binary variables based
ontheirvaluedistribution(e.g.,highanxietyvs.lowanxiety).

2.3.4. Other covariables

Variables, as follows known to be correlated with GMV and/or cognitive
function, were included as covariates in all analyses: age (Luo et al., 2020), sex
(Gennatasetal., 2017), handedness (Jang et al., 2017), ethnicity (Tang et al., 2010),
body-mass index (BMI) (Hamer and Batty, 2019), alcohol drinking frequency
(Piumatti et al., 2018; Zahr and Pfefferbaum,2017),imagingsites(Alfaro-Almagro
etal.,2021),andTIV (Barnes et al., 2010).

Detailed information on these variables, including smoking vari- ables, cognitive
measures, mental health symptoms, and demographic variables can be found in the
Supplementary Material.

2.4. Statistical analysis

2.4.1. Association of smoking parameters and brain GMV

Two sample two-tailed t-tests were used to test whether smoking statuswas
associated with GMV after removing the confoundingeffects of age, sex, handedness,
ethnicity, BMI, alcohol status, imaging site,and TIV. These comparisonsweredivided
intotwo categories: Smoker vs. Control and Between-smoker comparisons. The
former comparison
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category is to test whether smoking status was significantly associated with brain
volumebyusingtheregressedbrainGMVtocompareeachof thesixsmokingsubgroups
to controls, while the latter one is to examine the differences in GMV between the
different groups of smokers. Effect sizes were calculated with Cohens d (Cohen,
2013).

Following a previous study (Karamaetal., 2015), we used linear regressionto
examinetherelationshipbetweenthecumulativeamount of smoking (i.e., pack-years)
and brain GMV in ever-smokers (current and ex-smokers) with reference to
controls (pack-years 0); and to explore the relationship between the guitting duration
and brain GMV in Ex-smokers with reference to current smokers (duration 0), with
adjustment for potential confounding effects including pack-years. =

The above analyses were conducted to test the associations of smoking
parameters with total and regional (166 cortical and subcor- tical regions) GMV.
Separate comparisons or models were run foreach brain region. The false-discovery
rate (FDR) method described by Ben- jamini and Hochberg (Benjamini and
Hochberg, 1995) wasused to adjust for multiple comparisons when statistical tests were
performed on each of the 166 brain regions. The Bonferroni correction procedure was
used for comparisons oftotal GMV.

2.4.2. Association of smoking parameters and cognitive function

We then modeled the associations between smoking parameters and cognitive
functions by using linear regression, with the cognitive mea- sure as the dependent
variable and the smoking measures as indepen- dent variables, with adjustment for
potential confounders of age, sex, handedness, ethnicity, BMI, alcohol drinking
frequency,imagingsite, and TIV. Separate Bonferroni corrections were conducted
foreach cognitive function.

2.4.3. Mediation analysis

To test the hypothesis of whether the relationships between the smoking
parameters (independent: X) and cognition (dependent: Y) were mediated through
brain structures (mediator: M), a mediation analysis with a standard 3-variable path
model was performed using the R package mediation (http://CRAN.R-
project.org/package mediation) (Baronand Kenny, 1986). Estimates were calculated
forthe total rela- tionshipofsmokingoncognition(X— Y),therelationshipofsmoking
on brainGMV (X— M), andtherelationshipofbrain GMV oncognition adjusting
forsmoking (X M— Y). Thesignificance of the mediation was estimated by the
bias-corrected bootstrap appraach (with 1000 randomsamplings). Inthisanalysis,we
focused on those cognitive tests that were significantly associated with smoking
parameters (i.e., reac- tion time, symbol digit substitution test, and paired-associate
learning). Confounding variables as in the association analysis were regressed out inthe
mediation model. The Bonferroni correction procedure was per- formed for
mediation analysis of total GMV, while separate BH-FDR corrections were
conducted for brain region statistical analyses (Pror
<0.05).

Detailed descriptions of the statistical analyses can be foundinthe Supplementary
Material. Statistical analyses were performed using R, version 4.0.4 (https://www.r-
project.org/). Mapping results were visu- alized with Circos (version 0.69,
http://circos.ca/), ggplot2 (version 3.3.5), and BrainNet Viewer (Xia et al.,
2013).

3. Results

3.1. Participant characteristics

Of 33,293 participants, the mean age at enrolment was 63.73 (SD 7.53) years.

15,651 (47.0%)weremaleand 1038 (3.1%)werenon-white

people. The cohort included 1254 current smokers (3.77%), 240

relapsed smokers (0.72%), 6749 ex-smokers (20.27%), 418 curr-light

smokers (1.26%), 3751 ex-light smokers (11.27%), 6214 v-light

smokers (18.66%), and 14,667 controls (44.05%). Smokers showed the worst mental
health condition; compared to controls, asignificantly
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larger percentage of smokers had relatively more anxiety (49.0% vs. 49.5%-—
63.6%), lower well-being (56.9% vs. 57.5%-73.3%), and higher maniastatus (23.8%
vs. 25.8%-41.9%), with the magnitude related to the smoking frequency and smoking
abstinence. Detailed participant characteristics are provided in Table 1.

