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A B S T R A C T   

The thalamus, with the highest density of nicotinic acetylcholine receptor (nAChR) in the brain, plays a central 
role in thalamo-cortical circuits that are implicated in nicotine addiction. However, little is known about whether 
the thalamo-cortical circuits are potentially predictive of smoking relapse. In the current study, a total of 125 
participants (84 treatment-seeking male smokers and 41 age-matched male nonsmokers) were recruited. 
Structural and functional magnetic resonance images (MRI) were acquired from all participants. After a 12-week 
smoking cessation treatment with varenicline, the smokers were then divided into relapsers (n = 54) and non-
relapsers (n = 30). Then, we compared thalamic volume and seed-based thalamo-cortical resting state functional 
connectivity (rsFC) prior to the cessation treatment among relapsers, nonrelapsers and nonsmokers to investigate 
the associations between thalamic structure/function and smoking relapse. Increased thalamic volume was 
detected in smokers relative to nonsmokers, and in relapsers relative to nonrelapsers, especially on the left side. 
Moreover, decreased left thalamo-precuneus rsFC was detected in relapsers relative to nonrelapsers. Addition-
ally, a logistic regression analysis showed that the thalamic volume and thalamo-precuneus rsFC predicted 
smoking relapse with an accuracy of 75.7%. These novel findings indicate that increased thalamic volume and 
decreased thalamo-precuneus rsFC are associated with smoking relapse, and these thalamic measures may be 
used to predict treatment efficacy of nicotine addiction and serve as a potential biomarker for personalized 
medicine.   

1. Introduction 

Cigarette smoking is the leading cause of preventable morbidity, 
causing 6 million preventable deaths per year and an estimated 8 million 
deaths worldwide by 2030 without effective interventions (Asma et al., 
2014). Most nicotine-dependent smokers express the desire to quit 
smoking, but only 3–5% remain abstinent without the use of therapies 
(Hughes et al., 2004). Varenicline, a partial agonist of alpha4beta2 
nicotinic acetylcholine receptor (nAChR), is a first-line drug for quitting 
smoking and has shown therapeutic efficacy in smoking cessation. 
However, smoking relapse rates remain very high even with varenicline 
treatment (Cahill et al., 2016). 

Nicotine is the primary ingredient that acts as a presynaptic nAChR 
agonist, facilitating the release of synaptic dopamine and making ciga-
rettes highly addictive (Wonnacott, 1997). The key role of dopamine in 

reward processing makes nAChR a mediator for signal delivery that 
instigates and maintains nicotine addiction. nAChRs are widely 
distributed in various brain regions, such as the ventral tegmental area 
(VTA) (Yang et al., 2009), thalamus (Gallezot et al., 2005; Kimes et al., 
2003), striatum (Grady et al., 2007), hippocampus (Alkondon and 
Albuquerque, 2001), prefrontal cortex (PFC) (Gioanni et al., 1999), and 
amygdala (Klein and Yakel, 2006). The thalamus, with the highest 
nAChR density in the brain (Gallezot et al., 2005; Kimes et al., 2003), 
plays a central role in the cortico-striato-thalamo-cortical reward cir-
cuits that are critically implicated in drug addiction (Huang et al., 2018). 
Using voxel-based morphometry (VBM) analysis, previous studies have 
reported reduced gray matter volumes in several areas within the thal-
amus in smokers relative to nonsmokers (Hanlon et al., 2016; Liao et al., 
2012). However, it remains largely unclear whether thalamic volume 
prior to the treatment is potentially predictive of smoking relapse. In 
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addition, a task-state functional magnetic resonance imaging (fMRI) 
study has shown that smoking relapse is associated with decreased task- 
based functional connectivity (FC) between the thalamus and inferior 
frontal gyrus (Froeliger et al., 2017). Recently, resting-state fMRI (rs- 
fMRI) has been suggested as an important tool to reveal the patho-
physiological mechanisms underlying psychiatric and neurological dis-
eases (Barkhof et al., 2014). However, it remains largely unclear 
whether thalamo-cortical resting-state FC (rsFC) prior to the treatment is 
potentially predictive of smoking relapse. 

In the current study, a total of 125 participants (84 treatment-seeking 
male smokers and 41 age-matched male nonsmokers) were recruited. 
Structural and functional MRI were acquired from all participants. Then, 
a 12-week varenicline treatment was conducted for these treatment- 
seeking smokers. According to the smoking cessation outcomes, the 
smokers were then divided into relapsers and nonrelapsers. Subcortical 
volumetric segmentation using FreeSurfer (http://surfer.nmr.mgh.ha 
rvard.edu) has been shown as a sensitive method for measuring the 
structural changes of gray matter (Hutton et al., 2009). Therefore, in our 
study, subcortical parcellation procedures were performed using Free-
Surfer for all participants. Then, the thalamic volume and thalamus- 
based rsFC were compared among relapsers, nonrelapsers and non-
smokers to determine whether the thalamic measures prior to the 
treatment were related to smoking treatment outcomes. 

