

[image: The structural and functional brain alternations in tobacco use disorder: a systematic review and meta-analysis]
The structural and functional brain alternations in tobacco use disorder: a systematic review and meta-analysis





SYSTEMATIC REVIEW

published: 11 April 2025

doi: 10.3389/fpsyt.2025.1403604

[image: image2]


The structural and functional brain alternations in tobacco use disorder: a systematic review and meta-analysis


Longyao Ma 1,2, Qiuying Tao 1,2, Jinghan Dang 1,2, Jieping Sun 1,2, Xiaoyu Niu 1,2, Mengzhe Zhang 1,2, Yimeng Kang 1,2, Weijian Wang 1,2, Jingliang Cheng 1,2 and Yong Zhang 1,2*


1Department of Magnetic Resonance Imaging, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China, 2Zhengzhou Key Laboratory of Brain Function and Cognitive Magnetic Resonance Imaging, Zhengzhou, China




Edited by: 

Paul Faulkner, University of Roehampton London, United Kingdom

Reviewed by: 

Chao Wang, Zhejiang University School of Medicine, China

Emiliano Tesoro-Cruz, Mexican Social Security Institute, Mexico

*Correspondence: 

Yong Zhang
 zzuzhangyong2013@163.com


Received: 19 March 2024

Accepted: 17 March 2025

Published: 11 April 2025

Citation:
Ma L, Tao Q, Dang J, Sun J, Niu X, Zhang M, Kang Y, Wang W, Cheng J and Zhang Y (2025) The structural and functional brain alternations in tobacco use disorder: a systematic review and meta-analysis. Front. Psychiatry 16:1403604. doi: 10.3389/fpsyt.2025.1403604






Background

While numerous previous studies have indicated that nicotine intake results in gray matter and functional brain abnormalities in tobacco use disorder (TUD), the majority of results could not be replicated or even reversed. Consequently, it is important to utilize relevant coordinate data for a comprehensive meta-analysis to identify the shared patterns of structural, functional, and multimodal alternations in TUD.





Method

The present study conducted a systematic retrieval of studies published on PubMed, Web of Science, and Scopus from January 1, 2010, to December 12, 2023, to identify studies on voxel-based morphometry (VBM) and resting-state functional magnetic resonance imaging (rs-fMRI) for TUD. Then, two meta-analyses using the anisotropic seed-based d mapping method were used to detect brain comprehensive alterations in individuals with TUD. Furthermore, two meta-analyses were pooled for multimodal analysis to discover multimodal anomalies. Finally, subgroup analyses were performed to explore the sources of TUD heterogeneity from both methodological and age perspectives.





Result

This study encompassed a total of 25 VBM studies, including 1,249 individuals with TUD and 1,874 healthy controls (HCs), and 35 rs-fMRI studies, including 1,436 individuals with TUD and 1,550 HCs. For rs-fMRI analysis, individuals with TUD exhibited increased intrinsic function in the right cerebellum crus2, left superior frontal gyrus, left inferior parietal gyrus, and left supplementary motor area and decreased intrinsic function in the right gyrus rectus, right superior/middle frontal gyrus, and left inferior frontal gyrus. For VBM analysis, individuals with TUD showed decreased gray matter volume (GMV) in the left superior temporal gyrus, right superior frontal gyrus, right anterior cingulate/paracingulate gyrus, left superior frontal gyrus, and right anterior thalamic region and increased GMV in the right lingual gyrus.





Conclusion

This meta-analysis illustrates structural and functional abnormalities of the default mode network, executive control network, and salience network in individuals with TUD. Multimodal analysis of the right lingual gyrus provided additional information, offering the potential for identifying more therapeutic targets for interventions against TUD.
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Introduction

Tobacco is currently acknowledged as a global public health issue, with its significant impact on people’s health being widely recognized. Smokers have a mortality rate three times higher than non-smokers, with approximately 60% of the deaths attributed to smoking-related diseases (1). Individuals with tobacco use disorder (TUD) typically exhibit overwhelming motivational intensity and decreased capacity to regulate their craving for tobacco (2). As a result, this imposes a considerable economic burden on individuals, society, and the nation.