3.2. Smoking is associated with lower GMV

3.2.1. Smoking status: smoker versus control

Except for the “V-Light smoker” group, smokers had significantly smallertotal
GMV than controls (Table 2, Fig. S2). Compared to the controls, the “Current
smoker” group demonstrated the lowest total
GMV (Bonferroni corrected p-value, i.e., Poorferon = 1.18 % 1070,

Cohen’sd = —0.362), followed by the ““Relapsed smoker>> (Ppyonferroni =
462 x107% Cohen>sd = —0.224), the ““Ex-smoker”> (Phonferroni =662
x 1072 Cohen>sd = —0.151), the ““Curr-Light smoker” (Pponferroni =
267 =<107% Cohen>sd = —0.145), and the <“Ex-Light smoker’> groups
(Poonferoni =692 % 107%, Cohen>sd = —0.060).

Regionally, multiple brain regions showed significantly smaller volumes in
smokersthancontrols (Fig. 1). Specifically, inthe “Current smoker” group, there were
extensive areas with smaller volume (155/

166, FDR corrected p-value, i.e., Prpgr < 0.001, Cohen”s d range:

[-0.426, 0.205]) among which the largest effect sizes were in the thalamus,
fusiform gyrus (FFG), middle cingulate cortex (MCC), para- hippocampal gyrus
(PHG), amygdala, lingual gyrus (LING), and pre- frontal and temporal cortices
(Table S3). In the “Relapsed smoker™ group, 61 areas had smaller volumes mainly
including multiple thalamic

nuclei, and frontal and temporal cortices (Pror < 0.05, Cohen *sd range:

[-0.248, 0-442],TableS4).Inthe“Ex-smoker” group,therewerealso widespread
smaller GMVsbutthey wereslightly less severe (140/166,

Pror <0.001, Cohen”sdrange: [ 0.05070.140]) with the top effect sizes

mainly in the putamen, amygdala, olfactory cortex, insula, MCC, and prefrontal and
temporal cortices (Table S5). The “Curr-Light smoker” group showed smaller
volume in 54 brain regions including the sub-

stantia nigra (SN), thalamus, amygdala, hippocampus, PHG, and ventral tegmental area
(VTA) (Pror <0.05, Cohen ”sdrange: [—0.220, —0.109], TableS6). Inthe*“Ex-Light
smoker” group, 16areashadslightly less

volume, mainly distributed in the anterior cingulate cortex (ACC), and frontal lobe
(Peor < 0.001, Cohen”s d range: [—0.104, —0.072], Ta- ble S7). No significant
regional differences were found in the “V-Light smoker” group comparedtothe
controlgroupafterFDRcorrection.

3.2.2. Smoking status: between-smoker groups

We next examined the differences in GMV between the different groups of
smokers (Table S8) with effects of the same possible con- founding variables
regressed out asabove. The association of smoking abstinence with brain GMV was
investigated by conducting two com- parisons (i.e., Ex-smoker vs. Current smoker
and Ex-Lightsmokervs. Curr-Lightsmoker).Theeffectofpack-yearswasadditionally
regressed out for the comparison of “Ex-smoker vs. Current smoker”. The results
showed that the Ex-smoker group had a significantly larger total GMV
than the Current smoker group (Pooneron~ 1.30 07, Coken s d =
0.157). The association of smoking frequency with brain GMV wasthen investigated
by conducting another two comparisons (i.e., Current smoker vs. Curr-Lightsmoker,
Ex-smoker vs. Ex-Light smokers). The
results were unsurprising in that Current smokers had smaller total GMV than Curr-Light
smokers (Poorerroni 742 1074, Cohenzs d
—0.211), and Ex-smokers had smaller total GMV than Ex-Light smokers (Pyonferroni
297 107%=Cohensd  0.090). =-

The results at the ROI level are shown in Fig. S3.Specifically, compared
withthe “Currentsmoker” group, the “Ex-smoker” group showed 55 regionswith
larger volume including multiple thalamic
nuclei (Pepg < 0.001, Cohensd range: [0.109, 0.252], Table S9), and 1
region (i.e., right locus coeruleus [LC]) with smaller volume (Cohensd
= —0.167). Compared with the <“Curr-Light smoker>> group, the “Ex- Lightsmoker”
groupalsoshowedalargervolumein4regions (Prpr<