2. Methods and materials 

2.1. Participants and procedures 

Eighty-four treatment-seeking male smokers and 41 age-matched 
healthy male nonsmokers were recruited via advertisements. All par-
ticipants were Han Chinese, 22–55 years old and right-handed as 
measured by the Edinburgh Handedness Inventory. The inclusion 
criteria for smokers included: 1) smoked ≥ 10 cigarettes per day in the 
last one year; 2) the number of years having smoked ≥ 2; 3) meeting the 
DSM-IV criteria of nicotine dependence; 4) afternoon breath carbon 
monoxide (CO) level > 10 ppm. Fagerström Test of Nicotine Depen-
dence (FTND) was used to assess nicotine dependence levels for smokers 
(Fagerstrom and Schneider, 1989). The nonsmokers were defined as 
those smoked fewer than 20 cigarettes in their lifetime, and none in the 
past 10 years with exhaled CO level ≤ 3 ppm. Exclusion criteria for all 
participants included: 1) a history of major illnesses, neurological and 
psychiatric diseases; 2) systemic diseases, such as hypertension and 
diabetes; 3) psychotropic medication use, and other substance abuse 
(besides nicotine), such as heroin, cocaine and alcohol; 4) MRI contra-
indications (i.e., claustrophobia and metal implants). This study was 
approved by the institutional review boards of the Second Affiliated 
Hospital, Zhejiang University School of Medicine. All participants signed 
informed consents. 

After the baseline MRI scan, all treatment-seeking smokers received a 
standard 12-week varenicline treatment (http://www.pfizer.com 
/products). Participants started with a recommended varenicline 
dosage of 0.5 mg once daily for 3 days, then increased to 0.5 mg twice 
daily for days 4 to 7, and then to the maintenance dose of 1 mg twice 
daily. Participants were asked to reduce their baseline smoking rate by 
50% or more from baseline by week 4 with a further reduction to 75% or 
more from baseline before week 8 with the goal of quitting smoking 
completely by week 8. Weekly telephone visits were conducted to record 
their self-reports of smoking behavior and encourage them to reduce 
their smoking amount faster. Consistent with prior studies, 4-week 
continuous abstinence for the last 4 weeks (weeks 9–12) was regarded 
as the endpoint (Gonzales et al., 2006; Jorenby et al., 2006). According 
to their weekly self-reports of smoking behavior, those who smoked any 
cigarette during weeks 9–12 were considered as relapsers (n = 45). And 
those who remained continuously abstinent during weeks 9–12 were 
considered as nonrelapsers (n = 30), which were further cross-validated 
by an expired CO level (≤6 ppm) after the 12-week treatment. In 

addition, nine smokers did not adhere to the standard 12-week vareni-
cline treatment, and then they lost the weekly telephone visits. Consis-
tent with the previous study (Froeliger et al., 2017), both those smokers 
who met the criterion for relapsers and those who were lost to contact 
were classified as relapsers in the current study. Therefore, a total of 54 
smokers were classified as relapsers. 

2.2. Image acquisition 

All smokers received an MRI scanning session prior to the varenicline 
treatment. All scans were performed using a 3.0 T GE Signa MR scanner 
equipped with an 8-channel high-resolution phase array head coil. 
Conventional T1- and T2-weighted images were acquired to exclude 
structural abnormalities. High-resolution T1- weighted images were 
obtained using Sagittal 3D Fast Spoiled Gradient Recalled (3D-FSGPR) 
sequence: slices = 136, thickness = 1.2 mm, gap = 0 mm, repetition time 
(TR) = 5.056 ms, echo time (TE) = 1.116 ms, field of view (FOV) = 240 
× 240 mm2, matrix = 256 × 256, and flip angle = 15◦. Resting-state 
functional images were obtained using Echo-planar imaging (EPI) 
sequence: slices = 30, thickness = 4 mm, gap = 1 mm, TR = 2000 ms, TE 
= 30 ms, matrix = 64 × 64, FOV = 240 × 240 mm2, flip angle = 80◦, and 
volumes = 185. During fMRI scanning (370 s), participants were 
instructed to lie still, keep eyes closed, and not to fall asleep. The pur-
pose of this study was to investigate the effect of chronic smoking rather 
than acute abstinence. Therefore, in this study, smokers were allowed to 
smoke as usual approximately ten minutes before scanning to avoid 
withdrawal symptoms during scanning. Thus, smokers were scanned at 
satiated state in this study. 