In 2003, the World Health Organization (WHO) adopted the Tobacco Convention (3). Studies have shown that smoking is linked to cognitive impairments and decline, which raises the risk of developing late-life dementia (4, 5). Moreover, tobacco has been found to decrease fertility, increase the risk of miscarriage, and even lead to asthma and cancer, significantly impacting the development of unborn infants (6). This phenomenon could potentially be attributed to the presence of more than 4,000 chemical components and additives found in tobacco (6). Despite the multitude of hazards associated with tobacco, the rate of cessation remains alarmingly low at a mere 3.5% (7). A significant number of individuals face challenges in their attempts to quit smoking, often resulting in quick relapses back into smoking habits (8, 9). Therefore, the investigation of the mechanisms that underlie the occurrence and development of TUD holds significant implications.

Over the past decade, significant advancements in magnetic resonance technology have enabled numerous researchers to uncover structural and functional disparities in the brains of individuals with TUD (10–12). Presently, analytical methods in neuroimaging can be mainly split into two categories: the first one is used to describe abnormalities in brain structural imaging (gray matter or white matter), such as voxel/surface-based morphological (VBM/SBM) analysis and tract-based spatial statistics (TBSS) (13, 14). The second is for describing abnormalities in functional imaging between remote and regional brain activities, such as seed-based functional connectivity (FC), amplitude of low-frequency fluctuation (ALFF), fractional ALFF, and regional homogeneity (ReHo) (15–18). Structurally, the majority of studies have employed VBM to measure gray matter volume (GMV) differences to investigate the pathophysiological mechanisms of TUD (19, 20). Over time, GMV can function not only as a relatively stable indicator but also as a foundation for alternations in neural activity within the brain. Compared to healthy controls, the study has revealed that individuals with TUD exhibit increased GMV in the right lingual gyrus and left occipital cortex/cuneus (21). Functionally, ALFF, fractional ALFF (fALFF), ReHo, and FC, as the most common indicators of spontaneous alternations in brain activity, have been widely used in addictive disorders to explore the underlying neurobiological mechanisms and have proven to be valuable tools in the study of TUD-related neural alterations (22–24). However, the results of the functional magnetic resonance imaging (fMRI) studies showed more significant functional alternations in the sensorimotor area, specifically in the anterior and posterior cingulate gyrus, in individuals with TUD compared to healthy controls (25–28). This could be due to various factors, including differences in study design, sample characteristics, data analysis methods, and variations in the severity and duration of TUD among participants. Although there have been neuroimaging meta-analyses that have explored structural or functional differences in individuals with TUD, the following questions remain in the meta-analysis on TUD: first, a large number of innovative and high-quality articles have appeared on this topic, so it is time to rerun the meta-analysis to complement or revise the previous results. Second, previous meta-analyses have analyzed structure or function separately and have not synthesized their findings for multimodal analysis to discover more information. Finally, several meta-analyses were missing or insufficient for subgroup analyses and sources of heterogeneity, so we will develop our study in terms of methodology and age. Additionally, TUD is a complex disorder influenced by multiple interacting factors, including genetic, environmental, and behavioral factors. This complexity makes it challenging to pinpoint specific brain regions and their exact roles in TUD (29).

Therefore, to address these problems, the main objectives of our study are as follows: 1) collecting larger sample sizes, employing standardized methodologies, and replicating studies; 2) two meta-analyses of all collected VBM and resting-state fMRI (rs-fMRI) studies were performed using the seed-based d mapping (SDM) package, and further multimodal analyses were performed using p-value images from the aforementioned meta-analyses. The integration of findings may contribute to a more comprehensive understanding of the neural mechanisms behind TUD. 3) Separate subgroup analyses of rs-fMRI study methods and age (adults and adolescents) were performed for all studies. This approach allows us to examine the influence of these variables and assess their impact on the observed heterogeneity in the data. Therefore, our study is the most current and the most comprehensive. Based on previous studies, we hypothesized that the lingual gyrus in individuals with TUD would develop disorder-specific GMV abnormalities. As for rs-fMRI, we hypothesized that individuals with TUD exhibit abnormal under-activation of the anterior and posterior cingulate gyrus.





