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Abstract

Altered resting state functional connectivity (rsFC) and functional network connectivity (FNC), 

which is a measure of coherence between brain networks, may be associated with nicotine use 

disorder (NUD). We hypothesized that higher connectivity between insula and 1) dorsal anterior 

cingulate cortex (dACC) and 2) dorsolateral prefrontal cortex (dlPFC) would predict better 

treatment outcomes. We also performed an exploratory analysis of the associations between FNC 

values between additional key frontal and striatal regions and treatment outcomes. One hundred 

and forty four individuals with NUD underwent a resting state session during functional MRI prior 

to randomization to treatment with varenicline (n=82) or placebo. Group independent component 

analysis (ICA) was utilized to extract individual subject components and time series from intrinsic 

connectivity networks in aforementioned regions, and FNC between all possible pairs were 

calculated. Higher FNC between insula and dACC (rho=0.21) was significantly correlated with 

lower levels of baseline smoking quantity but did not predict treatment outcome upon controlling 

for baseline smoking. Higher FNC between putamen and dACC, caudate and dACC, and caudate 

and dlPFC significantly predicted worse treatment outcome in participants reporting high 

subjective withdrawal before the scan. FNC between key regions hold promise as biomarkers to 

predict outcome in NUD.
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1. Introduction

Nicotine use disorder (NUD) is a major public health problem, and relapse rates remain high 

for individuals undergoing treatment; the vast majority relapse by 6 months (Richmond and 

Kehoe, 2007). Finding reliable markers of relapse vulnerability has the potential to improve 

treatment outcomes; it could both identify individuals who require higher treatment intensity 

(Leventhal et al., 2012) and improve treatment-matching efforts (Mann et al., 2014).

Functional neuroimaging can be used to measure the coherence in blood oxygen dependent 

(BOLD) signal during resting state between brain regions (resting state connectivity; rsFC) 

or networks (functional network connectivity; FNC). These measures have potential to be 

useful biomarkers of NUD severity and relapse risk (Fedota and Stein, 2015; Sutherland et 

al., 2012). In particular, networks such as the default mode network (DMN), executive 

control network (ECN), and salience network (SN) (Fedota and Stein, 2015), and regions 

within these networks including the rostral anterior cingulate cortex (rACC), ventromedial 

prefrontal cortex (vmPFC), precuneus and posterior cingulate cortex (PCC) (DMN), 

dorsolateral prefrontal cortex (dlPFC) and lateral parietal cortex (ECN), insula and dorsal 

anterior cingulate cortex (dACC)/dorsomedial prefrontal cortex (dmPFC) (SN), and caudate 

and putamen (striatum) are likely related to NUD severity and outcome during treatment 

(Fedota and Stein, 2015). RsFC and FNC would be feasible to obtain in clinical settings 

compared to other functional neuroimaging measures (i.e., task-based measures), given the 

ease of acquisition for resting state data, and thus lower cost (Fedota and Stein, 2015). More 

robust outcome predictors are needed as, so far, few self-report measures have proven to be 

reliable. For example, even self-reported nicotine dependence severity shows inconsistent 

predictive value (Berlin et al., 2016; McPherson et al., 2014), and recent work in the same 

subject sample examined in the present manuscript found that a variety of predictors 

previously identified (mood, impulsiveness, age) were not predictive of treatment outcome 

(Wilcox et al., 2017).

RsFC is altered in individuals with NUD. Although one study showed greater rsFC between 

fronto-parietal cortex and medial (mPFC) in smokers compared to controls (Janes et al., 

2012), most studies demonstrate reduced rsFC (Bi et al., 2016; Fedota et al., 2016; Fedota 

and Stein, 2015; Fedota et al., 2015; Zanchi et al., 2015) or more negative rsFC (anti-

correlation, negative coupling) between prefrontal cortical, cingulate, insular, and striatal 

regions in smokers relative to controls or in individuals with more severe dependence 

compared to those with less severe dependence (Stoeckel et al., 2016; Yuan et al., 2016). In 

line with the growing evidence that low rsFC between many of these key regions is a marker 

of the presence of NUD and/or the degree of dependence severity, high rsFC, especially 

between insula and dmPFC (Addicott et al., 2015; Janes et al., 2010) or dACC (Janes et al., 