x =


http://cran.r-project.org/package%3Dmediation
http://cran.r-project.org/package%3Dmediation
http://cran.r-project.org/package%3Dmediation
https://www.r-project.org/
https://www.r-project.org/
http://circos.ca/
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Table 1
Demographic variables of different groups.
Demographics Overall (n =  Current Relapsed Ex-smoker Curr-Light Ex-Light V-Light Control (n= p-value
33,293) Smoker (n = smoker (n = (n=6749) Smoker (n = Smoker (n = smoker (n = 14,667)
1254) 240) 418) 3751) 6214)
Age (mean (SD)) 63.73 (7.53)  61.84 (7.29) 62.59 (7.37) 65.64 (7.21)  61.72 (7.64) 64.36 (7.48) 63.25 (7.58) 63.12 (7.52)  <0.001
15,651
Male (%) 47.0) 644 (51.4) 130 (54.2) 3557 (52.7) 259 (62.0) 1918 (51.1) 2725 (43.9) 6418 (43.8) <0.00
Handedness: non- right (%)
3671 (11.0) 146 (11.6) 28 (11.7) 783 (11.6) 39 (9.3) 440 (11.7) 655 (10.5) 1580 (10.8) 0.208
Ethnic: non-white (%) 1038 (31) 46 (3.7) 11 (4.6) 135 (2.0) 16 (3.8) 107 (2.9) 166 (2.7) 557 (3.8) <0.001
BMI (mean (SD)) 26.49 (4.19) 26.34 (4.17) 26.76 (4.64) 27.37 (4.24) 26.57 (3.52) 26.33 (3.90) 26.04 (4.19) 26.33(4.19)  <0.001
18.62 17.65
NA NA NA NA <0.001
Pack year (mean (SD)) (15.06) 24.08 (15.91) 17.38 (13.93) (14.72
uit duration (mean (SD))28.93 29.28
Q ( ( ))(1 1.59) NA 19.09 (9.66) (11.5C NA NA NA NA <0.001
/Years
To\t/flume (mg:?;r;;')'al 1558.01 1561.15 1583.89 1570.75 1605.19 1566.21 1555.01 1549.29 <0.001
Cognitive measure (mean (SD)()152A39) (154.08) (157.65) (151.42) (152.20) (149.63) (152.04) (152.67)
Reaction ti 536.30 537.33(96.20) ssz32 587.70 526.64 (97.08) 539.04 (97.73) 536.26 585.21 0.109
eaction time . . . A . . .
(99.46) (105.69) (99.73) (99.60) (99.94)
Fluid intelligence 6.71 (2.03) 6.48 (2.05) 6.70 (1.98) 6.74 (1.98) 6.37 (2.11) 6.61 (2.06) 6.93 (2.04) 6.64 (2.02) <0.001
Numeric memory 6.92 (1.40) 7.06 (1.48) 6.62 (1.38) 7.02 (1.43) 7.06 (1.24) 6.81 (1.37) 7.04 (1.35) 6.84 (1.41) 0.010
Pairs matching 0.38 (0.92) 0.39 (0.90) 0.35 (0.86) 0.38 (0.92) 0.40 (0.85) 0.40 (0.99) 0.36 (0.91) 0.38 (0.91) 0.565
Symbol digit
substitution 20.35 (4.98) 19.84 (5.18) 20.09 (4.78) 19.70 (4.90) 20.46 (4.81) 20.00 (4.80) 20.77 (4.85) 20.62 (5.07) <0.001
. . 54.79 58.39 53.12
Trail makin . 7. 47 . . . . 7.1 . 44 .001
g (56.43) 53.62 (57.32) 53.47 (58.36) (57.91) 58.68 (55.65) 53.60 (57.19) 55.56 (55.44) (55.82) <0.00
Paired association
learning 6.92 (2.62) 6.53 (2.77) 7.05 (2.64) 6.78 (2.64) 7.17 (2.57) 6.91 (2.62) 7.25 (2.53) 6.87 (2.63) <0.001
Mental health (%)
. . 11,576
Higher anxiety (50.5) 518 (61.4) 110 (63.6) 2360 (50.0) 143 (51.8) 1263 (49.5) 2265 (52.4) 4917 (49.0) <0.001
) 13,290
Lower wellbeing (59.4) 602 (73.3) 115 (68.0) 2881 (62.5) 168 (63.2) 1435 (57.5) 2503 (59.4) 5586 (56.9) <0.001
Higher mania 6031 (26.4) 343 (40.8) 72 (41.9) 1328 (28.3) 90 (32.7) 706 (27.8) 1112 (25.8) 2380 (23.8) <0.001
Alcohol frequency (%) <0.001
Never 1527 (4.6) 929 (6.3) 67 (5.3) 4(17) 233 (3.5) 8 (1.9) 105 (2.8) 181 (2.9)
Occasional drinker 2692 (8.1) 1483 (10.1) 140 (11.2) 11 (4.6) 435 (6.4) 18 (4.3) 200 (5.3) 405 (6.5)
Monthly drinker 3606 (10.8) 1825 (12.4) 154 (12.3) 22(9.2) 558 (8.3) 20 (4.8) 313 (8.3) 714 (11.5)
Weekly drinkerl 8621 (25.9) 4147 (28.3) 267 (21.3) 61 (25.4) 1412 (20.9) 95 (22.7) 942 (25.1) 1697 (27.3)
Weekly drinker2 9436 (28.3) 3902 (26.6) 253 (20.2) 59 (24.6) 1867 (27.7) 156 (37.3) 1278 (34.1) 1921 (30.9)

Note. Groupcomparisonp-valueswere calculated based onthe variable categories, thatis, chi-square testswere used for categorical variables (with continuity correction) and analyses of variance
were used for continuous variables.
The meaning of NA is not applicable. There are different available sample sizes for each mental health score or cognitive measure in analysis.

