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ABSTRACT 23	  

Background/Aims: Acute and chronic consumption of nicotine alters brain function at rest. 24	  

Here we summarize the effect of nicotine exposure on default mode (DMN), executive control 25	  

(ECN) and salience network (SN) connectivity.  Method: We provide a review of resting-state 26	  

functional magnetic resonance imaging (RS-fMRI) studies of acute versus chronic smokers.  27	  

Results: Nineteen studies and 1452 participants were eligible for inclusion in the review.	  28	  

Networks incorporating dorsal anterior cingulate, insular cortex and the frontoparietal regions 29	  

were most implicated. Acute nicotine exposure is associated with reduced synchronicity in DMN 30	  

and enhanced activation patterns within limbic connectivity.  Data on functional connectivity 31	  

following chronic nicotine exposure is less consistent. Conclusions: Acute nicotine exposure 32	  

may temporarily improve cognitive processes associated with attention networks by influencing 33	  

both the SN and ECN.  34	  

Keywords: Resting state fMRI; nicotine exposure; default mode network; executive control 35	  

network; salience network36	  
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BACKGROUND 37	  

Resting-state networks provide useful information about the natural mode of functioning in the 38	  

healthy and disordered brain, independent of stimulus-biased responses. Resting state functional 39	  

magnetic resonance imaging (RS-fMRI) was pioneered by Biswal and colleagues (Biswal, 40	  

Yetkin, Haughton, & Hyde, 1995) after observations that spontaneous low-level synchronous 41	  

fluctuations (<0.1 Hz) in blood oxygen level dependent (BOLD) signal occurred independently 42	  

of task stimulation.  The default mode network (DMN) was the first resting-state network 43	  

identified, using positron emission tomography (PET) by Raichle and colleagues (Raichle et al., 44	  

2001) and confirmed with fMRI by Grecius and colleagues (Greicius, Krasnow, Reiss, & 45	  

Menon, 2003).  The DMN involves the medial prefrontal cortex (mPFC), the posterior 46	  

cingulate/precuneus, superior temporal cortex, hippocampus and the inferior parietal cortex and 47	  

is also known by alternative nomenclature, such as the task negative network (TNN), or the 48	  

hippocampal-cortex memory system (Vincent et al., 2008).  The DMN is recruited during non-49	  

goal oriented cognitive activity, introspective rumination, low-level arousal, homeostatic- and 50	  

self- regulation, such as during “day-dreaming”, supporting autobiographical, internally focused, 51	  

declarative, episodic memory retrieval.   52	  

---Please insert Figure 1 about here--- 53	  

The DMN is deactivated antagonistically and anti-correlated with the executive control network 54	  

(ECN), a frontoparietal system involving the dorsolateral prefrontal cortex (dlPFC) and inferior 55	  

parietal cortex (Barkhof et al., 2014). See Figure 1. The ECN or task-positive network underlies 56	  

executive functioning such as working memory, goal-oriented cognition and impulse-control and 57	  

is connected via reciprocal and parallel segregated pathways to different locations within the 58	  
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dorsal striatum (Alexander 1986, Barkhof et al., 2014). Although the ECN can be distinguished 59	  

anatomically from the dorsal attention network (DAN), which lies intermediate to the ECN and 60	  

DMN in the frontal and parietal cortices, and is therefore well-placed to integrate these two 61	  

networks (Vincent et al., 2008), most RS-fMRI literature on the ECN does not make this 62	  

distinction.   In addition to the DMN and ECN, there are many other major canonical resting 63	  

state networks that are frequently identified in the literature (for review, see Barkhof et al., 64	  

2014).  These networks include the salience network (SN: frontal cortex, anterior cingulate and 65	  

anterior insular cortex circuitry), dorsal attention network (DAN: insular cortex and posterior 66	  

parietal), auditory (temporal cortex), sensorimotor network (SMN: striatal and parietal cortex) 67	  

and visual network (VN: occipital cortex).  The insular cortex is commonly involved in the 68	  

salience and dorsal attention resting state circuits (Cohen 2014), both of which likely influence 69	  

the activation of other RS networks by shifting attention to internal or external stimulation, for 70	  

example (Lerman et al, 2014).  In terms of nicotine addiction, damage to the insular cortex has 71	  

been associated with the cessation of smoking and reduced craving (Naqvi et al., 2014), and a 72	  

recent review of resting state studies of those with nicotine dependence implicates an ACC-73	  

insula neural model (Sutherland et al., 2012). See Figure 2. Furthermore, the inherent efficacy of 74	  

intrinsic cognitive control networks in their resting state is pertinent to the study of nicotine 75	  

addiction due to the persistence of nicotine consumption dependence and withdrawal effects 76	  

(Janinska et al., 2014). 77	  

 78	  

---Please insert Figure 2 about here--- 79	  
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Brain imaging technologies provide a non-invasive method for examining the effects of 80	  

pharmacological challenge on resting state networks in the brain, using nicotine for example. 81	  

The use of RS-fMRI has helped the advancement of nicotine addiction research (McClernon & 82	  

Gilbert, 2004).  RS-fMRI uses correlations between a proxy measure of neuronal activity in 83	  

voxels situated in regions of interest (including the whole brain) to make inferences about brain 84	  

connectivity when participants are engaged in a non-specific task requiring minimal cognitive 85	  

resources (i.e. a “resting” condition).  Common approaches to analyze RS-fMRI include methods 86	  

such as seed-based correlations, independent components analyses (ICA) and graph theory to 87	  

examine patterns of functional connectivity between nodes, or vertices (e.g. random, lattice).  88	  

Modern advances in the methods of analysis of RS-fMRI include structural equation modeling 89	  

(SEM) and measures to assess the direction of functional connectivity, such as Granger’s 90	  

Causality (Vincent et al., 2008). However, RS-fMRI studies of the effects of nicotine on brain 91	  

function have so far not used these modern analytic procedures, and have rather relied on 92	  

traditional methods. 93	  

Recent reviews of RS-fMRI in those who consume nicotine highlight connectivity patterns at 94	  

rest that may underlie alterations in cognitive control, with these patterns associated with 95	  

addiction liability, cognitive enhancement and the development of neuroimaging-based 96	  

biomarkers for addiction (Fedota & Stein, 2015; Barkhof et al., 2014; Lu & Stein, 2014; 97	  

Jasinska, Zorick, Brody, & Stein, 2013; Sutherland et al., 2012; Mihov et al., 2012).	   For 98	  

example, acute nicotine administration may boost cognitive performance via activation of the SN 99	  

that suppresses the task-negative, internally driven DMN, while temporarily enhancing the 100	  

intrinsic connectivity of the ECN, or task-positive network to focus attention on external goals 101	  