2010), and between insula and dlPFC (Janes et al., 2010) predicts better outcomes during 

treatment. Additionally, increases in connectivity between ventral striatum and PFC/ACC 

(Sweitzer et al., 2016) over 24 hours of abstinence also predicts better later outcomes during 

treatment, whereas decreases with abstinence predicts worse outcomes.
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Varenicline is an established treatment for NUD (Hartmann-Boyce et al., 2014), and its 

efficacy is likely mediated, in part, by reductions in craving (Ashare et al., 2012; Hajek et 

al., 2011; Hitsman et al., 2013), although this has not been observed in all studies of 

varenicline (Jhanjee et al., 2015). Investigations into the effects of varenicline on withdrawal 

have been even more mixed with some showing improvements in withdrawal (Hitsman et 

al., 2013) and others not (Brandon et al., 2011; Jhanjee et al., 2015). Finally, there is some 

evidence to suggest that varenicline may be acting via improvements in inhibitory control 

and attention (and thus impulsiveness) as well (Austin et al., 2014; Rhodes et al., 2012). 

Varenicline has been observed to decrease connectivity between insula and rACC, 

parahippocampus, dACC, PCC (Sutherland et al., 2013a) but to what degree these changes 

in rsFC are related to improving craving, withdrawal or treatment outcomes is not known.

In this study, we chose to do an exploratory analysis in a dataset of 144 individuals who 

were randomized to varenicline or placebo, and who also underwent a baseline resting state 

scan. Six small-sized a priori networks (the word “networks” will hereafter be used 

interchangeably with “regions”) which fell primarily on 6 key brain regions [caudate and 

putamen (striatum), dlPFC (ECN), rACC (DMN), dACC and insula (SN)] were selected for 

this study based on the preceding literature review establishing the likely importance of rsFC 

between striatum ECN, DMN, and SN (Fedota and Stein, 2015; Lerman et al., 2014; 

Sutherland et al., 2012) in NUD severity. We chose an approach which could be replicated 

using pre-existing templates that are downloadable (Allen et al., 2014) (http://

mialab.mrn.org/data/index.html) and measured FNC between all possible pairs of these 6 

apriori regions (15 pairs). Our overall goal was to investigate the degree to which FNC 

values could serve as clinically-relevant biomarkers of disorder severity. We had 2 primary 

aims: 1) To investigate whether higher FNC between insula-dACC and insula-dlPFC was 

associated with better treatment outcomes, in support of previous literature (Addicott et al., 

2015; Janes et al., 2010) 2) To explore whether FNC between 6 a priori regions could predict 

treatment outcomes in general, or differentially on varenicline versus placebo. We hoped 

these findings would further clarify the mixed results in the literature and lead us to identify 

clinically relevant markers of nicotine dependence severity.

2. Methods

2.1. Subjects

Subjects were treatment-seeking cigarette smokers between the ages of 18 and 55 recruited 

through newspapers and flyers and enrolled in a randomized, double-blind, placebo-

controlled trial of varenicline. Inclusion criteria were that individuals smoke at least 10 

cigarettes per day and that they had not previously taken varenicline. Participants were 

excluded if they were currently pregnant/nursing, used illicit drugs (excluding marijuana) in 

the past 60 days (confirmed by urine toxicology screen), had serious health concerns 

(cardiovascular disease, uncontrolled hypertension, had hepatic or renal disease, diabetes), 

or if they met DSM-IV criteria for psychotic, bipolar, or major depressive disorder in the 

past year. 205 individuals were treated for 12 weeks and, of these, 144 underwent a 6-minute 

resting state scan prior to initiation of medications (male n=91; varenicline n=82), and their 

data were used for the analyses that follow.

Wilcox et al. Page 3

Psychiatry Res. Author manuscript; available in PMC 2018 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://mialab.mrn.org/data/index.html
http://mialab.mrn.org/data/index.html


2.2. Clinical trial design

Consistent with previous trials (Gonzales et al., 2006) patients were titrated on varenicline to 

1mg twice daily by day 7. All participants received a 30 minute baseline motivational 

enhancement session and brief (10 minute) counseling visits with their assigned therapist at 

each assessment (2, 6, 12 weeks) (Littlewood et al.). A target quit date was set for day 8. The 

manuscript summarizing clinical results is currently under review (Littlewood et al.), and 

results show that varenicline-treated participants were three times more likely to achieve 

prolonged abstinence compared to placebo.