Method




Literature search and selection criteria

Systematic and comprehensive searches were conducted in PubMed, Web of Science, and Scopus databases from January 1, 2010, to December 12, 2023, using several keywords (“smoking” or “nicotine” or “tobacco” or “cigarette” or “smokers”) and (“rs-fMRI” or “resting-state functional magnetic resonance imaging”) or (“ALFF” or “amplitude of low-frequency fluctuations”) or (“ReHo” or “regional homogeneity”) or (“fALFF” or “fractional amplitude of low-frequency fluctuations”) or (“FC” or “functional connectivity”) or (“VBM” or “voxel-based morphometry” or “gray matter”).





Study selection

The study was included according to the following criteria. 1) It was an original article published in English in a peer-reviewed journal. 2) The individual with TUD was without other diseases such as hypertension, diabetes, cerebrovascular, and multiple sclerosis. 3) Task-free acquisition of scans were acquired. 4) The analysis was carried out with rs-fMRI and VBM between individuals with TUD and HCs. 5) The whole-brain results were reported using stereotactic three-dimensional coordinates (x, y, z), defined by either Talairach or the Montreal Neurological Institute. 6) A significance threshold was used. Meanwhile, studies that met one of the following criteria were excluded: 1) meta-analysis or reviews, 2) peak coordinates not reported, 3) no control group, 4) less than 10 subjects, 5) non-empirical or non-human, and 6) did not use rs-fMRI or VBM.





Data extraction and assessment

The current meta-analysis is based on the guideline of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). Three authors (Longyao Ma, Qiuying Tao, and Jinghan Dang) independently selected the peak coordinates and effect sizes of the difference in brain (measured by rs-fMRI and VBM) between individuals with TUD and HCs by inspecting the abstracts and evaluating the quality of articles. Any differences were resolved through a joint reassessment of the research study with a corresponding author (Yong Zhang). In addition, the relevant sample features (sample size, gender, age, and education levels) and clinical characteristics (smoking years, cigarettes/day, pack-years, and Fagerstrom Test for Nicotine Dependence (FTND)) were extracted. Technical details (MRI scanner, software, scanner parameters, and threshold for correction) were also recorded. In total, 35 rs-fMRI studies (37 datasets) and 25 VBM studies (28 datasets) were included in this meta-analysis.





Statistical analysis

The differences in rs-fMRI and VBM between individuals with TUD and HCs were analyzed by the anisotropic effect-size version of the SDM software package (version 5.15), which is freely available for use at the following URL (http://www.sdmproject.com/software). SDM is a meta-analysis method that aims to combine the reported peak coordinates from various studies to recreate an effect size map comparing individuals with TUD to HCs (30).

According to the SDM tutorial and standard steps, voxel meta-analysis in the SDM software is initiated gradually (http://www.sdmproject.com/software/tutorial.pdf). The steps were as follows: 1) a text file including reported peak coordinates and effect sizes (t-values or z-scores) of differences in rs-fMRI and VBM between individuals with TUD and HCs was prepared. 2) p-Values or z-scores in certain research studies needed to be converted into t-values online (http://www.sdmproject.com/utilities/?show=Statistics). If there was no effect size, “p” for positive peaks and “n” for negative peaks were used instead. 3) Peak coordinates were converted into standardized Montreal Neurological Institute (MNI) space. 4) An anisotropic unnormalized Gaussian kernel was used with a 20-mm full width at half maximum, a random-effect linear model, and the following default thresholds: voxel p < 0.005, peak height threshold > 1, and cluster extent threshold > 10 voxels for balancing sensitivity and specificity (30, 31). 5) The whole-brain jackknife sensitivity analysis was performed to verify the stability, reliability, and significance of the results. 6) The Q statistic was utilized to examine inter-study variation in the results obtained from the meta-analysis and assess heterogeneity (p = 0.005, peak z = 1, cluster extent = 10 voxels). 7) Egger’s test was used to assess the possibility of publication bias and further evaluate the degree of asymmetry present in the funnel plot (32) (Supplementary Figure S1).