2.3. Image processing 

2.3.1. Thalamic volume calculation 
Subcortical segmentation of the whole brain was performed using 

FreeSurfer software package (v5.3.0, https://surfer.nmr.mgh.harvard. 
edu), which had been used in our previous studies (Huang et al., 
2015; Shen et al., 2017). Details of FreeSurfer segmentation were 
described in Fischl’s study (Fischl, 2012). Subcortical segmentation and 
labeling of the thalamus were performed with default parameters 
(http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelin 
eOverview). In more detail, automatic subcortical segmentation of the 
thalamus was done in the following five stages (Fischl et al., 2002, 
2004): 1) an affine registration with MNI305 space specifically was 
designed to be insensitive to pathology and to maximize the accuracy of 
the final segmentation; 2) an initial volumetric labeling; 3) the variation 
in intensity was corrected due to the B1 bias field; 4) a high dimensional 
nonlinear volumetric alignment to the MNI305 atlas; 5) labeling the 
volume. The segmented thalamus was visually inspected by an experi-
enced neuroradiologist. Specifically, the thalamic mask was overlaid on 
the T1-weighted images in ITK-SNAP (http://www.itksnap.org/). The 
neuroradiologist inspected the gray/white matter boundaries segmen-
tation results, and manual corrections would be made if there were mis- 
segmentations. After preprocessing, the thalamic volume was extracted 
and normalized by intracranial volume (ICV) (structure/ICV *106) to 
correct for differences of head size. 

2.3.2. Resting state fMRI data processing 
Preprocessing and statistical analyses of resting-state fMRI data were 

performed using the toolbox for Data Processing & Analysis of Brain 
Imaging (DPABI) (Yan et al., 2016) and SPM12 (http://www.fil.ion.ucl. 
ac.uk/spm/), which were based on the MATLAB (The Mathworks, Inc., 
USA). The first 10 volumes were discarded to reduce magnetization 
disequilibrium, and then slice-timing correction and head motion 
correction were performed. The exclusion criterion of head motion was 
>2 mm/degree (5 smokers were excluded). After segmentation of T1 
images with diffeomorphic anatomical registration through expo-
nentiated lie algebra (DARTEL), functional images were co-registered to 
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T1 images and registered to Montreal Neurological Institute (MNI) 
template, and then resampled into 3 × 3 × 3 mm voxel size. Spatial 
smoothing was conducted with an isotropic 6 mm Gaussian kernel. 
Finally, linear detrending and temporal band-pass filtering (0.01–0.08 
Hz) were performed to remove low- and high-frequency noise. To 
minimize physiological noise, nuisance covariates were regressed out 
using the Friston-24 head motion parameters (6 head motion parame-
ters, 6 head motion parameters from the previous time point, and the 12 
corresponding squared items), as well as white matter signal and cor-
ticospinal fluid signal. 

Each thalamic mask was extracted as a seed from the AAL template 
respectively (Fig. 1a). Then, each resliced mask was used for a seed- 
based rsFC analysis. Pearson’s correlation between the time course of 
each thalamic seed and the whole brain was calculated to obtain rsFC 
maps. Finally, the resulting rsFC maps were transformed to Z maps using 
Fisher’s Z transformation. 

2.4. Statistical analyses 

Statistical analyses were conducted using SPSS (IBM SPSS Statistics, 
Version 20.0, Armonk, NY). Independent two-sample t-tests were used 
to compare the demographic characteristics and thalamic volume be-
tween smokers and nonsmokers. For bilateral thalamic volume results, 
Bonferroni corrections were used for multiple comparisons (p < 0.05/2 
= 0.025). Subsequent correlations between bilateral thalamic volume 
and smoking behaviors (i.e., smoking onset, years smoked, cigarettes per 
day (CPD), pack-years, FTND) were assessed by Pearson correlations (p 
< 0.05/10 = 0.005, Bonferroni corrected). In addition, one-way analysis 
of variance (ANOVA) was used to compare the demographic charac-
teristics and thalamic volume among relapsers, nonrelapsers and non-
smokers. Independent two-sample t-tests were used to compare the 
smoking behavior variables between relapsers and nonrelapsers. 