Although abstinence is commonly used as a measure of success in smoking cessation trials, 

rates of complete abstinence were low in the placebo group (n=3 at 12 weeks for 30 day 

point prevalence), rendering logistic regression problematic as a method of analysis for 

measuring the interaction term (FNC*TrGrp), given small sample bias (G. King and Zeng, 

2001). We therefore chose a continuous variable for our primary outcome measure which 

was a value for the total number of cigarettes smoked (NumCig) in the previous 28 days at 

the 6 week visit, and in the previous 30 days at the 12 week visit. NumCig at the screen visit 

for the previous 60 days (NumCig at Screen) was also calculated and used as the baseline 

smoking variable. Including NumCig at Screen as a predictor is analogous to (and the 

method often preferred over) predicting a change score (Vickers and Altman, 2001).

For the primary analyses (NumCig), missing data for outcomes (dropouts) were imputed to 

an adjusted screen visit value [e.g. (NumCig at screen visit)*28/60 = NumCig at 6 weeks; 

dropout numbers: n = 29 (15 varenicline)/144 by week 6 and 45 (24 varenicline)/144 by 

week 12] (Table 4). Imputing to baseline is a common approach for smoking cessation 

clinical trials (Ebbert et al., 2015; Higgins et al., 2008) even when rates of dropout approach 

ours. We also ran all analyses in the subgroup of subjects with complete data (n=99) who 

followed up at week 12, not using imputed outcomes (Table 5).

2.3. Measures

Withdrawal was measured with the Wisconsin Smoking Withdrawal Scale (WSWS) (Welsch 

et al., 1999) and craving with the Questionnaire of Smoking Urges (QSU) (Cox et al., 2001) 

15–30 minutes prior to the scan. Participants were asked to be abstinent for 2 hours prior to 

the scan visit (there were only 8 participants who did not report being abstinent 2 hours prior 

to the scan). All participants were asked how many hours it had been since they last smoked 

at the time of the scan. Nicotine dependence severity was measured with the Fagerstrom Test 

for Nicotine Dependence (FTND) (Heatherton et al., 1991) at the screen visit. The time-line 

follow-back procedure (TLFB) (Sobell and Sobell, 1996) was used to record tobacco 

product, alcohol, and marijuana use in the 60 days prior to the screen and during the interim 

period between each follow-up assessment.

2.4. MRI acquisition and preprocessing

All fMRI scans were acquired on a Siemens 3T Trio scanner located at the Mind Research 

Network in Albuquerque NM. The resting state sessions were 6 minutes in length, during 

which participants were asked to stare at the cross on the screen, stay awake and alert, but to 

clear their mind and not think about anything in particular as if their brain was at rest. 
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Further details on acquisition and preprocessing methods are available in Supplemental 

Materials.

2.5. FNC analyses

After preprocessing, group independent components analysis (spatio-temporal regression) 

(Calhoun et al., 2001; Erhardt et al., 2011) was utilized to extract individual subject 

components (networks and time series) from 15 of 100 intrinsic connectivity networks 

identified from a large separate sample of controls which fell on regions previously 

implicated in craving, withdrawal, and nicotine dependence, namely the insula, rACC, 

caudate, putamen, DLPFC, dACC (Figure 1) (Allen et al., 2014). Although 30 components 

are more frequently used, 100 component ICA is increasingly common (Damaraju et al., 

2014; Wu et al., 2015). The relevant time series were then filtered using a low-pass filter of 

> 0.15 Hz, and detrending to remove low frequency noise, despiked, and motion was 

regressed out on a per-subject basis using the six motion parameters. In addition, mean root 

mean squared translational (rmsTrans) and rotational (rmsRot) displacement over the run 

were calculated for each subject to measure head motion (Jenkinson, 2003), and were 

included as covariates in all subsequent analyses for which they were correlated at a 

significance (p value) of <0.05 with the FNC value or the outcome of interest.

The functional network connectivity toolbox (http://icatb.sourceforge.net/fnc/software/

FncVer2.2.zip; icatb_corr) was used to calculate the degree of correlation between time 

courses. For all FNC analyses, correlations were transformed to z-scores using Fisher’s 

transformation (z = arctanh(r)).