In this study, two analyses of VBM and rs-fMRI were performed to ascertain patterns of routine and specific brain neurological alternations in individuals with TUD. Subsequently, a multimodal analysis was carried out using p-value images from the two analyses with the aim of identifying overlapping regions of structural and functional brain abnormalities in individuals with TUD.





Subgroup analysis for age and methods

In order to enhance the reliability and stability of the findings and investigate potential sources of heterogeneity, subgroup analyses were performed for studies focusing on ALFF, fALFF, ReHo, and FC in rs-fMRI. The subgroups identified in the meta-analysis can be further employed to explore potential confounding factors and identify anomalies in brain function among individuals with TUD. This approach enables a more detailed investigation of the data, allowing for the identification of any underlying factors that may contribute to the observed effects.

In addition, to obtain more about the source of heterogeneity from an age perspective, we also performed subgroup analyses by dividing the study subjects into two distinct subtypes: the adult group (>24 years old) and the adolescent group (<24 years old) (33).






Result




Included studies and sample characteristics

The flowchart of this study is shown in Figure 1. According to the inclusion criteria, this meta-analysis included a total of 60 studies (65 datasets), which comprised 25 VBM studies (28 datasets), including 1,249 individuals with TUD and 1,874 HCs, and 35 rs-fMRI studies (37 datasets), including 1,436 individuals with TUD and 1550 HCs. There are 20 studies using the resting-state FC method (907 individuals with TUD and 979 HCs) and 15 studies using the ReHo, ALFF, and fALFF methods (529 individuals with TUD and 571 HCs). More samples’ demographic and clinical characteristics are shown in Table 1 and Supplementary Table S1.




Figure 1 | Flowchart of study selection for the meta-analyses 25 VBM studies (28 datasets) and 35 rs-fMRI studies (37 datasets) included for meta-analysis. VBM, voxel-based morphometry; rs-fMRI, resting-state functional magnetic resonance imaging.




Table 1 | Demographic characteristics of rs-fMRI and VBM studies in individuals with TUD.







Meta-analysis results for VBM and rs-fMRI studies




VBM meta-analysis in TUD

Gathering across all VBM studies, individuals with TUD showed significantly decreased GMV in the left superior temporal gyrus (STG.L), right superior frontal gyrus, medial orbital (SFG.R), right anterior cingulate/paracingulate gyrus (ACC.R), left superior frontal gyrus, medial orbital (SFG.L), and right anterior thalamic region (THA.R). In addition, increased GMV was found in the right lingual gyrus (LING.R) (Figure 2, Table 2).




Figure 2 | Results of VBM meta-analysis for individuals with TUD compared with HCs. Clusters are shown in the sagittal, axial, and coronal planes. Regions with GMV enlargement are shown in yellow, and GMV reductions are displayed in purple. VBM, voxel-based morphometry; TUD, tobacco use disorder; HCs, healthy controls; GMV, gray matter volume.




Table 2 | Brain locations of rs-fMRI and VBM differences in individuals with TUD compared to HCs.







rs-fMRI meta-analysis in TUD

According to all rs-fMRI meta-analyses, intrinsic neural activity was significantly different in individuals with TUD. Compared to HCs, individuals with TUD had significantly increased intrinsic function in the right cerebellum crus2, left superior frontal gyrus, dorsolateral (SFGdor.L), left inferior parietal gyrus (IPG.L), and left supplementary motor area (SMA.L) but decreased intrinsic function in the right gyrus rectus (REC.R), right superior frontal gyrus, dorsolateral (SFGdor.R), right middle frontal gyrus (MFG.R), and left inferior frontal gyrus in the triangular part (IFGtriang.L) (Figure 3, Table 2).




Figure 3 | Results of rs-fMRI meta-analysis for individuals with TUD compared with HCs. Clusters are shown in the sagittal, axial, and coronal planes. Regions with rs-fMRI hyperactivity are shown in red, and those with rs-fMRI hypoactivity are displayed in blue. rs-fMRI, resting-state functional magnetic resonance imaging; TUD, tobacco use disorder; HCs, healthy controls.