(Lerman et al., 2014; Sutherland et al., 2012). This is consistent with Volkow’s work on 102	  
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stimulant use and the effects on the brain, where drug-cues are suggested to capture the salience 103	  

network, thus reducing attention towards naturally rewarding stimuli. (Goldstein and Volkow, 104	  

2011).   105	  

Conversely, for chronic smokers, only a few RS-fMRI studies reported consistent alteration of 106	  

brain function during rest, and so the effects of chronic smoking on resting brain function are not 107	  

clear (Wang et al., 2007; Cole et al., 2010; Yu et al., 2013). Additionally, interpretation of RS-108	  

fMRI data amongst abstinent chronic smokers may be confounded by psychological symptoms 109	  

following acute nicotine withdrawal, including craving, anger, irritability, frustration, anxiety, 110	  

difficulty concentrating, restlessness, depression, increased appetite, insomnia, and impatience. 111	  

(Hughes 2007).  Notably, a hallmark mental feature of nicotine withdrawal after chronic use, 112	  

alongside these psychological effects, is reduced concentration (Hughes, 2007), whereas acute 113	  

administration of nicotine is linked to temporarily enhanced cognitive performance in smokers 114	  

(Heishman, Kleykamp, & Singleton, 2010).  115	  

 116	  

Despite advances in our understanding of how nicotine affects the brain, reviews suggest that it 117	  

would be simplistic to posit at this stage a single profile of neural response to nicotine intake and 118	  

that potential network interactions should be taken into account (Fedota & Stein, 2015). Instead, 119	  

changes in brain function are dependent on various factors, including duration of use, with 120	  

chronic and acute exposure associated with different neural signatures (Hong 2009). This is to be 121	  

expected, given the pronounced reductions in the volumes of certain brain regions, such as the 122	  

bilateral prefrontal cortex and ACC volume, in chronic smokers versus those who have never 123	  

smoked, consistent with deficits in working memory (Myers et al., 2008; Evans et al., 2009; 124	  
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Brody et al., 2004; Gallinat et al., 2006; Kuhn et al., 2010).  Differences in intrinsic functional 125	  

connectivity in relation to chronic versus acute nicotine exposure are also observed, although no 126	  

study and only one review (Fedota and Stein, 2015) has compared acute (state) versus chronic 127	  

(trait) nicotine intake, although unlike our review these authors focused less on the methods of 128	  

measuring resting state networks. For instance, although RS-fMRI studies of chronic and acute 129	  

exposure frequently focus on the effects of nicotine on connectivity of the ACC and insula 130	  

(Sutherland, McHugh, Pariyadath, & Stein, 2012), the specific regions within these structures in 131	  

which perturbations of connectivity are observed appear to depend on whether acute or 132	  

dependence-related effects of nicotine are being investigated (Hong 2009), as well as which 133	  

statistical method is used.   134	  

 135	  

Against the background of heterogeneous data analysis methods for RS-fMRI studies into 136	  

nicotine consumption a meta-analysis in this case was not possible.  Therefore, here we attempt 137	  

to provide a comprehensive, systematic review of RS-fMRI studies that differs from the most 138	  

recent, informative review by Fedota and Stein (2015) in 5 main ways: a) we provide a more in-139	  

depth description of a broader range of RS-FMRI methods (see below) whereas by their own 140	  

admission the scope of the previous review did not include an extensive methodological 141	  

overview; b) we only describe data from healthy subjects who smoke (including non-affected 142	  

first degree relatives of individuals with schizophrenia) whereas Fedota et al include brain 143	  

activation of psychiatric patients who also smoke; c) we only focus on fMRI methods to increase 144	  

the homogeneity of reported findings, whereas Fedota et al also describe, for example arterial 145	  

spin labeling (ASL) and positron emission tomography (PET); d) we update the review to 146	  

include 4 more studies: in chronic (our n=13 versus their n=12) and acute (our n=10 versus their 147	  
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n=7) and finally e) the previous review introduces a sophisticated heuristic framework  to 148	  

characterize neurobiological markers of addiction, whereas we attempt to simplify the field and 149	  

the methodology for a general audience to appreciate chronic versus acute consumption of 150	  

nicotine and patterns of neural activation at rest.  Thus, here we review:  a) chronic nicotine 151	  

exposure versus those who have never smoked on resting neural function in otherwise healthy 152	  

adults and b) acute nicotine exposure versus placebo in current smokers. We chose to focus on 153	  

RS-fMRI studies (and not, for e.g. perfusion fMRI such as ASL) in an attempt to reduce the 154	  

heterogeneity of methods and thus hone specific resting state networks associated with a 155	  

variation in blood oxygenation following nicotine consumption.  156	  

METHODS 157	  

Searching 158	  

Inclusion/Exclusion criteria 159	  

Two types of studies employing RS-fMRI were considered potentially eligible for inclusion in 160	  

this review:  a) those investigating the effects of current smoking in chronic smokers compared 161	  

to individuals who have never smoked (henceforth referred to as chronic studies), b) studies 162	  

assessing the effect of an acute administration of nicotine compared to placebo in individuals 163	  

who currently smoke or with prior history of smoking, (referred to as acute studies).   Pubmed, 164	  

Medline and Science direct were searched for eligible studies up to December 2015. Moreover, 165	  

manual searches of the reference lists of eligible study reports were performed. Search terms 166	  

included: (resting state) AND (fMRI) AND (smoking); OR (resting state), AND (fMRI) AND 167	  

(nicotine); OR, (fMRI) AND (nicotine); OR (fMRI) AND (smoking). Studies were eligible for 168	  

inclusion if they reported resting state functional connectivity analyses of fMRI performed on 169	  
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adults in English language peer reviewed journals. Studies and/or data collected from psychiatric 170	  

populations were excluded (e.g. schizophrenia). However, if publications focusing on psychiatric 171	  

populations also provided data on smokers and non-smokers among their healthy controls these 172	  

were examined for potential eligibility for inclusion.  173	  

For details of searching procedure see Supplementary Figure S1 PRISMA diagram. 174	  

 175	  

RESULTS 176	  

Chronic studies (n=13) 177	  

It should be noted that the authors of the included studies examining chronic smokers versus 178	  

those who had purportedly never smoked could not be entirely certain that self-reported non-179	  

smokers had never smoked in their lifetime.  Nevertheless, all studies included in this review did 180	  

state that at the time of the scan, and at least 1 year prior to the study the control subjects had not 181	  

smoked. 182	  

Two studies examining the effects of chronic cigarette use on resting state connectivity used 183	  

seed-based methods located in regions across the DMN and ECN, namely in the dlPFC, dorsal 184	  

medial prefrontal cortex (dmPFC), dorsal anterior cingulate cortex/cingulate cortex (dACC), 185	  

rostral anterior cingulate cortex (rACC), occipital cortex, and insula/operculum (Zhang et al., 186	  