First, in line with our initial hypotheses, all analyses for Aim 1 were performed on the 

following 2 pairs: insula-dACC, insula-dlPFC. Then an exploratory analysis of all possible 

pairs (13 additional) was performed to complete Aim 2. For our 2 hypothesized FNC, we did 

not correct for multiple comparisons, and simply report the findings. For the exploratory 

FNC we report the p values from the analyses directly as well, without correcting for 

multiple comparisons. However, we alert the reader to the fact that a Bonferroni-corrected p 
value for 13 tests (number of exploratory FNC) is 0.004, and correspondingly, the results are 

only highlighted in the discussion if they meet this threshold for a Bonferroni correction.

2.6. Relationship with NUD severity

First, we correlated FNC values with baseline smoking quantity and FTND. We felt this was 

especially important to establish first, as, in the previous work predicting treatment outcome 

with rsFC (Addicott et al., 2015; Janes et al., 2010) baseline smoking was not used as a 

covariate, and their results could also have therefore simply been markers of the quantity 

that the individual had recently been smoking.

2.7. Clinical outcome prediction

We tested a series of models with each FNC individually (first the 2 hypothesized FNC, and 

then the remaining 13 pairs). For these models, baseline smoking, treatment group 

assignment (TrGrp), FNC and rms were entered as predictors and smoking at 6 and 12 

weeks as the predicted outcomes. In addition, an interaction term (FNC*TrGrp) was added 

Wilcox et al. Page 5

Psychiatry Res. Author manuscript; available in PMC 2018 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://icatb.sourceforge.net/fnc/software/FncVer2.2.zip
http://icatb.sourceforge.net/fnc/software/FncVer2.2.zip


as a predictor in all models to identify whether there was a differential predictive value of 

the FNC depending on what treatment the individual received. When the interaction term 

(FNC*TrGrp) was not significant, we reran the model without it, in order to measure the 

overall ability of the predictor to predict outcome (eg. not specifically to treatment group 

assignment).

The outcome variables (NumCig at 6 and 12 weeks) were count variables which appeared to 

have a Poisson distribution, but did not meet the assumption required for a Poisson 

distribution (mean equaling variance) so we chose a negative binomial with log link model 

to predict clinical outcomes in SPSS. In order to test a repeated measures outcome 

comprised of correlated variables we used generalized estimating equations with a robust 

covariance estimation method and assigned time as a within-subjects variable, and smoking 

as our outcome variable, which outputs a single test for the relationship between predictor 

and smoking outcome incorporating NumCig at 6 and 12 weeks. Maximum likelihood 

estimation (MLE) was used to estimate the negative binomial dispersion parameters and 

correlation matrix representing within subjects dependencies was assigned as AR(1). P 
values associated with the Wald Chi Square were used to test significance of predictors.

These analyses were repeated 1) adding FTND, WSWS, and QSU to the model as 

predictors, to determine whether or not FNC predicted smoking outcome above and beyond 

these additional easy-to-obtain clinical variables (because these variables were correlated 

with NumCig at Screen, which could result in multicollinearity, they are in Supplementary 

Materials) (Table S5) 2) using an abstinence-based binary outcome (logistic regression 

regression) without including a FNC*TrGrp interaction term due to small sample bias 

(discussed above) (Table S6, S7).

2.8. Binning by high and low withdrawal

Changes in resting state connectivity over 24 hours of abstinence were observed to predict 

treatment outcomes (Sweitzer et al., 2016), and a variety of studies have shown alterations in 

brain activity during subjective withdrawal or from satiation to abstinence in NUD (Bi et al., 

2016; Cole et al., 2010; Fedota and Stein, 2015; Froeliger et al., 2015; Huang et al., 2014; 

Lerman et al., 2014; Moran-Santa Maria et al., 2015; Sutherland et al., 2013b; Sweitzer et 

al., 2016). Out of concern that the FNC values could have a different relationship with 

clinical outcome, depending on the withdrawal state of the individual at the time the measure 

was obtained, we felt it important to explore for interactions between FNC values and 

withdrawal in our outcome prediction models. In our study, because the time between the 

last cigarette and the scan was not controlled [participants were simply asked to not smoke 

for 2 hours before the scan, and number of hours since the last cigarette was negatively 

correlated with dependence severity and not correlated with subjective withdrawal (Table 2) 

indicating that this variable was more a reflection of their ability to remain abstinent for a 

period of time than of withdrawal severity], we chose to use a self-report measure of 

withdrawal (WSWS) to explore for these interactions.