Table 2

Comparisons of total GMV between smokers and controls.

smoker” group, the “Ex-smoker” group showed smaller volume in 5regions (Peor
<0.001, Cohen>sdrange: [ 0.108, 0.085], Table-S12), amongwhichthetopeffect
sizeswere inthemiddletemporal gyrus, putamen, and cerebellum. Note that since
both the pack-years and

durationofquittingsmokingareunavailableforthe 2 Lightsmoker
groups, the comparison involving the 2 Light smokergroupsinthis

section should be considered exploratory.

3.2.3. Pack-years and quitting duration

Asillustrated in Table S13, those who had ever smoked (current relapsed, and

Group t.value p-value Poonferroni CohenD
Currentvs. Control 11.942 1.97 bl 118 x —0.362
1073t 10-30

Relapsed  smoker vs. 3.549 4.62 x 277 x —0.224
Control 107% 10~%

Ex-smokervs. Control 10.203 6.62 = 397 x —0.151
10-2 10-23

Curr-Light  smoker  vs. 2.859 4.45 > 2.67 x —0.145
Control 107% 107%

Ex-Light smoker vs. 3.2582 115 =< 6.92 x —0.060
Control 107% 107%

V-Light smokervs. Control —0.451 6.52 %< 1.00 —0.007

100t

Note. Comparisons of each smoker group against never-smoking control in total GMV regressed
out age, sex, handedness, ethnicity, BMI, alcohol drinking fre- quency, sites, and TIV. The
Puonferroniwere obtained by Bonferroni correcting.

ex-smokers) showed a negative association between pack- years and total GMV (8

—66 ; —
\%vsaos'%‘}eﬁer (gigger 9alug) ﬁt(‘)erf)ﬁ Fncet &ffentsmokers ?fre considered

(p = —311.84, p = 8.35 x 107, Fig. 2A). There was a significant

0.05, Cohen~s d range: [0.170, 0.188], Table S10), mainly in the SN and cerebellum.
Compared with the “Curr-Light smoker” group, the “Current smoker” group showed
smaller volume in 71 regions (Pgepr < 0.05,

Cohen”s d range: [—0.253, —0.127], Table S11), mainly in multiple
thalamicnuclei,and larger volumeinright LC (d=0.157),andbilateral VTA (d = 0.128



Znti0iEs S'respectively). Compared with the “Ex-Light

positive cBFRIEEOR O BRIARBRABIFGRITAY SRR G RtAIRINAGS(FO2)2405%
p = 562 10“5); and this correlation was weakened (lower S value) when
additionally controlling for pack-years (5 =
13957, p =236 167% Fig. 2B). Fig. 2E shows that the longer the

smoking abstinence time, the smaller the difference of GMV from con- trols, and that
thisassociation was stronger for those who smoked for more pack-years.

There were 154 ROIs negatively correlated and 3 ROIs positively correlated
with pack-years (Prpr <0.001, Fig. 2C, Table S14). Many of these ROls with stronger
negative associations (bigger standardized coefficients) were in thalamic areas;
while the ROIs with positive
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(C) Ex-smoker - Control

oS

Fig. 1. Different GMV betweensmokersandcontrolsatbrainregionlevels. Thedifferenceisshownbetweensmokersandcontrolsinregional GMV controllingfor the confounding effects of age, sex,
handedness, ethnicity, BMI, alcohol status, sites, and TIV. (A)-(E) Different regional GMV differences between smoker groups and controls: (A) Current smoker — Control; (B) Relapsed - Control; (C)
Ex-smoker - Control; (D) Curr-Light smoker - Control; (E) Ex-Light smoker - Control. The regional differences in GMV between smokers and controls are shown on lateral, medial, and dorsal views of
the cerebral hemispheres. (F) A circular heatmap of the difference ofthe GMVsof166brainregionswiththe AAL3(theouterlayer) betweendifferentsmokers(alongtheradius)andcontrols. Theinner
layerindicatesthelobesthat the brain regions belong to (Table S1). The color represents Cohens d value: the darker the color the smaller the regional GMV in smokers. SM: sensorimotor.

associationswereinthe LCandraphenucleus. Asregardsthe quitting duration, similar
distribution patternsbut reverse trends were found,

that is, 70 ROIs were positively correlated with quitting duration, mainly in
thalamicareas (Prpr <0.001, Fig. 2D, Table S15). Also, a significant correlation of
the smokingamount-GMV relationship (i.e., regression coefficients of pack-years) and
the smoking abstinence-GMV relationship (i.e., regression coefficients of the
durationofquitting)

across 166 ROIs was found (r 0251, p < 0.001; Fig. 2F). We found that the
magnitudeofthe formerwaslargerthanthatofthelatter.