Multimodal VBM and rs-fMRI analyses in TUD

The study of the convergence between two meta-analyses discovered that individuals with TUD showed both increased GMV and hyperactivity in the right lingual gyrus, compared with HCs (Figure 4, Table 2).




Figure 4 | Multimodal analysis in TUD. Teal indicates increased GMV and intrinsic function. TUD, tobacco use disorder; GMV, gray matter volume.








Analysis of reliability

Jackknife sensitivity analysis indicated that the majority of the regions displayed high reliability. Out of the 37 rs-fMRI datasets, the REC.R was replicated in 35 combinations. The SFGdor.L, SFGdor.R, and MFG.R remained in 34 combinations. The right cerebellum crus2, IPG.L, and IFGtriang were replicated in 33 combinations. The SMA.L was replicated in 31 combinations.

Out of the 28 VBM datasets, the STG.L was replicated in 28 combinations. The SFG.R and ACC.R remained in 27 combinations. The LING.R, SFG.L, and THA.R were replicated in 26 combinations.





Publication bias

Egger’s tests were performed to investigate potential publication bias. The results of Egger’s tests showed that there was no significant publication bias (p > 0.05, Bonferroni corrected) (32).





Subgroup analysis




For methods

The subgroup analysis of FC datasets (n = 20) showed that individuals with TUD showed increased values of FC in the left inferior parietal gyrus and left supplementary motor area while decreased values of FC in the right caudate nucleus, left inferior frontal gyrus, and right cuneus cortex.

The subgroup analysis of ReHo datasets (n = 7), compared to HCs, showed that individuals with TUD showed increased values of ReHo in the right cerebellum crus2 and left superior parietal gyrus while decreased values of ReHo in the right middle frontal gyrus, right superior frontal gyrus dorsolateral, right superior frontal gyrus in the orbital part, and left cerebellum crus1.

The subgroup analysis of ALFF datasets (n = 4) revealed that individuals with TUD had increased values of ALFF in the left superior frontal gyrus, dorsolateral, and left middle frontal gyrus and decreased ALFF values in the left cerebellum.

The subgroup analysis of fALFF datasets (n = 4) revealed that individuals with TUD had increased fALFF values in the right caudate nucleus, left calcarine fissure, and left fusiform gyrus and decreased values of fALFF in the left precuneus and right inferior temporal gyrus (Figure 5 and Supplementary Table S2).




Figure 5 | Results of subgroup analysis of rs-fMRI from methods. From top to bottom, individuals with TUD in the ALFF subgroup relative to healthy controls (white, increased in TUD; green, decreased in TUD), individuals with TUD in the fALFF subgroup relative to healthy controls (orange, increased in TUD; purple, decreased in TUD), individuals with TUD in the FC subgroup relative to healthy controls (red, increased in TUD; blue, decreased in TUD), and individuals with TUD in ReHo relative to healthy controls (yellow, increased in TUD; cyan, decreased in TUD). rs-fMRI, resting-state functional magnetic resonance imaging; ALFF, amplitude of low-frequency fluctuation; TUD, tobacco use disorder; fALFF, fractional amplitude of low-frequency fluctuation; FC, functional connectivity; ReHo, regional homogeneity.







For age




rs-fMRI groups in TUD

The subgroup analysis of adult datasets (n = 28) was in general consistent with the results of the pooled analysis. However, in the adult group, the intrinsic function of the left supplementary motor area, right rectus gyrus, and left inferior frontal gyrus was not detected. Compared to the pooled analysis, the decreased intrinsic function was found in the left precuneus. The results of the subgroup analysis of adolescent datasets (n = 9) indicated reduced intrinsic function in the left anterior cingulate gyrus, the left thalamus, and the right caudate nucleus compared to the pooled analysis.





VBM groups in TUD

The subgroup analysis of adult datasets (n = 24) was consistent with the results of the pooled analysis, except for a decreased GMV in the left insula. The results of subgroups of adolescent datasets (n = 4) indicated increased GMV in the left striatum and right parahippocampal gyrus and decreased GMV in the right lenticular nucleus compared to the pooled analysis (Figure 6 and Supplementary Table S3).