With this in mind, we performed a final exploratory analysis for each FNC pair individually 

by first adding both 3 way (WSWS*FNC*TrGrp) and a 2 way (WSWS*FNC) interaction 

term into the model as predictors, and then just a 2 way interaction term (WSWS*FNC) 
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along with WSWS. To explore significant interaction terms, we then stratified the sample 

into 2 equally sized groups - high withdrawal (n=72) and low withdrawal (n=71) based on 

WSWS scores - and then reran the outcome prediction models for each individual FNC 

using the following predictors in each group separately: NumCig at Screen, TrGrp, the 

interaction term (FNC*TrGrp), rms, as well as the FNC.

3. Results

3.1. Sample characteristics and relationships between variables used in subsequent 
analyses

Table 1 presents baseline demographic characteristics and Table 2 presents correlations 

between the clinical variables. Table 3 presents the correlations between the FNC and 

baseline clinical variables. Notably, there were no significant differences in key variables 

between treatment groups, NumCig at Screen was highly correlated with QSU and FTND 

(ps < 0.001), but not WSWS, and insula-dACC FNC was correlated with NumCig at Screen.

Table S1 presents the correlations between head motion (rmsTrans, rmsRot) and the FNC 

and behavioral measures. RmsTrans and/or rmsRot were significantly correlated with 

caudate-dlPFC FNC, dACC-dlPFC FNC, caudate-rACC FNC, rACC-DLPFC FNC, rACC-

dACC, putamen-insula FNC, putamen-rACC FNC, putamen-dACC FNC, and insula-rACC 

FNC and NumCig at 12 weeks. RmsRot was not correlated with baseline smoking, FTND, 

withdrawal, or treatment group assignment. RmsTrans and rmsRot were highly correlated 

with one another (rho=0.916, p<0.001) and we used rmsRot as a covariate for any analyses 

in which one of them was correlated with the FNC or outcome of interest.

3.2. Relationships with baseline smoking and FTND

Our primary hypothesis was that greater FNC between 2 pairs of regions, insula-dACC FNC 

and insula-dlPFC FNC, would be associated with worse outcome to treatment. However, 

given that this was based on findings from 2 studies which had controlled for FTND but had 

not controlled for baseline smoking quantities, we first looked at correlations between FNC 

with NumCig at Screen and FTND. We observed that for insula-dACC FNC, higher 

NumCig at Screen was associated with lower FNC, (rho=−0.205, p=0.014) (Figure 2), but 

not with FTND (p>0.1). For insula-dLPFC FNC there was a relationship significant at a 

trend level, and in the same direction as that observed for insula-dACC, with NumCig at 

Screen (rho=−0.153, p=0.068), but not with FTND (p>0.1) (Table 3).

For the exploratory analyses, there were no significant relationships between the FNC on an 

individual basis, a few significant (p<0.05) relationships emerged including a negative 

correlation between putamen-caudate and NumCig at Screen (rho=-0.182, p=0.029), and a 

positive correlation between putamen-dlPFC FNC (rho=0.165, p=0.048) and FTND (Table 

3).

3.3. Outcome prediction

As stated previously, rmsRot was negatively correlated with both NumCig at 6 and 12 weeks 

and was therefore entered as a covariate in all outcome prediction analyses.

Wilcox et al. Page 7

Psychiatry Res. Author manuscript; available in PMC 2018 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For our primary analyses (NumCig as outcome, full sample with missing imputed to 

baseline; Table 4) of the hypothesized pairs of regions (insula-dACC, insula-dlPFC), neither 

FNC significantly predicted outcome [unstandardized beta(B)=−0.54, p=0.122; B=−0.237, 

p=0.477, respectively]. Given the significant negative correlation between insula-dACC and 

baseline smoking, and since the previous work that showed a relationship between 

connectivity and treatment outcome upon which our hypotheses based utilized FTND 

instead of baseline smoking as a covariate (Addicott et al., 2015; Janes et al., 2010), we 

reran the prediction models with baseline smoking removed from the model, and observed 

that insula-dACC FNC significantly predicted outcome (B=− 0.978, and p=0.008) and 

insula-dlPFC FNC at a trend level (B=−.579, p=0.098) (Table 4). If we replaced NumCig at 

Screen with FTND, insula-dACC significantly predicted outcome in the expected direction 

(B=−0.772, p=0.015) but insula-dlPFC did not (B=− 0.233, p=0.513).