2011; Moran et al., 2012).  Seed-based methods analyze connectivity patterns between a pre-187	  

determined brain region and other distal regions.  Connectivity patterns are based on inferences 188	  

of synchronicity in the BOLD time courses for the respective regions. DMN connectivity 189	  

increases intrinsically during introspective internally focused thought (e.g. self-referential 190	  
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processing), but connectivity between the regions of the DMN decreases during extrinsic 191	  

cognitive tasks that demand attention on externally derived stimuli, which rather utilizes the 192	  

ECN.  Zhang et al. (2011) placed seeds in 6 regions across the DMN and ECN and compared 18 193	  

male and female smokers against 18 age- and gender-matched controls, while Moran et al. 194	  

(2012) positioned a seed in the dACC in a comparison of 37 chronic male and female smokers 195	  

(who were first degree relatives of individuals with schizophrenia) to 28 who had never smoked 196	  

(Moran et al., 2013).  Zhang et al found that functional connectivity between the dmPFC and 197	  

insula was negatively correlated with nicotine addiction severity, and also increased functional 198	  

connectivity between rACC, dlPFC and dmPFC. Moran et al found decreased functional 199	  

connectivity between the dACC and ventral striatum, parahippocampal, amygdalar, and posterior 200	  

insula regions, with more greatly decreased connectivity between these regions associated with 201	  

nicotine addiction severity. 202	  

Three studies used independent components analyses (ICA) to examine nodes of network 203	  

activity across the whole brain (Janes et al., 2012; Huang et al., 2014; Weiland et al., 2015). ICA 204	  

is a data-driven, model-free method of identifying spatially orthogonal networks that have been 205	  

applied to intrinsic connectivity fMRI data (Beckmann et al., 2005).  Although this method 206	  

extracts spatially orthogonal networks, it can be used to interrogate connectivity between 207	  

networks.  Using ICA, Janes and colleagues (2012) did not identify connectivity differences but 208	  

rather greater activation amplitude between left fronto-parietal and mPFC, as well as greater 209	  

subcortical limbic network amplitude in chronic smokers versus those who had never smoked. 210	  

Amplitude, as opposed to functional connectivity illustrates collective strength of activation 211	  

rather than the correlation coefficient of functional association between specific regions within a 212	  

given network.  Similarly, Huang et al. compared smokers (who were in withdrawal for 11 213	  
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hours) to non-smokers with ICA and found stronger functional connectivity in the smokers 214	  

between the ACC and the bilateral precuneus, left inferior and middle temporal cortex, bilateral 215	  

middle frontal cortex, right caudate and putamen and left inferior parietal cortex. However, care 216	  

must be taken in interpretation as the strength of connectivity and increased amplitude of 217	  

activation in current smokers versus non-smokers, between the ACC and the regions described 218	  

above could be attributable to the withdrawal state (e.g. conflict monitoring, aversion sensitivity 219	  

etc.). Finally, Weiland et al (2015) used ICA to examine the dorsal DMN and left/right ECN in 220	  

chronic heavy smokers versus those who have never smoked.  They found reduced network 221	  

strength between the left ECN and the DMN, as well as lower connectivity in network hubs 222	  

within the ECN, including the dorsolateral prefrontal cortex, and parietal nodes.  Finally, they 223	  

reported that ECN connectivity strength was negatively correlated with duration of smoking. 224	  

Three studies used an approach called Regional Homogeneity (ReHo) to examine intrinsic 225	  

connectivity between voxels and time series data derived from the BOLD signal (Tang et al., 226	  

2011; Yu et al., 2011; Wu et al., 2015).  ReHo is a method that enables the investigation of local 227	  

brain functional connectivity on an individual subject basis (Zhang et al., 2011). ReHo measures 228	  

correlations between the blood oxygen level dependency (BOLD) time series for a specified 229	  

voxel and neighboring voxels within a pre-specified radius, with Kendall’s coefficient of 230	  

concordance (KCC) most frequently used as an estimate of connectivity. Tang et al. (2011) used 231	  

a whole brain approach and examined 45 chronic male and female smokers against 44 who had 232	  

never smoked, and found decreased ReHo in the right inferior frontal cortex and increased ReHo 233	  

in the left superior parietal cortex in smokers. Yu et al. (2011) examined 16 male smokers and 16 234	  

male non-smokers using a regional brain approach within the fronto-parietal network, and found 235	  

that smokers compared to non-smokers had reduced ReHo in medial and lateral PFC and ReHo 236	  
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in the insula and posterior cingulate cortex. Finally, Wu et al. (2015) used ReHo to compare 237	  

network synchronicity between smokers and non-smokers.  The study revealed reduced 238	  

synchronicity in brain regions associated with the default-mode, frontoparietal attention, and 239	  

inhibitory control networks.  Furthermore, heavy smokers showed increased ReHo 240	  

predominately in regions related to motor planning. 241	  

Two studies used graph theory to examine the difference between resting state connectivity in 242	  

chronic smokers versus those who have never smoked (Breckel et al., 2013; Lin et al., 2014). 243	  

Graph theory assesses network structure in terms of regions of interest, or nodes, as well as 244	  

connections between the nodes, known as edges.  In the context of resting-state fMRI, the edges 245	  

consist of correlations between BOLD time courses in the respective nodes that exceed a 246	  

threshold, typically arbitrarily set to Pearson’s R = 0.2 or 0.3. Breckel et al. (2013) examined 18 247	  

male and female smokers versus 17 non-smoking age- and gender-matched controls, and found 248	  

that there was no difference in the intrinsic connectivity between the left insula and middle 249	  

frontal cortex when comparing minimally deprived chronic smokers to those who have never 250	  

smoked. They suggest that changes observed in network connectivity in psychiatric populations 251	  

(e.g. schizophrenia) who also chronically smoke may be attributable to the psychiatric condition 252	  

rather than to changes associated with chronic nicotine consumption.  Also using graph theory, 253	  

Lin et al (2014) compared 31 heavy male and female smokers to 33 non-smokers and examined 254	  

nodal connections between 90 regions of interest across the whole brain (Lin et al., 2014). They 255	  

used non-parametric permutation testing to examine group differences in connections between 256	  

these regions, and regression analyses to relate differences in nodal connections to severity of 257	  

nicotine addiction scores. They found that compared to those who have never smoked, heavy 258	  

smokers showed lower global efficiency (lower synchronous functional connectivity coupling 259	  