Figure 6 | Results of subgroup analysis of rs-fMRI and VBM from age. From top to bottom, rs-fMRI results of individuals with TUD in the adult subgroup compared to healthy controls (red, increased in TUD; blue, decreased in TUD), rs-fMRI results of individuals with TUD in the adolescent subgroup compared to healthy controls (yellow, increased in TUD; purple, decreased in TUD), VBM results of individuals with TUD in the adult subgroup compared to healthy controls (red, increased in TUD; blue, decreased in TUD), and rs-fMRI results of individuals with TUD in the adolescent subgroup compared to healthy controls (yellow, increased in TUD; purple, decreased in TUD). rs-fMRI, resting-state functional magnetic resonance imaging; VBM, voxel-based morphometry; TUD, tobacco use disorder.










Discussion

This study integrated 35 rs-fMRI studies and 25 VBM studies to identify structural and functional alterations in individuals with TUD, which employed the anisotropic seed-based d mapping (AES-SDM) method to investigate the neural mechanisms underlying TUD. The rs-fMRI results found that individuals with TUD had increased intrinsic function in the right cerebellum, SFGdor.L, IPG.L, and SMA.L and decreased intrinsic function in the SFGdor.R, MFG.R, IFGtriang.L, and REC.R. The VBM results showed that individuals with TUD showed decreased GMV in the STG.L, SFG.R, ACC.R, SFG.L, and THA.R and increased GMV in the LING.R. Following multimodal analysis, we observed an abnormal augmentation in GMV and function in the LING.R. This comprehensive approach allows for a more in-depth exploration of the structural and functional alterations observed in individuals with TUD and provides valuable insights into the underlying neural mechanisms contributing to this disorder.

Through the meta-analyses of VBM and rs-fMRI, as a significant part of the prefrontal cortex, the MFG.R, the IFG.L, and the SFG.B were found to have abnormal patterns of structural and functional alternations, which are considered to be associated with impaired motor function and cognition (38, 43). The pooled meta-analysis across various addiction-related disorders also observed similar patterns (72, 73). In addition, a study investigating regional brain perfusion levels in chronic smokers discovered that individuals with TUD showed significant deficits in multiple regions: anterior frontal cortices, bilateral superior temporal gyrus, and posterior cingulate (74). Among these brain regions, the dorsolateral superior frontal gyrus (DLSFC) has been widely recognized for its involvement in working memory, attention allocation, and cognitive manipulation (58, 60), and the MFG has been identified as a crucial brain region responsible for the inhibitory control of neural activity (75). Furthermore, the IFG is also considered to be involved in response inhibition and top-down regulatory control (76). Structure and function within this region may contribute to deficits in inhibitory control observed in individuals with TUD. Previous studies have provided evidence suggesting that tobacco has an impact on the resting-state networks (RSNs), which are closely associated with the occurrence and development of tobacco use disorder (44–46, 77). In terms of brain networks, these differentiated brain regions are simultaneously part of the executive control network (ECN). Neuroimaging studies have consistently shown the significant involvement of the ECN in top-down cognitive control processes (49). The ECN is associated with working memory and cognitive behavior (78). It is responsible for regulating attention and decision-making processes, as well as facilitating goal-directed behaviors (79). Dysregulation of the ECN has been observed in various neuropsychiatric disorders, including TUD, and may contribute to the cognitive impairments and difficulties in behavioral control experienced by individuals with TUD (80). Based on these findings, the aforementioned aberrant brain network activity may be involved in the pathological mechanisms of TUD and also confirms previous VBM and fMRI studies of TUD. Currently, transcranial magnetic stimulation (TMS) is a non-invasive method that is widely utilized for the treatment of numerous neuropsychiatric disorders (81). Researchers have discovered that repetitive transcranial magnetic stimulation targeting the dorsolateral prefrontal cortex has been shown to significantly reduce nicotine craving in response to cues (82). Therefore, in the future, we will continue to focus on the alternations in the structure and function of the prefrontal cortex (PFC) after the use of TMS in individuals with TUD compared to the pre-treatment period in order to determine the reliability and clinical value of the existing studies.