For the baseline fMRI data, 10 smokers were excluded from the an-
alyses (5 smokers for incomplete fMRI data, and 5 for head motion). 
Thus a sample of 74 smokers (47 relapsers and 27 nonrelapsers) were 
finally included in the statistical analyses. The differences of thalamus- 
based rsFC maps between relapsers and nonrelapsers were calculated 

using independent two-sample t-tests. Then, the resulting statistical rsFC 
maps were corrected for multiple comparisons with Gaussian random 
field (GRF), and clusters survived GRF correction if voxel-level p <
0.005, cluster-level p < 0.025 (p < 0.05/2, two-tailed, Bonferroni cor-
rected). Then, rsFC values of the significantly different clusters between 
relapsers and nonrelapsers were extracted. Finally, the thalamic volume 
and rsFC values of the significantly different clusters were entered into 
logistic regression models as predictors of smoking relapse. The area 
under curve (AUC), accuracy (accuracy = number of correct pre-
dictions/total number of predictions), sensitivity, specificity, positive 
predictive value (PPV) and negative predictive value (NPV) of the 
receiver operating characteristic (ROC) curve were calculated to assess 
these models. All the logistic regression models employed a classifica-
tion cut-off of 0.5. 

3. Results 

3.1. Demographic and smoking data 

No significant differences were detected in age and education be-
tween smokers and nonsmokers (Table 1). Additionally, no significant 
differences were detected in age and education among relapsers, non-
relapsers and nonsmokers (Table 2). 

Fig. 1. Schematic of the left and right thalamus (a). Smokers showed increased normalized volume in the left (p < 0.001) and right (p < 0.001) thalamus relative to 
nonsmokers (b). The left thalamic volume was increased in relapsers (p < 0.001) and nonrelapsers (p = 0.028) relative to nonsmokers (c). The left thalamic volume 
was increased in relapsers (p = 0.005) relative to nonrelapsers (c). Additionally, the right thalamic volume was increased in relapsers (p < 0.001) and nonrelapsers 
(p = 0.03) relative to nonsmokers (c). 

Table 1 
Characteristics of smokers and nonsmokers.   

Smokers Nonsmokers t p 

Age (years) 38.2 ± 6.8 38.5 ± 8.6 − 0.209 0.835 
Education (years) 14.0 ± 2.9 15.4 ± 4.7 − 1.669 0.10 
Smoking initiation (years) 20.9 ± 5.1 ─ ─ ─ 
Years smoked 17.3 ± 6.6 ─ ─ ─ 
Cigarettes/day 23.5 ± 9.6 ─ ─ ─ 
Pack-years 20.6 ± 12.4 ─ ─ ─ 
FTND 5.2 ± 2.2 ─ ─ ─ 

Pack-years = cigarettes/day*years smoked/20; FTND: Fagerström Test for 
Nicotine Dependence. 
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3.2. Thalamic volume 

No significant ICV difference was detected between smokers 
(1310001 ± 152634 mm3) and nonsmokers (1357300 ± 136800 mm3) 
(p = 0.095). Relative to nonsmokers, smokers showed increased 
normalized volume in the left thalamus (smokers: 7185 ± 1578 mm3, 
nonsmokers: 5954 ± 810 mm3, t = 5.906, p < 0.001, Bonferroni cor-
rected) and right thalamus (smokers: 5838 ± 982 mm3, nonsmokers: 
5136 ± 585 mm3, t = 4.980, p < 0.001, Bonferroni corrected) (Fig. 1b). 
In the whole cohort of smokers, correlation analysis revealed that left 
thalamic volume was negatively correlated with FTND scores (p = 0.03, 
r = -0.236, Bonferroni uncorrected) (Fig. 2). However, correlation 
analysis between thalamic volume and other smoking behavior mea-
sures (i.e., smoking onset, years smoked, CPD, and pack-years) did not 
reveal any significant associations. 

One-way ANOVA analysis of left thalamic volume demonstrated 
significant differences among relapsers, nonrelapsers and nonsmokers (F 
(2, 122) = 16.572, p < 0.001, Bonferroni corrected) (Table 3). Post-hoc 
analysis demonstrated that left thalamic volume was larger in relapsers 
(p < 0.001) and nonrelapsers (p = 0.028) than nonsmokers (Fig. 1c). In 
addition, left thalamic volume was larger in relapsers (p = 0.005) than 
nonrelapsers (Fig. 1c). One-way ANOVA analysis of right thalamic vol-
ume also demonstrated significant differences among relapsers, non-
relapsers and nonsmokers (F(2, 122) = 10.966, p < 0.001, Bonferroni 

corrected) (Table 3). Post-hoc analysis demonstrated that right thalamic 
volume was larger in relapsers (p < 0.001) and nonrelapsers (p = 0.03) 
than nonsmokers (Fig. 1c). Relative to nonrelapsers, relapsers also ten-
ded to show increased volume in the right thalamus (p = 0.55), though it 
was not statistically significant. In addition, the statistical analyses of 
thalamic volume among relapsers (excluded the nine smokers who were 
lost to contact), nonrelapsers and nonsmokers showed the same findings 
(relapsers > nonrelapsers > nonsmokers) (Table S1). 