13	  
	  

across the whole brain/larger networks), and higher local efficiency (higher synchronous 260	  

functional connectivity coupling within local/smaller brain networks).  They also demonstrated 261	  

higher local clustering coefficients (areas of locally increased synchronous functional 262	  

connectivity) and greater path length (functional connectivity spreading to more distal brain 263	  

regions), all indicative, according to the authors, of reduced overall efficiency of resting state 264	  

networks in chronic smokers compared to those who have never smoked. Furthermore, heavy 265	  

smokers showed decreased nodal global efficiency within the DMN, and increased nodal local 266	  

efficiency in the visual-related regions. Decreased nodal global efficiency within the DMN might 267	  

be indicative of diminished self-regulation (Mel'nikov et al., 2014), whereas increased nodal 268	  

local efficiency might be associated with cognitive biases towards substance-related cues in 269	  

those who are substance-dependent (Bueichekú et al., 2015).  270	  

The remaining 3 chronic studies used different analysis approaches. Pariyadath et al. used a 271	  

machine learning approach, known as support vector machine (SVM), using the AdaBoost 272	  

algorithm (Freund and Schapire, 1995) to examine network connectivity in 42 smokers versus 273	  

non-smokers (Pariyadath et al., 2014). This algorithm trains the SVM classifier (e.g. smoker vs. 274	  

non-smoker) via an iterative process on a weighted set of samples, where the weights are 275	  

determined by the accuracy of the classifier for smokers versus non-smokers on a previous 276	  

iteration. The resulting classification occurs via a linear combination of individual classifiers, 277	  

where each SVM classifier is weighted by its performance accuracy. In this way, AdaBoost 278	  

builds a collection of non-linear classifiers from a weighted combination of multiple linear SVM 279	  

classifiers (Pariyadath et al., 2014). Their analyses used 16 regions of interest derived from a 280	  

previous ICA including: sensorimotor, auditory, thalamus/caudate, ECN (mPFC, dlPFC, dorsal 281	  

striatum, midbrain), DMN (mPFC, cerebellum, cuneus), visual, frontal, cerebellum, fronto-282	  
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parietal, higher order network (dlPFC, parietal).  They showed that increased connectivity 283	  

measures within the executive control and fronto-parietal networks were particularly informative 284	  

in predicting smoking status.  Specifically, their fronto-parietal network incorporated the left 285	  

angular gyrus (DMN/ECN), left middle frontal cortex (DMN), left middle temporal cortex, left 286	  

cingulate cortex (DMN/ECN, SN), right supramarginal cortex, right middle frontal cortex 287	  

(DMN, SN), right middle temporal cortex and right medial prefrontal cortex (DMN). It is of note 288	  

that some of the fronto-parietal regions they use overlap between the DMN, SN and ECN (see 289	  

suggestions in parentheses above).    Pariyadath and colleagues finally conducted post-hoc t-tests 290	  

to reveal group differences in network connectivity, showing significantly lower connectivity in 291	  

chronic smokers compared to never-smoked controls in two ‘higher order networks’.  One higher 292	  

order network they identified consisted of the left precuneus, bilateral inferior parietal cortex, 293	  

bilateral middle frontal cortex, bilateral temporal cortex, left occipital cortex and left cingulate 294	  

cortex.  The second higher order network that appeared to be reduced in smokers compared to 295	  

controls included the bilateral precuneus, left lateral occipital cortex, right posterior cingulate 296	  

cortex, right middle prefrontal cortex, left lingual gyrus, right culmen and left posterior cingulate 297	  

cortex. 298	  

Chu et al. used Fractional Amplitude of Low Frequency Fluctuation (fALFF) to measure the 299	  

strength of correlation between low frequency oscillations, correcting for physiological noise in 300	  

non-specific brain areas (Chu et al., 2014) in 20 Chinese Han male chronic smokers and 19 301	  

matched controls that had never smoked.  FALFF is a relative measure of the proportion of the 302	  

amplitude of intrinsic BOLD T2* signal across the entire frequency range that is contributed by 303	  

low frequencies (typically 0.01-0.1Hz) (Zou et al., 2008).     Smokers compared to non-smokers 304	  

had higher fALFF, or in other words, higher correlations in low frequency oscillations between 305	  
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the left middle occipital cortex, a large area encompassing the left limbic region (e.g. striatum, 306	  

hippocampal-amygdala complex) and left posterior cerebellum, but lower fALFF in the right 307	  

medial prefrontal cortex, right superior temporal cortex, right extra nuclear region (insular 308	  

cortex, striatum, amygdala), left postcentral cortex and left cerebellum anterior lobe.  In 309	  

additional analyses, Chu and colleagues compared light- to heavy smokers, and revealed that 310	  

heavy smokers had increased fALFF in the right superior temporal cortex, right precentral 311	  

primary motor cortex, and right occipital cortex/cuneus, and reduced fALFF in a large area 312	  

encompassing the bilateral limbic region/cingulate gyrus, bilateral prefrontal cortex, bilateral 313	  

posterior cerebellum.  The physiological relevance of higher or lower fALFF (correlations of low 314	  

frequency oscillations in brain activation) may be indicative of increased or decreased neural 315	  

communication or syncronicity between these regions.  In other words, increased fALFF in 316	  

limbic regions in smokers compared to non-smokers may indicate greater neural communication 317	  

in sensory and reward regions associated with craving for nicotine.  Conversely reduced fALFF 318	  

in heavy versus light smokers in limbic regions may indicate reduced neural communication that 319	  

is temporarily stimulated by the consumption of nicotine.  Also, reduced fALFF in prefrontal 320	  

regions may be indicative of executive function deficits that may ordinarily help to regulate 321	  

nicotine craving and consumption.    322	  

Finally, Wang et al (2014) compared 22 chronic male 12-hour abstinent smokers prior to the 323	  

scan, to 20 males who have never smoked. The authors compared global brain connectivity 324	  

(GBC) across the two groups (Wang et al., 2014). GBC uses a specific algorithm as defined by 325	  

others (Buckner et al., 2009; Tomasi & Volkow, 2010, 2011, 2012).  In brief, GBC measures the 326	  

connectivity between each voxel in the whole brain and creates an estimate of global 327	  

connectivity.  The time course of each voxel from each participant is correlated with every other 328	  
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voxel. Thus, a matrix of Pearson’s correlation coefficients is obtained. Subsequently, the number 329	  

of voxel connections for each voxel is counted with a threshold of r.0.25 to compute the GBC 330	  

map. The vertex degree is calculated as the number of adjacent links using an undirected and 331	  

weighted adjacency matrix. The map is finally transformed to Fisher Z values, so that maps 332	  

across participants can be averaged and compared (Wang et al., 2014).    Compared to non-333	  

smokers, smokers had greater GBC in the left insula and left superior frontal cortex, and craving 334	  

scores negatively correlated with left superior frontal cortex activation but not left insula.   335	  