3.3. Associations between smoking and cognition

Table S16 summarizes the 7 cognitive measures including the available
sample sizes in the analysis. We only consider the samples without missing values
toestablishthe modelinthe analysis.

Ofthe7cognitivefunctions, reactiontime,symbol digitsubstitution

scores, and paired association learningscores were significantly related to the smoking
parameters (Table S17). Specifically, compared with controls, the “Current smoker”
group had significantly longer reaction times (8 = 8.287, Pponterroni = 0.033), and
reaction time positively correlated with pack-years (8 =0.291, Pyonferroni = 0.026),
and nega- tively correlated with quitting duration (8 = —0.287, Pyonferroni = 0.024). As
regards symbol digit substitution scores, the “Current smoker” and “Ex-smoker”
groups showed significantly smaller scores than controls(8
1.089,Pcorr 1.498= 107% p 0.341,—Pronferroni 0.0267
respectively), and significant associations with the pack-years and quitting duration
were found (8 = —0.035, Poopferran = 2.08 x 107% g =
0.020, Poonterron = 1.41 x 10~ respectively). Compared with controls,
the “Current smoker” group had significantly lower paired-associate learning scores
(B = —0.380, Pooriorrons = 2.14 x 107%) while the <<V~ Lightsmoker” group
showed largerscores (8=0.306, Pyonferroni = 9.08
= 107Y), and paired-associate learning scores negatively correlated
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Fig. 2. Association of brain GMV with pack-years and

duration of quitting. (A) Association of total GMV with pack-
years across the current smokers and controls (pack-years = 0)
controlling for possible confounding effects. (B) Association
of total GMV with quitting duration across the Ex-smokers
and current smokers (quitting duration = 0) controlling for
possibleconfoundingeffectsincludingpack-years.

(C) Regional GMV with significant correlation with pack-
years (FDR q < 0.05). Only the negative asso- ciations are

displayed. (D) Regional GMV with sig- nificantcorrelations
with quitting duration (FDR q < 0.05). The color represents
standardized coefficient

values; the darker the color the larger the absolute value of the
standardized coefficients. A coldcolor indicates brain regions
with a negative correlation between GMV and pack-years,
while a warm color indicates brain regions with a positive

correlation between GMV and duration of quitting. (E) Mean
total GMV difference between smokers and controls by
combined categories of pack-years and quitting duration,
controlling for the possible confounding effects of age, sex,
handedness, ethnicity, BMI, alcohol status, and TIV. (F) A
high correlation is shown of the smoking amount-regional
GMV rela- tionship and the smoking abstinence-regional GMV
relationship across 166 ROIls. The red points repre- sent the
intersection of ROIs with significant associ- ations for both
pack-years and quitting duration, while the blue points
represent the rest of the ROIs. The dotted line represents a line
with a slope of —1 (i. e, y = —X). (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article.)

ion 9.0%, Poerront < 0.001, Fig. 3C) with symbol digit
pectively. Similarly, total GMV significantly mediated the
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significantly better cognitive functioningthantheCurrentsmokergroupinthefieldsof
reactiontime

(B = —9.8%, Poorterroni 9.69  10™%), and paired-association learning

(B = 0.384, Poorrerroni 946 1050%). The Current smoker group had lower paired-
association learning scores than the Curr-Light smoker, while the Ex-smoker group
had higher trail-making scores than the Ex- Light smoker. Detailed results are
presented in Table S18.

3.4. Results of the mediation analysis

We performed mediation analysis for both the total and regional GMVwhich
wassignificantlyassociatedwithbothsmokingparameters andcognitivefunction(Fig.
S4). The resultsindicated that the total GMV significantly mediated the relationship
betweenthe smokingvariables andsymbol digitsubstitutionscores (Fig. 3); thatistotal
GMV partially mediated the association of smoking status (Proportion of mediation =
6.5%, Pponferroni <0.001, Fig. 3A), pack-years (Proportion of mediation
= 7.4%, Pponferroni < 0.001, Fig. 3B), and duration of quitting smoking

he smoking status (Proportion of mediation = 12.0%,
Phoonterroni < 0.001), pack-years

(Proportion of mediation = 10.4%, Pponterroni < 0.001), and duration of

quitting smoking (Proportion of mediation = 15.2%, Pyonferroni < 0.001) and
paired-associate learning scores. The results of the mediation

analysis of total GMV performed for reaction time were non-significant. Performing
mediation analysis for those ROIs significantly related to both smoking variables and
measures of cognition, we found many ROIs with significant mediation effects (Pror <
0.05) as shown in Fig. 3D-F (Table S19-21) for symbol and digit substitution,
in Fig. S5A (Table S22-24)forreactiontime,andin Fig. S5B (Table S25-27) for
paired-associate learning, in which the thalamic nuclei were the most

prominent mediators.