3.3. Thalamus-based rsFC 

Table 4 and Fig. 3 showed the results of thalamus-based rsFC anal-
ysis. Relapsers (n = 54) showed significantly lower left thalamo- 
precuneus rsFC than nonrelapsers. In addition, after excluding the 
nine smokers who were lost to contact, relapsers (n = 45) also showed 
significantly lower left thalamo-precuneus rsFC than nonrelapsers 
(Table S2). 

3.4. Prediction of relapse by thalamic volume and thalamus-based rsFC 

Table 5 and Fig. 4 illustrated the results of three models for pre-
dicting relapse with two thalamic measures, including left thalamic 
volume and thalamo-precuneus rsFC value. Model 1 and model 2 
examined the predictors of left thalamic volume and thalamo-precuneus 
rsFC value in univariate models, respectively (model 1: χ2 = 6.500, df =
1, p = 0.011; model 2: χ2 = 16.905, df = 1, p < 0.001). With the two 
thalamic measures included, model 3 (χ2 = 20.276, df = 2, p < 0.001) 
improved AUC to 0.814, and the accuracy, sensitivity, specificity, PPV 
and NPV of this classification model were 75.7%, 85.1%, 59.3%, 78.4% 
and 69.6%, respectively. 

4. Discussion 

In the present study, smokers showed larger thalamic volume than 
nonsmokers, and relapsers showed larger thalamic volume than non-
relapsers, especially in the left thalamus. Moreover, relapsers showed 
lower left thalamo-precuneus rsFC than nonrelapsers. To explore the 
clinical implications of these thalamic measures, we further assessed the 
potential role of these thalamic measures to predict the risk of smoking 
relapse. And we found that thalamic volume and rsFC predicted smoking 
relapse over a 12-week period of varenicline treatment in smokers with 
an accuracy of 75.7%. 

As an intermediately core node within the cortico-striato-thalamo- 
cortical reward circuit (Huang et al., 2018), the thalamus is integral to 
this circuit that underlies the reward (Haber and Calzavara, 2009; Rieck 
et al., 2004) and response inhibition processes mediating salience and 

Table 2 
Characteristics of relapsers, nonrelapsers and nonsmokers.   

Relapsers Nonrelapsers Nonsmokers F/t p 

Age (years) 38.1 ±
6.6 

38.3 ± 7.3 38.5 ± 8.6  0.029  0.971 

Education 
(years) 

14.0 ±
3.0 

14.1 ± 2.8 15.4 ± 4.7  1.869  0.159 

Smoking 
initiation 
(years) 

20.3 ±
4.4 

21.9 ± 6.1 ─  − 1.451  0.151 

Years smoked 17.8 ±
6.6 

16.4 ± 6.6 ─  0.976  0.332 

Cigarettes/day 23.8 ±
9.9 

23.0 ± 9.1 ─  0.331  0.742 

Pack-years 21.3 ±
12.7 

19.4 ± 11.9 ─  0.642  0.523 

FTND 5.2 ± 2.3 5.2 ± 1.9 ─  0.111  0.912 

Pack-years = cigarettes/day*years smoked/20; FTND: Fagerström Test for 
Nicotine Dependence. 

Fig. 2. The left normalized thalamic volume was negatively correlated with 
FTND scores. 

Table 3 
Thalamic volume between relapsers, nonrelapsers and nonsmokers.   

Relapsers Nonrelapsers Nonsmokers F p 

Left thalamic 
volume 

7485 ±
1484 

6644 ± 1449 5954 ± 810  16.572  <0.001 

Right 
thalamic 
volume 

5974 ±
997 

5593 ± 920 5136 ± 585  10.966  <0.001  

Table 4 
Between-group differences of thalamus-based rsFC in relapsers and 
nonrelapsers.  