In summary, intrinsic connectivity between the dACC, dmPFC and within a broad area 336	  

collectively referred to as the limbic region (e.g. striatum, amygdala, hippocampus) (associated 337	  

with both the DMN and salience networks) appears to be reduced in chronic smokers compared 338	  

to non-smokers.  Furthermore, nicotine dependence severity appears to negatively correlate with 339	  

intrinsic connectivity within these regions. Moreover, reduced connectivity in superior frontal 340	  

cortex in chronic smokers is associated with greater nicotine dependence.  In contrast to the 341	  

reduced connectivity observed between networks in chronic smokers compared to non-smokers, 342	  

chronic smoking is associated with increased within-network connectivity, particularly with 343	  

respect to the DMN (e.g. left fronto-parietal/precuneus and mPFC networks), as well as the SN, 344	  

and may be indicative of heightened sense of self-regulation need in the presence of craving for 345	  

nicotine.	   	   	   Additionally, localized estimates of connectivity are increased in the left superior 346	  

parietal cortex, insula and posterior cingulate cortex (regions associated with the DMN and SN), 347	  

and reduced in the right inferior, medial and lateral prefrontal cortex (associated with the ECN) 348	  

in chronic smokers compared to non-smokers. However, others show no increased connectivity 349	  

between the insula cortex and mPFC in relation to nicotine addiction.  Graph theory methods 350	  

indicate reduced overall global efficiency of resting state networks in chronic smokers compared 351	  
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to those who have never smoked. However, local efficiency in smaller networks (as opposed to 352	  

global efficiency across the whole brain) such as those incorporating limbic structures extending 353	  

to the insula and ACC is also increased in smokers versus non-smokers (e.g. Janes et al 2012; 354	  

Huang et al. 2014) or with no difference to non-smokers (Breckel et al. 2013).  While this may 355	  

appear to be counter-intuitive, local increases observed in smokers may still not pass the 356	  

connectivity threshold of global efficiency within neural networks observed in non-smoking 357	  

controls.  358	  

Furthermore, heavy smokers compared to light smokers show decreased nodal global efficiency 359	  

within the DMN, and increased nodal local efficiency in the visual-related regions, indicative of 360	  

an inverted U-shape relationship between functional connectivity in light-to-heavy smoking.  361	  

Other machine-learning approaches show reduced connectivity in chronic, compared to non-362	  

smokers in fronto-parietal regions associated with both the DMN and ECN (left precuneus, 363	  

bilateral inferior parietal cortex, bilateral mPFC, ACC) and also temporal and occipital cortices.  364	  

Thus, the effects of chronic smoking on resting state connectivity are variable, but chronic 365	  

smoking compared to non-smoking appears to broadly influence fronto-parietal and limbic 366	  

connectivity associated with the DMN and SN. 367	  

Acute studies (n=10) 368	  

Four studies examined the effects of acute nicotine administration versus abstinence using seed-369	  

based analyses.  Cole et al (2010) used seeds in the ECN and DMN and examined 17 smokers 370	  

who received a 4mg nicotine patch versus placebo and found increased inverse coupling between 371	  

ECN and DMN. Improvements in withdrawal symptoms negatively correlated with altered 372	  

functional connectivity within the DMN, and connectivity between the ECN and regions 373	  
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implicated in reward processing. Hong et al., (2009) also compared functional connectivity when 374	  

smokers were given a 21-35mg-nicotine patch versus placebo, with seeds in the anterior and 375	  

posterior cingulate regions.  They found increased dACC-dorsal striatal functional connectivity 376	  

circuits that correlated positively with severity of nicotine addiction, and increased cingulate-377	  

neocortical functional connectivity enhanced by acute nicotine administration.  Moran et al., 378	  

(2012) also gave smokers a 21-35mg-nicotine patch versus placebo, and placed seeds in the 379	  

bilateral posterior insula and bilateral dorsal ACC.  They found increased functional connectivity 380	  

in line with greater smoking severity and rsFC between insula, dACC and striatum.  Janes et al., 381	  

(2014) compared 17 smokers before and after a 1 hour abstinence period using a seed-based 382	  

approach based in the omPFC and sgACC and found increased coupling with greater craving 383	  

between the OMPFC-sgACC network and other cortical, limbic, striatal, and viscera-motor brain 384	  

regions.   385	  

 386	  

Three acute studies used independent components analyses (ICA); one to probe the effects of 387	  

smoking as usual before the scan versus an 11-hour period of abstinence in 21 current smokers 388	  

(Huang et al., 2014), and after the administration of a 7mg nicotine patch versus placebo in 19 389	  

current smokers (Tanabe et al., 2011), and the third used ICA with Grainger Causality Analysis 390	  

(GCA) to measure effective connectivity (directional analysis) within and between regional 391	  

networks (Ding et al., 2013) in smokers in withdrawal versus satiation. Huang et al., after 392	  

identifying spatially orthogonal networks, the investigators placed seeds in the ACC and DMN, 393	  

respectively and found increased connectivity between the anterior cingulate cortex and the 394	  

precuneus, insula, orbital frontal gyrus, superior frontal gyrus, posterior cingulate cortex, 395	  

superior temporal, and inferior temporal lobe in smokers versus the abstinent period.  They also 396	  
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found increased strength of connectivity with intensity of craving between the anterior cingulate 397	  

cortex and the precuneus, insula, caudate, putamen, middle cingulate gyrus and precentral gyrus.  398	  

Tanabe et al. found decreased coupling in the DMN after nicotine patch administration, 399	  

specifically between the posterior cingulate cortex, precuneus, paracentral lobule, and medial 400	  

orbitofrontal cortex. Ding et al reported that there was reduced effective connectivity from SN to 401	  

DMN and increased connectivity from ECN/DMN to the SN after smoking satiation compared to 402	  

withdrawal.  Furthermore, the authors reported increased connectivity from the insula to the 403	  

parahippocampus, precuneus, ACC, SMA and ventromedial/DLPFC after smoking satiation.  404	  

The remaining three acute studies used varying methods.  Lerman et al., (2014) used a Resource 405	  

Allocation Index (RAI) to examine the strength of coupling between DMN, ECN and SN when 406	  

comparing smoking satiety versus 24 hours of abstinence.  RAI is a composite quantitative 407	  

network association index integrating the SN-ECN (positive) correlation and the SN-DMN 408	  