4. Discussion
The present study quantifies in detail the associations of smoking with brain

GMV and cognition ina large neuroimaging dataset. We found that smokers with
different smoking statuses showed different



Z. Linli et al.

Path AB
A B=-0.072, p < 0.001
(95% CI [-0.112, -0.035])

Total GMV
Path A
B =-7809, p < 0.001
(95% CI [-9863, -5754])

Path C'
B =-1.035, p < 0.001
(95% CI [-1.435,-0.600
Path C
=-1.107, p < 0.001
(95% CI [-1.500,-0.687])

Smoking status:

Current + Control substitution

B Path AB
B =-0.003, p < 0.001

(95% CI [-0.004, -0.001])

Total GMV
Path A
B =-280, p <0.001
(95% CI [-351, -209])

Path C'
p=-0.032, p <0.001
(95% CI [-0.047,-0.018
Path C
B =-0.035, p <0.001
(95% CI [-0.050, -0.021])

Symbol digit
substitution

Smoking amount:
pack-years

Path AB
C B =0.002, p <0.001
(95% C110.001, 0.003])

Total GMV
Path A
B=134,p<0.001
(95% CI [104, 221])

Path C'
B =0.018, p = 0.006
(95% CI [0.005, 0.030]

Path C
B=0.019, p = 0.004
(95% CI [0.007, 0.032])

Symbol digit
substitution

Smoking cessation:
quitting duration

B=9.21x10"%, p < 0.00
(95% CI [5.07%10°%6, 1.34x1

Symbol digit

Path B

B =9.25%10"%, p < 0.00
(95% CI [5.11x10°%, 1.34x1

Path B
B=1.30x10"%, p < 0.00 ‘
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Fig. 3. Mediation by total and regional GMV of the association between three smoking parameters [(A, D) Smoking status, (B, E) pack-years, and (C, F) quitting duration] and symbol digit
substitution scores. (A)-(C) Mediation analysis on smoking parameters, total GMV, and symbol digit substitution score. Path A: the association between the smoking parameters and the mediator
(total GMV); Path B: the association between the mediator and the outcome (symbol digitsubstitution scores) controlling for the smoking parameter; Path C shows the association (total effect) of smoking
parameters and the symbol digit substitution scores when the total GMV was not taken into account. Path C’indicates the direct association between the smoking parameters and the outcome (symbol
digit substitution scores) controlling for the mediator, which shows a significant reduction in the regression coefficient when the association with the total GMV was taken into account (direct effect). Path
AB sshowsthattakingtotal GMV intoaccountexplains about 6-8% ofthe association between smoking exposure parametersand symbol digitsub- stitution scores (mediation effect). (D)-(E) show
significant results of the mediation analysis on smoking parameters, regional GMV, and symbol digit substitution score. The color bar represents the percentage of the mediation effect that could be

explained by the mediator (regional GMV). The percentage of the mediation effect

was measured by the formula: 100*(total effect - direct effect)/(total effect)%. The significance of the mediation was estimated by the bias-corrected bootstrap approach (with 1000 random

samplings; Pcorr <0.05).

extents of smaller brain volume depending on smoking frequency and smoking
abstinence. Higher lifetime exposure (i.e., pack-years) was associated with smaller
GMV, while after quitting smoking, smokers with a significantly larger GMV
had a longer quitting duration. Furthermore, smoking was associated with impaired
cognitive functions measured by reaction time, the symbol digit substitution test, and
paired associate learning, and these associations were partially mediated by brain
structure. Findings from this study robustly develop an under- standing of the
associationofsmokingwithbrainvolumeandcognition. Arecentstudybased onthe UK
Biobank has found that smoking is associated with lower total GMV consistent with
the current findings (Grayetal.,2020), butthatstudy mainly focusedoncurrentsmokers
or ever-smokers (current plus former smokers) as with most previous studies
(Elbejjani et al., 2019). The current study expands that recent study,byconsideringa
wider range of smoking statuses and reporting a clearer relationship between
smoking and brainstructure. While different smoking statuses all showed many
discrepant brain regions, with many overlapping areas, it is noteworthy that the
magnitudeofthe group differences (measured by Cohen’s d, as shown in Fig. 1)
is