Seed Location MNI coordinates Cluster 
size 

T values 

x y z 

Left 
thalamus 

Relapser <
nonrelapser 
Right precuneus 

18 − 57 27 165 − 4.0019  
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control processes in goal-oriented behaviors (de Bourbon-Teles et al., 
2014; Parnaudeau et al., 2015; Phillips et al., 2016). Using VBM analysis 
of the whole brain, several studies revealed a reduced thalamic nuclei 
within the thalamus in smokers, such as the pulvinar (Liao et al., 2012) 
or the dorsomedial thalamus (Qian et al., 2019). Further, using VBM 
analysis, Wetherill et al. found that cannabis-dependent individuals who 
smoked or did not smoke tobacco showed a reduced cluster within the 
thalamus compared to healthy controls (Wetherill et al., 2015). Using 
FreeSurfer segmentation, Yu et al. found that smokers (mean age: 20.8 
years, mean pack-years: 3.5) showed reduced thalamic volume relative 
to nonsmokers (Yu et al., 2018). However, several other VBM studies did 
not reveal any significant differences of the thalamic volume between 
smokers and nonsmokers (Brody et al., 2004; Yu et al., 2011). Recently, 
a VBM study by Hanlon et al. simultaneously compared the subcortical 
gray matter volume in both younger smokers (mean age: 23.9 years, 
mean pack-years: 5.2) and older established smokers (mean age: 40 
years, mean pack-years: 19.8) relative to their age-matched nonsmokers 
(Hanlon et al., 2016). Notably, younger smokers showed a reduced 
cluster within the left thalamus relative to age-matched nonsmokers, but 
no differences were detected between older established smokers and 
age-matched nonsmokers (Hanlon et al., 2016). Nevertheless, in this 
study, using FreeSurfer segmentation, smokers (mean age: 38.2 years, 
mean pack-years: 20.6) showed larger thalamic volume than non-
smokers. Inconsistencies in reported findings may be due to methodo-
logical issues such as variations in age or pack-years of the sample 
(young or old, low or high pack-years), different analysis methods for 
the neuroimaging data (VBM or FreeSurfer), or structural heterogeneity 
of the thalamus (a cluster within thalamus or the whole thalamus). 

Using FreeSurfer segmentation, Yu et al. found decreased thalamic 
volume in young male smokers (mean age: 20.8 years, mean pack-years: 
3.5) (Yu et al., 2018). However, in this study, using the same analysis 
method (FreeSurfer segmentation), we found increased thalamic volume 
in old male smokers (mean age: 38.2 years, mean pack-years: 20.6). One 
possible explanation for this inconsistency is that thalamic volume may 
be decreased during adolescence and young adulthood, and then 
increased with long-term continued smoking during adulthood. Further, 
consistent with the previous study (Yu et al., 2018), we found that left 
thalamic volume was negatively correlated with FTND scores rather 
than pack-years or years smoked in smokers in this study. The severity of 
nicotine dependence, as measured by FTND (Dijkstra and Tromp, 2002), 
is a relatively stable trait in established smokers who are not trying to 
quit (Janson, 1999; McCarthy et al., 2001). Moreover, FTND is a highly 
heritable trait (Li, 2008; Vink et al., 2005). Therefore, one interpretation 
for the decreased thalamic volume in younger smokers or the negative 
correlation between thalamic volume and FTND is that pre-existing 
abnormalities in the thalamus may potentially predispose individuals 
to the initiation of smoking and the development of nicotine depen-
dence, such as the genetic factor. About 80% of nicotine-dependent 

Fig. 3. The results of thalamus-based rsFC analysis. Relapsers showed significantly decreased left thalamo-precuneus rsFC relative to nonrelapsers. Colored bar 
represents t-values. 

Table 5 
Models predicting relapse status based on thalamic volume and thalamus-based 
rsFC.  

Models AUC 
(%) 

Accuracy 
(%) 

Sensitivity 
(%) 

Specificity 
(%) 

PPV 
(%) 

NPV 
(%) 

Model 1: 
Left 
thalamic 
volume  

65.1  72.6  96.3  30.0  71.2  81.8 

Model 2: 
rsFC value 
of right 
precuneus  

77.7  75.7  87.2  55.6  77.4  71.4 

Model 3: 
Left 
thalamic 
volume +
rsFC value 
of right 
precuneus  

81.4  75.7  85.1  59.3  78.4  69.6 

AUC: area under curve; PPV: positive predictive value; NPV: negative predictive 
value. 

Fig. 4. The receiver operating characteristic (ROC) curve for the prediction of 
smoking relapse by the left thalamic volume and thalamo-precuneus rsFC 
in smokers. 
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smokers have progressed to nicotine dependence by the age of 18 years 
(Sussman, 2002). Developmental plasticity makes the brain of adoles-
cents and young adults vulnerable to the effects of nicotine (Mathers 
et al., 2006). During this particular period of development, the adoles-
cent brain continues to develop structurally and functionally (Casey 
et al., 2005), which is thought to be a cause of maladaptive decision- 
making associated with immature cognitive control (Pine et al., 2001). 
In addition, decreased thalamic volume in adolescents has been found to 
be correlated with increased levels of impulsivity, a factor known to 
contribute to the initiation of smoking (Liu et al., 2013). 