The increased intrinsic function of the IPG.L with increased GMV in the STG.L found in our study should also be noted. The IPG is responsible for receiving input from external sensory stimuli and may enable the transformation of internal goals to external actions through the intentional initiation of action interrelated with the mechanisms of primacy sensorimotor transformation (41), which is essential for the successful execution of planned actions in response to the surrounding environment (83). The STG is responsible for the processing and expression of visual information and has been found to play an important role in emotion regulation (35). Meanwhile, the IPG and STG are also vital components in the default mode network (DMN). The DMN is composed of several brain regions that are consistently active during rest and deactivated during external goal-directed tasks. The DMN has been implicated in a range of cognitive processes, including self-referential processing, autobiographical memory, social cognition, and mind-wandering (55, 84). Additionally, studies have found aberrant DMN connectivity in individuals with bipolar disorder, implicating its involvement in mood regulation and emotional processing (85, 86). In recent years, numerous studies have demonstrated the involvement of the DMN in addiction-related behaviors (77). This is consistent with our meta-analysis results. Structural and functional disorders of the IPG and the STG suggested functional imbalance within the DMN. This may result in an impaired capacity to resist nicotine, contributing to difficulties in overcoming tobacco addiction.

Traditionally, the anterior cingulate gyrus has been primarily involved in decision-making and the regulation of impulsive behaviors (64). A comparative study revealed that GABA concentrations in the ACC were associated with neurocognition, decision-making, and impulsivity in individuals with TUD (53, 87) and decreased intrinsic function of the ACC and reduced craving for cigarettes in individuals with TUD following bupropion hydrochloride exposure (88). In addition, the right ACC and the left SMA form the largest “regulator” of the human brain: the salience network (SN) (42, 62). It regulates the DMN and ECN to switch flexibly when processing internal and external information, thus ensuring the healthy and normal functioning of our brain (89). All in all, from this meta-analysis, we discovered that while the disputation of regions exhibiting structural and functional alternations is sporadic, the majority of them are components of the DMN, ECN, and SN. Our results further support the theory that the triple network plays a crucial role in TUD. In the future, we encourage researchers to focus not only on the development of new technologies but also on the less researched area of abnormal connectivity patterns of the classical tri-network and the effects on cognition, decision-making, and control in individuals with mental disorders.

In contrast to prior meta-analyses focusing on a single aspect in TUD, the current study pooling two meta-analyses for multimodal analysis aims to discover increased GMV and intrinsic function in the LING.R. Previous results have focused on the familiar reward pathways: the mesolimbic-frontal pathway and the mesolimbic-striatal pathway (56, 66, 67). However, this effect frequently occurs in the early stages of addiction, when large amounts of dopamine are released through the ventral tegmental area (VTA), acting on dopamine receptors in the prefrontal cortex, putamen, or caudate nucleus, inducing behaviors (52, 57, 90). As the research progressed, it became clear that individuals with TUD have attentional biases and visual information integration deficits (69). In fact, the LING.R is part of the occipital lobe (61). Anatomically, it is located between the calcarine and collateral sulcus. A study investigating the neural responses of adolescents after observing e-cigarette advertisements found a significant intrinsic function of visual attention areas (left lingual gyrus/fusiform gyrus) (91) and an increased desire for smoking in adolescents who had difficulty resisting the temptation to smoke cigarettes. Therefore, the role of the lingual gyrus in TUD deserves further in-depth exploration.

The role of the thalamus in drug self-administration behavior cannot be ignored as an important component of the impaired response inhibition and significant attribution (IRSA) model (92). The thalamus is involved in sensory processing, memory, and motivated behaviors (47, 65, 68). However, despite our agreement, the diversity of thalamus functions depends on interactions between and within the intrinsic nuclei of the thalamus. A recent study used state-of-the-art expression profiling to propose the unique concept of thalamus brain networks (93). Therefore, more emphasis should be placed on the internal nuclei of the thalamus. We will further explore the complex relationship between the nuclei of the thalamus and the intrinsic pathogenesis of TUD using subcortical volume segmentation or fiber tracking. Traditionally associated with coordinating movement and maintaining balance, recent studies have revealed that the cerebellum also has extensive connectivity with various regions of the brain (39, 63, 94). Such connectivity suggests that the cerebellum is involved in higher-order cognitive processes, including motor planning, language processing, spatial perception, and executive functions (54, 70, 95). A positron emission tomography (PET) study revealed increased regional cerebral blood flow (CBF) in the cerebellum of individuals with TUD when compared to HCs (96). At the same time, the thalamus and cerebellum are regions with high nicotinic acetylcholine receptor (nAChR) density in the brain (59, 97). Then, under the actions of the harmful substance nicotine, the structure and function are bound to be damaged to a certain extent. However, this causal relationship between the behavior of individuals with TUD and deficits in differential brain regions needs to be further explored.