Rerunning the models to obtain standardized betas demonstrated that both NumCig at 

Screen and FTND were equally robust at predicting outcome (standardized betas for both 

were 0.3, p values <0.001 for the insula-dACC analyses) (Table 4) whereas the correlation 

between insula-dACC FNC and NumCig at Screen was larger than with FTND (Table 3), 

indicating that the latter was driving the difference between the two models for insula-

dACC. In all models, neither the interaction terms nor rmsRot were significant predictors of 

outcome, whereas TrGrp and NumCig at Screen were always significant predictors of 

outcome.

When only subjects that followed up at 12 weeks were analyzed (n=99), results for the 

insula-dACC FNC were similar to the results for the whole sample (Table 5). For the 

exploratory analyses, none of the exploratory FNC significantly (Bonferroni threshold 

p<0.004) predicted the NumCig outcome, correcting for baseline smoking, but a few were 

significant before applying a Bonferonni correction (Table S2, S3).

Additional supporting analyses were performed, as described in the methods, and results are 

presented in Supplemental Materials. Insula-dACC FNC was a significant predictor of the 

NumCig outcome when additional clinical variables were added to the model (FTND, QSU, 

WSWS) (Table S4, S5). Neither insula-dACC nor insula-dlPFC FNC were significant 

predictors of outcome using a binary outcome measure (Table S6, S7).

3.4. Binning by high and low withdrawal

When we reran the predictive models adding 2- and 3- way interaction terms for WSWS for 

all 15 FNC pairs separately, we found no significant 3-way (WSWS*FNC*TrGrp) 

interaction terms for any of the FNC, so we dropped this term. Two significant (ps<0.004) 2-

way (WSWS*FNC) interaction terms were identified as follows: caudate-dlPFC (p <0.001), 

caudate-dACC (p < 0.001) (Table 6) and a few sub-threshold interaction terms (Table S4).

We then split participants into either a high withdrawal (WSWS mean=14.00 SD=2.24) or a 

low withdrawal (WSWS mean=8.69, SD=2.13) subgroup to explore interactions. For those 

reporting low withdrawal symptomatology, there was a significant FNC*TxGrp interaction 

term for the caudate-dACC FNC but no significant effects of either caudate-dACC or 

putamen-dACC on outcome. For individuals reporting high withdrawal symptomatology, by 
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contrast, caudate-dACC (B=2.284, p=0.001), and putamen-dACC (B = 1.668, p<0.001) were 

highly significant predictors of treatment outcome such that higher connectivity at the time 

of the scan predicted greater later smoking. In addition, caudate-dlPFC (sub-threshold by 

Bonferroni-corrected p value) was a predictor of outcome in the high withdrawal group of 

individuals (B=1.366, p=0.022) (Table 6).

We also examined relationships between WSWS grouping (high vs. low) and Gender (Chi 

square), age, FTND, and FD values using independent samples t-tests. High WSWS 

participants had significantly higher head motion by rmsRot (p=0.017, t=2.419), and higher 

FTND scores (p=0.019, t=2.383), but did not otherwise differ from Low WSWS 

participants. Further analyses (Supplemental Materials) indicated that it was the withdrawal 

state which was driving interactions.

4. Discussion

In summary, in this analysis of the association of FNC between key regions there were some 

notable findings. First, greater insula-dACC was negatively related to recent smoking 

quantities, and greater connectivity between these regions predicted better treatment 

outcomes, but only when FTND was used instead of current smoking quantities as a 

covariate. These findings were actually in line with the previous work from which we had 

derived our hypotheses showing that lower connectivity between these regions predicts 

increased rates of relapse, and which used FTND as a covariate (Addicott et al., 2015; Janes 

et al., 2010). It was also somewhat supported by previous work showing a positive 

relationship between insula-dACC FNC and nicotine dependence severity in schizophrenia 

(Moran et al., 2012). However, since this marker was not a significant predictor of outcome 

when baseline smoking quantity was in the model, it remains to be seen whether or not 

insula-dACC rsFC/FNC contribute any additional value in outcome prediction which is not 

already provided by baseline smoking quantities. In short, connectivity between these 

regions may be important biomarker of current smoking quantities which is a robust 

predictor of overall treatment outcome (Addicott et al., 2015; Janes et al., 2010).