In this study, increased thalamic volume was detected in older 
smokers, which may be associated with long-term continued smoking 
during adulthood. The thalamus has a very high concentration of nAChR 
in the brain (Wonnacott, 1997; Zubieta et al., 2001). Nicotine acts as an 
agonist at nAChR (Wonnacott, 1997), which stimulates glial activity, 
proliferation, the expression of genes involved in neurogenesis, and 
upregulates calcium-binding proteins and nerve growth factor (Garrido 
et al., 2003; Liu et al., 2005; Opanashuk et al., 2001). Thus, we speculate 
that repeated stimulation by long-term cigarette smoking may result in 
the increased thalamic volume. Similarly, increased subcortical volume, 
such as increased striatal volume, has been reported in the addiction 
disorders, such as nicotine addiction (Franklin et al., 2014b; Li et al., 
2015; Yu et al., 2011), and cannabis addiction (Wetherill et al., 2015). 
Additionally, increased thalamic volume has also been reported in other 
psychiatric disorders characterized by repetitive, compulsive behaviors, 
such as obsessive–compulsive personality disorder (Atmaca et al., 
2019). The mechanism for increased thalamic volume in older estab-
lished smokers is still unknown. Nicotine disrupts the blood–brain bar-
rier and then plasma fluid may leak into the parenchymal interstitial 
space, leading to vasogenic swelling (Hawkins et al., 2002). Alterna-
tively, elevated carboxyhaemoglobin levels (Deveci et al., 2004) and 
decreased cerebral blood flow (a secondary issue to the cerebral arte-
riosclerosis) in chronic smokers (Yamamoto et al., 2003) may lead to 
reduced blood oxygen levels for cellular energy production, leading to 
an osmotic imbalance and then to cytotoxic cell swelling. Either 
nicotine-induced vasogenic swelling (Hawkins et al., 2002) or cytotoxic 
cell swelling (Deveci et al., 2004; Yamamoto et al., 2003) might lead to 
an increase in the subcortical structures, such as the thalamus. Thus, the 
functional consequence of enlarged thalamus in smokers may be not 
beneficial, but detrimental. 

Another possible explanation for the inconsistency of thalamic vol-
ume may be due to transient volumetric changes caused by recent 
smoking. In this study, smokers were allowed to smoke as usual 
approximately 10 min before scanning to avoid withdrawal symptoms 
during scanning, thus these smokers were scanned at satiated state. In 
Yu et al.’s study (Yu et al., 2018), smokers were also scanned at satiated 
state that was described in detail in another paper of the group using the 
same sample (Bi et al., 2017). However, in their study, smokers were 
allowed to smoke as usual approximately 30 min before scanning (Bi 
et al., 2017). Several studies showed that transient states could alter 
regional brain volume. Franklin et al. found that a single dose of 
medication altered regional brain volume that overlapped with cerebral 
blood flow changes (Franklin et al., 2013). In addition, Franklin et al. 
compared gray-matter volume between satiated state (scanned 45 min 
after smoking) and abstinent state (scanned 5 h after smoking) in 
smokers (Franklin et al., 2014a). They found significantly increased 
gray-matter volume at the satiated state compared to the abstinent state 
in the bilateral ventral striatum. Again, the gray-matter volume results 
overlapped with changes in blood flow (Franklin et al., 2014a). These 
studies unambiguously demonstrated that a transient volumetric change 
was associated with a transient change in blood flow. In addition, the 
smokers (CPD: 23.5 ± 9.6) in our study had greater CPD than the 
smokers (CPD: 15.4 ± 4.5) in Yu et al.’s study (Yu et al., 2018). CPD, a 
smoking parameter, is related to recent smoking. Thus, greater CPD may 
result in more obvious transient volumetric change. Further, in our 
study, we observed larger thalamus in relapsers than nonrelapsers, 

suggesting that increased thalamic volume was associated with smoking 
relapse vulnerability in smokers. Taken together, the above results of 
thalamic volume changes (relapers > nonrelapsers > nonsmokers) 
indicate that increased thalamic volume may be associated with both the 
maintenance of smoking behavior and smoking relapse. 