In addition, we observed increased intrinsic function in the REC.R, which has received less attention due to its being less recognized as a significant component in the addiction circuit. However, the decrease of intrinsic function in PFC has been mentioned in numerous studies (36, 40, 54, 71), while the REC.R only discovers one direct corresponding study in the original study (34). We speculated that this may be due to the utilization of the SDM software for meta-analysis, which allows for more precise and detailed coordinate positioning. However, some studies have reported more general coordinates, such as a larger range of the medial superior frontal gyrus or anterior cingulate, rather than providing more precise coordinates, which may result in some loss of spatial specificity (15, 48, 51).

Finally, subgroup analyses were conducted to explore the potential sources of heterogeneity in this study. Methodologically, the subgroup analysis revealed that the MFG.R and left dorsolateral superior frontal gyrus (DLSFG.L) showed a dependence on ALFF, the right cerebellum crus2 and right dorsolateral superior frontal gyrus (DLSFG.R) exhibited a dependence on ReHo, while the IPG.L, SMA.L, and IFG.L demonstrated a dependence on FC. However, it is worth noting that no significant heterogeneity originating from ALFF was observed in this study, which may be attributed to the relatively small sample size. Furthermore, in terms of age, subgroups of adults are generally consistent with pooled analysis results in rs-fMRI and VBM. This not only indicated the reliability of our meta-analysis results but also demonstrated the importance of these brain regions in TUD. However, the subgroup of adults had decreased intrinsic function in the left precuneus and decreased GMV in the left insula compared with the pooled analysis. The subgroup of adolescents had decreased intrinsic function in the right caudate nucleus and increased GMV in the left striatum, right parahippocampal gyrus, and right lenticular nucleus. This subgroup analysis also confirms the previous conjecture that the initial stage of the addiction process relies on the frontal-thalamic-striatal circuitry to mediate the initial reinforcing effects (called reward deficiency syndrome) and causes deficits in the parahippocampal gyrus, which is responsible for memory functions (21, 50). With increasing years of smoking, structural or functional decline emerges in brain regions associated with vision, and individuals with TUD slowly develop attentional deficits and selective bias, which contributes to the habituation of tobacco smoking behavior over time (26). Undoubtedly, continual research is essential to substantiate our hypothesis further.





Limitation

Despite this meta-analysis providing some significant discoveries, several limitations still prevented a thorough examination of the findings. First, previous research has demonstrated gender differences in individuals with TUD (37). However, the entire sample directly included in our study (male majority) did not identify potential neurological differences in individuals with TUD from a gender perspective. Second, the differences in MRI scans, slice thickness, and statistical thresholding may have led to inconsistent results. Third, we only use peak coordinates and effect sizes from studies, which may have ignored some alterations in raw statistical brain maps. Fourth, the adolescent subgroup is too small to provide reliable conclusions. In the future, we will expand our sample size and continue to focus on functional and structural brain changes in adolescents with TUD and timely updates to the current meta-analysis. Finally, further longitudinal studies are needed to demonstrate whether alterations in this brain can serve as targets for treating nicotine dependence.





Conclusion

According to pooled analysis, individuals with TUD exhibit altered patterns of structural and functional abnormalities. Through the integration of VBM and rs-fMRI studies, the significance of the DMN, ECN, and SN in the progression of tobacco addiction was demonstrated. In addition, multimodal analysis revealed structural and functional abnormalities in the right lingual gyrus. These alterations may be closely associated with the pathophysiological mechanism of tobacco addictions, which may contribute to the diagnosis and treatment of individuals with TUD.
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