Although these findings do not necessarily support the use of insula-dACC FNC in a clinical 

setting to identify individuals at risk for poorer treatment outcome, requiring more intensive 

intervention (asking about smoking quantities is easier than obtaining a fMRI scan), it could 

be studied for use as a probe during pharmacotherapeutic trials (eg. as a biological target for 

treatments under-development) to get at medication efficacy more quickly and efficiently 

than behavioral measures – medications which increase insula-dACC FNC may prove to be 

more likely to promote abstinence.

In a post-hoc exploratory analysis, when the sample was divided into a low and high 

withdrawal group, FNC differentially predicted clinical outcome, depending on the group to 

which they were assigned. Specifically, in individuals who were experiencing higher 

withdrawal, higher FNC between striatum and dPFC (particularly dACC) was associated 

with worse treatment outcomes. This would indicate that higher striatal-dPFC FNC when 
measured during the subjective experience of withdrawal may be a biomarker for relapse 

vulnerability. Although some studies have found a negative correlation between fronto-
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striatal connectivity and nicotine dependence (Fedota and Stein, 2015; Hong et al., 2009) 

and that an increase in fronto-striatal connectivity occurs concurrently with a reduction in 

withdrawal symptoms (Froeliger et al., 2015), the literature regarding the neural signatures 

of craving and withdrawal in fronto-striatal circuits is decidedly mixed; in support of our 

findings, other studies have found an association between higher craving and higher 

connectivity between striatum and PFC (Fedota and Stein, 2015; Huang et al., 2014; 

Sweitzer et al., 2016). Top-down fronto-striatal excitatory projections are important for cue-

induced drug-seeking behavior (Everitt and Robbins, 2005; Kalivas and Volkow, 2005). 

Although speculative, it is possible that greater connectivity between PFC and striatum in 

individuals who are experiencing higher withdrawal-related discomfort may be a marker of 

greater mobilization of this circuit in anticipation of smoking, which thereby predicts a 

worse treatment outcome.

Additionally, higher dlPFC-dACC FNC predicted better outcomes in the low subjective 

withdrawal group of individuals (p=0.010, Table S4). Although this finding did not meet 

significance after correcting for multiple comparisons it is still notable in that in other SUD, 

high within PFC may relate to better emotion regulation (Seo et al., 2016) and longer-term 

abstinence (Camchong et al., 2013).

Unfortunately, our study did not shed much light on the predictors of outcome during 

treatment with varenicline, or its mechanisms of action. Varenicline has been found to be 

associated with decreases in connectivity between insula and dACC/rACC/parahippocampal 

gyrus/PCC (Sutherland et al., 2013a), and we therefore would have expected that individuals 

who have higher connectivity between these regions would have a larger treatment response 

to varenicline (indicating that the effect of dampening connectivity was a therapeutic one). 

However, there were no significant FNC*TrGrp interaction terms after correcting for 

multiple comparisons. Genetic variations and adherence could affect response to varenicline 

(D. P. King et al., 2012); had we had a more robust measure of treatment compliance or 

included genetic markers to identify optimal responders, we may have had more power to 

detect an effect.

Finally, we mention an apparently contradictory study which demonstrated that insula- 

dACC coupling at rest was positively correlated with enhanced smoking cue-reactivity in 

brain areas associated with attention and motor preparation, including the right vlPFC and 

the dorsal striatum (Janes et al., 2015). Moreover, greater cue reactivity has repeatedly been 

shown to predict worse outcome in NUD and SUD at large (Janes et al., 2010; Mann et al., 

2014; Versace et al., 2014). However, at closer inspection, this study may not be 

contradictory to our findings: previous work in NUD showed higher cue reactivity in insula 
and dACC predicts worse outcome (Janes et al., 2010) whereas higher cue reactivity in 

vlPFC and dorsal striatum have not been linked to worse treatment outcome. Activation in 

areas such as the vlPFC which are involved in inhibition and cognitive control (Levy and 

Wagner, 2011; Wilcox et al., 2014), may actually be protective.