(negative) correlation, to represent nicotine satiety versus nicotine withdrawal response 409	  

respectively, proposed by some (e.g. Sutherland et. al., 2012).  Specifically, the SN is suggested 410	  

to toggle neural activity bias between the DMN and ECN in order to shift attention towards 411	  

external (nicotine satiety) – or internal (nicotine withdrawal) stimulation.  Using Group 412	  

Independent Component Activation (GICA) maps as spatial predictors for each participant’s 4-413	  

dimensional data, a linear regression generated a time course for each component. As a measure 414	  

of cross network coupling, the authors’ calculated correlation coefficients (CC) between 415	  

component time courses derived from the SN, ECN, and the DMN (CC SN, ECN and CC SN, DMN). 416	  

To assess the actions of the SN on DMN and ECN in the smoking and abstinence states with a 417	  

single value, the authors’ defined a composite network association index as m = zSN,ECN − 418	  

zSN,DMN = f(CCSN,ECN) − f(CCSN,DMN), where f(CC) = ½  ln (1 + CC /1 – CC) and m refers to 419	  
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the RAI (Lerman et al., 2014).  With this approach, Lerman et al. found reduced RAI in the 420	  

abstinent compared to the smoking satiety state, suggesting weaker inhibition between the DMN 421	  

and SN (negative network).  The authors’ suggest that weaker inhibition of the DMN-SN is the 422	  

driving force of abstinence-induced lower RAI and that weaker network connectivity in the 423	  

ECN-SN contributes to the urge to smoke.  This is in line with less neural activation suppression 424	  

in the DMN-SN RAI during a working memory task, and consistent with observations that 425	  

nicotine addiction is associated with working memory deficits (Myers et al., 2008; Evans et al., 426	  

2009). 427	  

In another study, Wang et al. (2014) permitted 42 male smokers to smoke 2 cigarettes before the 428	  

scan, and compared functional connectivity using ReHo whole brain measures to a condition 429	  

where the smokers were not permitted to smoke for 12 hours prior to the scan.  They found 430	  

reduced global ReHo in several regions of the DMN in the smoking, as compared with smokers 431	  

in the abstinence condition.  Finally, Wylie et al., (2012) used network topology using graph 432	  

theory (nodes/vertices) based on previously published ROIs in the DMN and ECN in non-433	  

smokers who received a 7mg transdermal nicotine patch versus placebo.  They found no effect 434	  

on average connectivity, but an increase in local regional network efficiency in the limbic and 435	  

paralimbic areas. 436	  

In summary, and in contrast to studies examining the effects of chronic smoking on resting state 437	  

networks, acute nicotine exposure is associated with elevated functional connectivity in the ECN 438	  

and SN, combined with reduced intrinsic connectivity in regions of the DMN.  Similarly, 439	  

reduced feelings of craving and withdrawal appear to be associated with reduced DMN and 440	  

greater ECN connectivity with limbic regions, suggesting greater executive control of reward 441	  

networks.  Moreover, nicotine craving is associated with greater functional connectivity in 442	  
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regions of the SN (e.g. cingulate cortex and insula) and DMN following nicotine patch 443	  

administration.   444	  

 445	  

DISCUSSION 446	  

We present a systematic review of resting state functional Magnetic Resonance Imaging (RS-447	  

fMRI) studies that examines the effects of chronic smoking versus the acute administration of 448	  

nicotine on functional connectivity brain networks, with more focus on RS-fMRI methods than 449	  

compared to other reviews that have included other imaging modalities (e.g. Fedota and Stein, 450	  

2015). Additionally, here we only synthesize data derived from smoking and non-smoking 451	  

participants in otherwise good psychiatric health, whereas other reviews have included patient 452	  

populations who smoke (e.g. those with schizophrenia).  Considering the differences between 453	  

this and previous reviews, we have attempted to provide a homogeneous account of the methods 454	  

used and the reported effects of acute versus chronic nicotine exposure on resting state neural 455	  

networks. 456	  

 457	  

 Acute administration of nicotine offers a brief ‘spike’ in nicotine exposure versus no exposure, 458	  

and is, on the whole, associated with enhanced connectivity within and between the executive 459	  

control network (ECN) and salience network (SN), as well as diminished default mode network 460	  

(DMN) connectivity (See Fig 1., adapted from Lerman et al., 2014).  Chronic administration of 461	  

nicotine in smokers versus non-smokers, however, shows differential effects on resting state 462	  

networks; some studies report increased DMN and reduced ECN, while others demonstrate 463	  

increased ECN and SN connectivity.  There was some indication that severity of nicotine 464	  
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craving, dependence and withdrawal effects in chronic smokers is associated with reduced 465	  

connectivity within prefrontal cortex networks, although other studies show increased fronto-466	  

striatal and limbic connectivity at rest in conjunction with nicotine dependence severity.  Our 467	  

systematic review adds to the extant reviews on resting state networks in those with nicotine 468	  

dependence. For example, one review provides a neural model of resting state networks in those 469	  

with nicotine dependence linking functional connectivity within the DMN and ECN with 470	  

activation of the anterior cingulate cortex (ACC) and the insula (Sutherland et al., 2012). More 471	  

recently, a review of acute versus chronic nicotine effects on RS networks in the brain (Fedota 472	  

and Stein, 2015) has provided a sophisticated heuristic of the most implicated neural networks 473	  

and biomarkers for addiction, involving broadly the DMN, ECN and SN, and more specifically 474	  

the ACC and insula.  This most recent review emphasizes, as is the case here that acute nicotine 475	  

exposure appears to heighten activation of attention networks, whereas chronic nicotine exposure 476	  

dampens global brain processes and synchronicity within executive functioning networks, while 477	  

potentially heightening DMN activation associated with arousal, somatosensation and addiction. 478	  

Our review, which has also furnished the reader with a methodological overview of RS-fMRI 479	  

studies in the hope to better illuminate how RS networks are derived, suggests that acute 480	  

administration of nicotine is most consistent compared to the chronic effects of nicotine on 481	  

resting state functional connectivity. This may be due in part, to a greater level of experimental 482	  

control achieved over extenuating variables in pharmacological challenge studies (e.g. nicotine 483	  

patch versus placebo).	   	   For example, other factors may influence resting state networks in 484	  

chronic smokers, including: frequency and type of smoking behavior, brand of cigarette and 485	  

levels of nicotine, tar and carbon monoxide, individual metabolism and lung health, as well as 486	  

periods of abstinence during the chronic smoking period.   Acute administration of nicotine, on 487	  
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the other hand, offers an ‘odd-ball event’ in nicotine exposure versus no exposure, although the 488	  

administration of nicotine via a patch or lozenge is undoubtedly delayed in its potency than 489	  

intravenously for example. However, caution must be exercised in interpreting the findings of 490	  

acute nicotine studies as the vehicle type (e.g. cigarette, lozenge, patch) has varying impact on 491	  

the entry in to the nervous system and thus can have differing effects on brain processes. 492	  