different depending on the smoking status. Light smoking isassociated with slightly
smaller global and regional GMV, mainly distributed in cortical and subcortical
structures including the thalamus, MCC, hip- pocampus, PHG, amygdala, SN, VTA,
and RedN, all of which had even lower volumes in regular smokers (except for the
VTA). These regions include parts of the mesocorticolimbic system involved in a
variety of functions including reward, and reinforcement learning (Berridge and
Kringelbach, 2015; Grall-Bronnec and Sauvaget, 2014; Yager et al., 2015). The SN
and VTA contain dopaminergic neurons, influenced by and providing important
signalsto other regions of the reward system (e.g., orbitofrontal cortex and amygdala)
(Rolls,2017,2018). Smoking mayberelatedtothesedifferencesinreward-relatedareas
(Chengetal., 2019). For those with higher smoking intensity and frequency, lower
GMVwasalsofoundinthecerebral cortexincluding the frontaland temporal lobes.
These smallerregions (Table S3) have beenreported in the previousliterature buthave
not been found simultaneously (Brody et al., 2004; Hanlon et al., 2016). In this study,
the combination of the statistical power of the large brain-imaging sample of the UK
Biobank and the use ofahighly robust metric (i.e., GMV) made itpossible to
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discover widespread associations between smoking and brain GMV (Madan and
Kensinger, 2017). Lower brain volume in chronic and reg- ular smokers hasalso been
associated with a higher risk for the neuro- cognitive disorder (Karas et al., 2003;
Knightetal., 2016; Leeetal., 2013). VVery interestingly, the current investigation
revealedahigh

correlation between the lower GMV and the amount of smoking (““Cur- rent smoker”
group, r 0.94, p < 0.001, £ig. S7).

A smoking amount-GMV negative association between pack-years and GMV
has been reported in previous studies consistent with the current study (Cox et al.,
2019; Durazzoetal., 2017; Fritz et al., 2014; Pengetal.,2018).using datafromthe
UK Biobank, Cox etal. (2019) looked at several cardiovascular risk factors and
found that a greater number of cigarette pack-years was associated with smaller total
GMV and reduced volume of the thalamus, basal ganglia, hippocampus, and several
cortical regions. Also based onthe UK Biobank, Gray et al. (2020) considered the
association of brain structure with smoking duration and cigarettes per day instead
of cigarette pack-years, only reportingthatlongersmokingdurationisassociated with
smaller total GMV, as their investigation included numerous covariables Cigarettes
perday does not capture the potential association of smokingaccumu- lationand brain
structure while the duration of smoking does not take intoaccountthe level ofactual
smoke exposure. Pack-yearsused inthis study may be a trade-off that synthesizes
information from these two smoking characteristics (i.e., by using the product of
cigarettes per day andsmokingduration). Allthese smoking characteristicsare helpful
to draw a comprehensive conclusion for smoking-related studies. One strength of
the present study is that we also showed those with only a little smaller GMVs had
longer durations for quitting smoking in the same dataset. Similar evidence of a
positive association between the duration of quitting and cortical thickness has
previously been reported (Karamaetal., 2015). Interestingly, regions with stronger
smoking amount-GMV associations usually had a larger abstinence-GMV
association.

Regionally, the thalamus was a prominent brain region in which low volume was
associated with smoking,andwhich mediated theassocia- tion between smoking and
cognition. In smokers who still smoke now including the “Current smoker”,
“Relapsed smoker”, and “Curr-Light smoker” groups, the thalamus is the most
significantbrain regionwith the top effect size (i.e., Cohen s d) and the magnitude is
related to the extent of smoking. The thalamus is a brain region with the highest
density of nicotinicacetylcholinereceptors (NAChRs) (Mukherjeeetal., 2018), and is
involved in many cognitive functions including arousal, sustained attention, and
behavioral inhibition (Huang et al., 2018). Reduced cholinergic function can
impaircognitionbyreducingthe firing rates in cortical attractor networks (Rolls and
Deco, 2015). The present investigation describes an association between GMV
and smoking, anddoesnotreveal the direction ofany effects (Parvaz etal., 2022). One
hypothesisisthatwithlowthalamicvolumeinsomein- dividuals, there may be less
excitation because of presumably fewer nAChRs, and these individuals may
compensate for that by self- administering nicotine. Part of the reward value of
nicotine is pro- duced by actionsonnAChRs that increase dopamine release in for
example the ventral striatum (Wills et al., 2022). However, the highest concentration
of nicotine receptors is in the thalamus, and although chronicnicotineexposure leads
tonAChR upregulation (Dubroffetal., 2015), the reduced thalamic volume in smokers
reported here may mean that smokers might compensate for a lower thalamic
volume and consequently fewer nAChRs by self-delivering nicotine. This may have
beneficial effectsonattentionthat could be influenced by the thalamic nAChRs(Sottile
etal.,2017). Analternative hypothesisisthatthosewho self-administer nicotine may
reduce the gray matter volume of some brain regions, including the thalamus. In that
situation, the constant bombardment of these nAChRs by long-term regular nicotine
exposure may make it a prime target for potential morphometric anomalies.
Differences in thalamic volume and functional connectivity have been related to
whether smokers relapse after quitting (Wang et al., 2020),
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butitisnotedthatthe pharmacologyofnicotinereceptorsandsmoking iscomplex, with
atleastthe rewardingaspects of nicotine thoughttobe related to increased dopamine
release from dopaminergic neurons (Willsetal.,2022). Inany case, we notethatlower
thalamic gray matter volumeisnotspecifictosmoking,andisfoundwithotherdrugsof
abuse including alcohol, cocaine, methamphetamine, opioids, cannabis, and synthetic
cannabinoids (Huang et al., 2018).