Using event-related fMRI, McClernon et al. found that weaker 
baseline responses to smoking cues in the thalamus were related to 
worse smoking cessation outcomes (McClernon et al., 2007). In this 
study, using resting-state fMRI, we further revealed significantly 
decreased thalamo-precuneus rsFC in relapsers relative to nonrelapsers. 
The precuneus is a core component of the default mode network (DMN), 
which is involved in internal self-referential and reflective activity, such 
as personal introspection, thoughts about the future, and autobio-
graphical memories (Zhang and Raichle, 2010). Our prior study 
demonstrated that decreased spontaneous neural activity in the pre-
cuneus was correlated with the maintenance of smoking behavior (Wang 
et al., 2017). Further, this study revealed that decreased thalamo- 
precuneus rsFC was correlated with smoking relapse. Taken together, 
these findings suggest that thalamo-precuneus rsFC degradation may be 
associated with both the maintenance of smoking behavior and smoking 
relapse. In addition, in our prior study, based on the result of VBM 
analysis, the left dorsomedial thalamus (a cluster within the thalamus, 
Figure S1) was used as a seed region to perform a rsFC analysis (Qian 
et al., 2019). And then we found decreased rsFC between the left dor-
somedial thalamus and cerebellum in relapsers relative to nonrelapsers. 
However, in this study, decreased thalamo-cerebellum rsFC was not 
detected in relapsers. This study is a hypothesis-driven study rather than 
a pure exploratory study. Based on a priori knowledge, the whole thal-
amus (Figure S2) was chosen as a seed region to perform a rsFC analysis 
in this study. Therefore, we speculate that the different results may be 
attributable to the different seed regions used in the two rsFC analyses. 

Our study revealed a laterality observation that the alterations of 
thalamic volume and thalamus-based rsFC in relapsers relative to non-
relapsers were on the left side. Such a hemispheric laterality difference 
may be due to the lateralization of dopaminergic systems. The laterali-
zation on the left side can also be found in other dopaminergic 
dysfunction disorders, such as Parkinson’s disease. Previous studies 
demonstrated that right-handed Parkinson’s patients had greater 
vulnerability of left-sided substantia nigra dopaminergic neurons 
(Scherfler et al., 2012), and a stronger left-sided nigrostriatal FC was 
associated with a lower risk for Parkinson’s disease (Ellmore et al., 
2013). This was further supported by the fact that nicotine intake can be 
affected in humans via dopaminergic agonists and antagonists (Caskey 
et al., 2002). Moreover, many reward-related fMRI studies revealed an 
obvious left-sided bias to the activation of cortical and subcortical re-
gions involved in reward processing (Delgado et al., 2000; Koepp et al., 
1998; Thut et al., 1997). Additionally, structural MRI studies demon-
strated a strong left-sided bias to the alterations of cortical and 
subcortical regions in smokers, such as left prefrontal cortex and insula 
(Zhang et al., 2011), left anterior cingulate cortex (Liao et al., 2012), left 
thalamus and amygdala (Hanlon et al., 2016). 

In the present study, increased thalamic volume was detected in 
smokers relative to nonsmokers, and in relapsers relative to non-
relapsers, especially on the left side. Moreover, decreased rsFC in left 
thalamo-precuneus circuit was detected in relapsers relative to non-
relapsers. In addition, a logistic regression analysis showed that the 
thalamic volume and thalamo-precuneus rsFC predicted smoking 
relapse with an accuracy of 75.7%. These novel findings indicate that 
increased thalamic volume and decreased thalamo-precuneus rsFC are 
associated with smoking relapse, and these thalamic measures may be 
used to predict treatment efficacy of nicotine addiction and serve as a 
potential biomarker for personalized medicine. 

5. Limitation 

Several limitations of our study warrant discussion. First, in this 
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study, participants were all right-handed and male. Therefore, the 
findings may be specific to right-handed male smokers. In the future, 
left-handed and female smokers should be further recruited to determine 
whether these results apply to different handedness and genders. Sec-
ond, the prediction accuracy of 75.7% in itself might not be a robust 
value to make an unequivocal claim of prediction of smoking relapse. 
Third, this study was a cross-sectional study which could not clearly 
determine the etiology of structural and functional abnormalities. The 
reported differences in smokers may be the direct result of cigarette 
smoking or may reflect pre-existing abnormalities (such as the genetic 
factor) that predispose to the development of nicotine addiction. In the 
future, prospective longitudinal imaging studies should be employed to 
investigate thalamic alterations before and after smoking initiation. 
Fourth, this study did not subdivide thalamic nuclei to explore the role 
of different thalamic regions in nicotine addiction. Future studies should 
seek to better delineate the role of different thalamic regions in nicotine 
addiction through the application of advanced imaging protocols at 
higher magnetic fields (i.e. 7 Tesla). Last, blood flow scan was not per-
formed in this study so that we could not investigate the association 
between blood flow and regional brain volume in the thalamus. In the 
future, blood flow scan, such as arterial spin labeling (scanned 10 min, 
30 min or 1 h after smoking), should be performed to investigate the 
association between transient volumetric changes and blood flow 
changes caused by recent smoking. 
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Gallezot, J.D., Bottlaender, M., Grégoire, M.C., Roumenov, D., Deverre, J.R., Coulon, C., 
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