The findings from investigations of the chronic effects of nicotine consumption in smokers 493	  

versus non-smokers while less consistent than acute studies seem in general, to implicate 494	  

alterations in fronto-parietal and limbic connectivity, especially involving the prefrontal cortex, 495	  

insula and ACC. The precise nature of these changes, as well as the causal relationship between 496	  

symptoms of dependence/ craving and disruptions of these networks is currently unclear, 497	  

however.  Although most recently weak functional connectivity between the superior frontal 498	  

gyrus and the right insula is suggested to correspond to nicotine addiction and dysfunctional 499	  

executive control (Fedota et al., 2016). Furthermore, some studies reported no differences in 500	  

functional connectivity between chronic smokers and non-smokers (e.g. Breckel et al., 2014), 501	  

while the findings of other chronic nicotine consumption studies were confounded by the study 502	  

of otherwise healthy first-degree relatives of individuals with schizophrenia (Moran et al., 2012). 503	  

The effects of chronic smoking on resting state neural connectivity are likely influenced by 504	  

multilevel factors, not just in smoking behavior and other lifestyle choices, but also differences 505	  

in physiology (Piasecki et al., 2014). Additionally, nicotine intake contributes to oxidative stress, 506	  

which can compromise vasculature architecture (Zanetti et al., 2014). Thus it might be that 507	  

varying levels of chronic oxidative stress lead to variation in the effects of chronic smoking on 508	  

resting state neural connectivity.  Given that nicotine at first acts on peripheral sensory receptors 509	  
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before more slowly entering neural systems, future resting state studies must also consider other 510	  

such physiological factors (Kiyatkin, 2014).  511	  

In terms of the effects of acute administration of nicotine in comparison to placebo or abstinence 512	  

on resting state brain activity in smokers, more experimental control over extraneous variables 513	  

can be achieved, not least because of the controlled administration of nicotine, but also because 514	  

these studies often use a repeated measures design, using a placebo or abstinence controlled 515	  

condition within the same participant. For example, acute administration of nicotine may 516	  

temporarily improve cognitive and behavioral performance by rather enhancing the ECN-SN and 517	  

deactivating the DMN-SN (Lerman et al., 2014; Cole et al., 2010).  Additionally, acute nicotine 518	  

administration may reduce functional connectivity between distal regions of the fronto-limbic 519	  

circuitry, but increase connectivity between local networks within the prefrontal cortex; to 520	  

temporarily improve executive function (Huang et al., 2014; Janes et al., 2014; Ding et al., 2013; 521	  

Hong et al., 2009). Enhancement of prefrontal cortex connectivity by acute nicotine 522	  

administration seems to particularly center on the ACC and connections to parietal cortex at rest 523	  

(Moran et al., 2012, Tanabe et al., 2011).  The DMN function, which may promote interoceptive 524	  

feelings of craving and dependence during nicotine abstinence, is perhaps reduced at rest 525	  

following acute nicotine exposure, and increased ECN may reflect a greater allocation of mental 526	  

resources driven by the SN (Lerman et al., 2014).  527	  

At the same time, acute nicotine exposure might also foster lowered global brain efficiency 528	  

(perhaps related to metabolic challenges following the introduction of nicotine), such that the RS 529	  

network changes observed are due to the engagement of compensatory mechanisms, or the result 530	  

of smoking-related impairments (Wang et al., 2014).  However, others report greater local 531	  

efficiency in limbic and paralimbic regions following nicotine patch administration (Wylie et al., 532	  
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2012), implicating again the recruitment of the SN, a common feature of both chronic and acute 533	  

nicotine consumption. Indeed, damage to the insula, part of the SN and DMN, is associated with 534	  

smoking cessation and reduced craving (Naqvi et al., 2014). Thus, one might suggest that the 535	  

mechanism of action for acute administration of nicotine is to allocate greater neural resources to 536	  

cognitive control networks, such as the DMN, ECN and the fronto-parietal network (FPN) that 537	  

straddles these systems (Vincent et al., 2008) and may be associated with subjective experience 538	  

of improved attention.   539	  

Conversely, the effects of chronic nicotine exposure on resting state connectivity are less clear, 540	  

but appear to broadly and perhaps most consistently alter fronto-striatal connectivity.  Future 541	  

resting state studies examining the effects of chronic smoking must however, adopt measures of 542	  

causality, and control for the longitudinal variances in smoking behavior described above. Yet, to 543	  

account for the lack of clarity in studies of chronic nicotine use, further information can be 544	  

gleaned from the few studies that have examined correlations with craving, dependence and 545	  

withdrawal effects on resting state networks.  546	  

Nicotine craving and resting-state networks 547	  

Craving scores and severity of nicotine dependence were correlated with measures of functional 548	  

connectivity in 7 studies reviewed here (Cole et al., 2010; Hong et al., 2009; Huang et al., 2014; 549	  

Janes et al., 2014; Lerman et al., 2014; Lin et al., 2014; Moran et al., 2012;). The duration of 550	  

cigarette use, and the severity of nicotine dependence, as measured by the Fagerström score, is 551	  

associated with greater reduced global efficiency across the whole brain and increased local 552	  

efficiency in visual regions in chronic compared to non-smokers (Lin et al., 2014).  Such a 553	  

finding might indicate that smoking heightens visual and attentional bias, perhaps in line with 554	  
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cue-induced addiction behavior (Goldstein and Volkow, 2011).  Additionally, when smoking 555	  

participants experienced more craving during the abstinence or placebo condition in some of the 556	  

acute studies, there was less inhibition of the DMN (Lerman et al., 2014; Wang et al., 2014), 557	  

which might be associated with greater interoceptive awareness of homeostatic tension (need for 558	  

acetylcholine nicotine receptor occupancy) for example.  Furthermore, the experience of craving 559	  

may be associated with reduced RS activity between the insula and striatum	   during acute 560	  

nicotine administration (Moran et al., 2012), perhaps an indication of the feelings of satiety.  561	  