Itisnoteworthythatgiventhenumberofparticipantsineachgroup, we found highly
statistically significant mean differences between the different smoking status groups
in regions like the thalamus. Therefore, it is important to report the effect size
(measured by Cohen’s d) in additiontothe p-valueasitquantifiesthe magnitude
ofagroupdif- ference, while alow p-value by itself only confirms itsexistence (Sulli-
vanandFeinn,2012). AccordingtoCohen (Cohen,2013),d valuesof0.2 represent small
effects, values between 0.4 and 0.6 moderate effects, and d valuesof0.8 orhigherlarge
effects. In this study, the magnitude of the group differences between smokers and
controls was a marginal to small effect size, even for the difference for active regular
smokers (i.e., Cur- rent smoker - Control), and is generally smaller than that in patients
with neuropsychiatric diseasesinwhichthe effect sizes of group differences are small
to moderate (Thompson et al., 2020), such as schizophrenia (van Erp et al., 2016),
depression (Koolschijn et al., 2009), and bipolar disorder (Hibar et al., 2016).
Therefore, the association of smoking and brainvolume should notbe overstated, but
smalleffectsinmedicinecan nevertheless be important in terms of human health.
Therefore, the findings of this paper may provide meaningful implications to under-
stand neural mechanisms of smoking.

Of the 7 cognitive functions we examined in the current study, re- action time,
symbol digit substitution scores, and paired association learning scores were
significantly related to smoking. These tests of cognitive function reflect the speed
withwhichtaskscanbe performed andalsolearning,andtheabilitytofocusattention
may be involved (Jaeger, 2018). As regards the remaining cognitive measures
including fluid intelligence, numeric memory, pairs matching, and trail making, they
are more a reflection of memory, reasoning ability, and executive functioning
(Salthouse, 2011), and were not strongly associated with smoking. A possible
implication is that the aspects of cognition most strongly associated with smoking
are functions that probably reflect attention,alertness,andfastlearning,withnicotine
likely because of its cholinergic functions (Rolls et al., 2022; Rolls and Deco,
2015) to improve these aspects of cognition and performance.

There are several limitations to this work. First, since the results of thisstudyare
based on cross-sectional data, it is not possible to infer the causal relations of the
associations between smoking and brain morphological variation identified
here. Second, although “Light smokers” were recruited here, detailed smoking
frequency or other smoking information is not available for this smoker group.
Third, although the comprehensive analysis was based on the largest sample with
neuroimagingtodate, there may be some potential sample biasin the study samples we
usedoreveninthe UK Biobank. Fryetal. (2017) have demonstrated that UK Biobank >s
500,000 participants are gener- allyhealthier, leaner,and smoke lessthantheir fellow
countrymenand women, suffering lessheartandkidney disease and cancer. Therefore,
the UK Biobankisnotrepresentative ofthewhole UK population. Inour study sample,
since some subjects were excluded due to exclusion criteria, we inevitably lost
usefulinformationonsmokingforthisgroup of subjects. However, a valid assessment
of smoking-brain structure relationships may be widely generalizable to enormous
populations of peoplegiventhevery largescale of the sample investigated. Fourth,
some important covariables were not included in the current study that might be
correlated with both brain structure and cognitive measures, such as education,
physical exercise, and other drug addiction. Due to the absence of detailed years of
education for participants in the UK Biobank, and the inadequate coverage of the
relevant data field of other drug addiction and physical exercise on the study
population, we were unable to further explore the possible confounding effect of
these
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covariables which might have an effect on the association between smoking with
brain structure and cognitive measures. In addition, smoking and depression are
often co-morbid, and both are associated with lower brain gray matter volume and
impaired cognitive perfor- mance, but this was not considered in this study,
although wehave excluded those subjects diagnosed with depression.

5. Conclusions

In summary, based on the largest smoking-related dataset with SMRI data, wereport
associations between smoking, lower brain gray matter volume (GMV), and
cognition. The magnitude of the association de- pends on the amount of smoking,
and smaller differences in brain vol- ume are associated with the duration with which
individuals could quit smoking. We also showed that smoking is associated with
reduced cognitive ability (e.g., symbol-digit substitution scores and reaction time),
and that this effect was partly mediated by the lower brain GMV. This study leads to
new concepts including a possible role of thalamic nicotinic receptors in smoking,
and provides a better understanding between the brain, smoking, and cognition that
may be useful in the prevention of smoking and its treatment.
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