Moreover, nicotine abstinence and craving in those who smoke is linked to a reduced ability to 562	  

concentrate on cognitive tasks (Hughes, 2007; Parrott, 1996), and that acute nicotine 563	  

consumption may temporarily improve attention and other executive functions. This lends 564	  

support to the tendency that people seem to smoke when they are cognitively overloaded and 565	  

anxious (e.g. worries about work, money, relationships), and continue to smoke despite 566	  

knowledge of health risks.  567	  

Adherence to and desire for cigarette smoking may coincide with temporary improvements in 568	  

concentration, with consequent changes to brain circuitry associated with the subjective 569	  

experience of effective problem solving and task-focused brain function in the ECN. For 570	  

example, a dual-role regarding the effects of nicotine on the brain has been proposed via the 571	  

release of dopamine from the ventral tegmental area, to influence the meso-limbic pathway for 572	  

addiction, and the meso-cortical pathway for enhanced cognition (see Jasinska et al., 2014). 573	  

Clinical studies of those who smoke versus those who do not confirm that acute administration 574	  

of nicotine improves neuropsychological performance and subjective experience (Caldirola et al., 575	  

2013), and might explain why self-medication with cigarettes is observed in up to 80% of people 576	  

with psychiatric conditions, such as mood disorders and schizophrenia (Drusch et al., 2012). 577	  
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Furthermore, the stimulation of acetylcholine receptors in the ECN by the intake of nicotine, for 578	  

example, may alleviate some psychiatric symptoms in mental disorders that are associated with 579	  

deficits in these brain circuits. Thus, nicotine may temporarily re-establish disrupted connectivity 580	  

between the insula and striatum, enhancing subjective experiences of effective problem solving 581	  

and modulation of reward responses (Jasinska et al., 2014). 582	  

 583	  

Some limitations of this systematic review deserve consideration. For example, while the 584	  

Fagerström Test for Nicotine Dependence (FTND) (Fagerström et al., 1990) is a validated 585	  

measure of smoking addiction severity and is often used in RS studies, with a score of 6 or above 586	  

indicating moderate to severe nicotine addiction, individual smoking patterns may differ.  These 587	  

differences may alter the chemical yields of nicotine, carbon monoxide levels and the 588	  

toxicological effects on brain function (Marian et al., 2009). Additionally, caution must be taken 589	  

when interpreting the effects of acute (e.g. lozenge, patch) versus chronic (e.g. cigarette) nicotine 590	  

consumption on resting state neural activation as these methods of consumption differ 591	  

dramatically.  Also, it is not known to what degree the acute effects of cigarette consumption 592	  

versus nicotine vehicle differ.  Different cigarette products on the market vary the levels of 593	  

nicotine and other chemicals, and so the consumer’s choice of cigarette can also play a role.  594	  

Moreover, individual usage of the cigarette, such as the way it is held in the mouth, the length of 595	  

inhalation and exhalation, and how much of the cigarette is consumed at each setting can alter 596	  

the amounts of nicotine entering a person’s system over a chronic time period.  Nicotine 597	  

dependence symptoms also vary and may be associated with physiological factors and the 598	  

incidences of metabolic syndrome X, for example, and this can influence the number of 599	  

cigarettes consumed, and a compulsion to continue smoking despite knowledge of the health 600	  
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risks.  A person who is dependent on nicotine, when attempting to quit, may experience physical 601	  

withdrawal symptoms, such as increased perspiration and heart rate, raised blood pressure and 602	  

general malaise pertaining to differences in brain function. 603	  

 604	  

Additionally, although studies used similar seed-regions, they were not identical. Some studies 605	  

incorporated one seed region, while others used a network as a seed (e.g. the DMN, ECN). The 606	  

location of the seed can influence the connectivity profile associated with nicotine 607	  

administration.  Nevertheless, most seed regions included in this review were from a similar area 608	  

of the brain implicated in addiction-related deficits. Furthermore, there was a large variability in 609	  

the way the networks were classified (e.g. seed-based, ICA, graph theory, ReHo, fALFF, GBC, 610	  

RAI, SVM), and so the inconsistency in methods deems the findings of RS-fMRI studies 611	  

difficult to generalize.  Moreover, only one RS-fMRI study directly examined causality, or the 612	  

directionality of functional networks, which is a useful avenue for future studies to explore, and 613	  

can be done with Granger Causality techniques for example (Ding et al., 2013).  Additionally, 614	  

this review included a small number of eligible studies (n=19), though the average sample size 615	  

was relatively large by neuroimaging standards (N = 45). A novelty of this review was that we 616	  

discussed the intrinsic functional connectivity correlates of acute and chronic smoking in relation 617	  

to the different methodologies and different study parameters, which is hopefully a progression 618	  

to the review of Fedota et al (2015).  619	  

In conclusion, it can be clearly seen that nicotine exposure alters brain function at rest. The 620	  

effects of chronic nicotine exposure in comparison to those who have never smoked are 621	  

inconsistent, however, although it appears that the fronto-striatal circuitry, encompassing the 622	  
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DMN and ECN as well as the ACC and insular cortex contributes to nicotine dependence.  623	  

Inconsistencies in the findings of the effects of chronic smoking on resting state networks is 624	  

likely due to a variety of confounding factors, including differences in smoking behavior and 625	  

physiological condition of the smoker.  Conversely, resting state fMRI studies of the effects of 626	  

acute nicotine exposure in smokers versus placebo for example, have fewer confounds, although 627	  

differences in nicotine vehicle (e.g. lozenge, patch, cigarette) must be considered.  The most 628	  

consistent findings reported across studies are that acute nicotine exposure may temporarily 629	  

improve cognitive performance associated with enhanced ECN and SN connectivity, anti-630	  

correlating with and reducing connectivity within the DMN.  Enhanced cognitive performance 631	  

following acute nicotine exposure may occur via the effects of nicotine on the ECN that is 632	  

associated with attention control, and also with the anti-correlated suppression of DMN networks 633	  

that are associated with internal arousal and homeostatic regulation, perhaps mediated by the 634	  

activation of the SN.  Acute nicotine exposure, if repeated, might promote a conditioned, 635	  

subjective experience of the beneficial effects of smoking, and provide a heuristic for biomarkers 636	  

of addiction (e.g. Fedota and Stein, 2015).  The ACC, insula and parietal regions are perhaps the 637	  

most implicated by resting state studies to coincide with nicotine addiction severity.  638	  

Furthermore, these regions are associated with differential resource allocation of the SN during 639	  

the experience of craving and higher scores of nicotine addiction.   Future resting state fMRI 640	  

studies could examine the reversibility of the effects of nicotine consumption on brain activation 641	  

at rest, and whether clinical interventions such as cognitive training can decrease symptoms of 642	  

nicotine dependence by altering activity within these circuits. 643	  
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