There are a few notable limitations to our work. For one, in order to minimize the concerns 

for multiple comparisons, we chose to explore a limited number of brain regions, based a 

comprehensive review on the topic that highlighted DMN, ECN, SN and striatum (Fedota 
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and Stein, 2015). However, there has been growing awareness that other key areas in the 

DMN like PCC and precuneus, and outside of these networks like the vlPFC, and 

hippocampus may be playing important roles in NUD (Cole et al., 2010; Froeliger et al., 

2015; Huang et al., 2014; Moran-Santa Maria et al., 2015; Sutherland et al., 2013a). Second, 

our select set of 15 components was derived from 100 component ICA instead of a lower 

order model, which is more commonly done. This was done because the 100 component 

atlas is easily downloadable and because it allowed for more fine-tuned exploration in cases 

where significant results existed. Also it allowed us to test our main hypotheses about the 

insula-dACC and dlPFC. But we were not able to test hypotheses about the larger DMN, 

ECN or SN networks commonly discussed in the rsFC nicotine dependence literature 

(Lerman et al., 2014). Third, replication of our results in an independent sample would be 

important. However, we do highlight that we replicated some findings (greater insula-dACC/

dlPFC FNC and worse treatment outcome) from the broader literature. Finally, when we 

used logistic regression to predict a binary abstinence-based outcome with FNC there was 

not a significant effect of insula-dACC FNC on outcome. This was likely because we had 

very low numbers of abstinent individuals (only 24 out of 144) and so, in our sample, a 

reduction in number of cigarettes smoked may have been a more sensitive outcome measure. 

At any rate, reduction is likely a valid outcome measure, as it predicts later cessation (Begh 

et al., 2015). We therefore believe that dACC-insula FNC deserves continued attention.

In summary, our results indicate that lower connectivity between dACC and insula may be a 

biomarker of greater current levels of smoking, that greater connectivity between striatum 

and PFC predict worse treatment outcome when these measures are obtained during a state 

of high subjective withdrawal, and that it is important to account for self-reported 

withdrawal symptom severity during measurement of brain rsFC and FNC, and during 

attempts to identify biomarkers of treatment outcome. RsFC and FNC have potential to be 

useful biomarkers of nicotine dependence severity (current smoking levels), states associated 

with smoking relapse (craving and withdrawal) and of particular clinical import, treatment 

outcome.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Resting state functional network connectivity (FNC) between insula and 

dorsal anterior cingulate cortex (dACC) is negatively correlated with current 

smoking quantities in individuals seeking treatment for nicotine use disorder 

(NUD).

• Higher FNC between insula and dACC predicts better treatment outcome in 

NUD but only when current smoking quantity is not included as a covariate.

• Higher FNC between striatum and dorsal prefrontal cortex (dACC and 

dorsolateral prefrontal cortex) predicts worse treatment outcome when these 

measures are obtained from individuals reporting higher subjective 

withdrawal at the time of the MRI scan.
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Figure 1. 
This figure shows the six networks utilized in our study (A-dorsal anterior cingulate cortex 

B-putamen C-insula D-dorsolateral prefrontal cortex E-caudate F-rostral anterior cingulate 

cortex) in the original sample of 405 controls (Allen et al. 2014). These networks were used 

to extract the individual-subject time-series from our sample of participants from which 

functional network connectivity values were subsequently calculated. Each axial slice is 

marked with a number representing the MNI z coordinate at its lower left. Yellow/red 

indicates voxels which are more positively associated with the network (region) of interest 

(positive z scores with a value of ≥ 1 included, yellow is the peak value in that population for 

that component). Voxels which are more negatively associated with the network are 

excluded from the images for ease of interpretation.
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Figure 2. 
This figure demonstrates a simple scatter plot showing the relationship between the insula to 

dorsal anterior cingulate functional connectivity value (Insula-dACC FNC) and the total 

number of cigarettes smoked in the 60 days prior to the screen visit (NumCig at Screen).
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Table 3

Bivariate Correlations (Spearman’s rho) Between FNC and Baseline Smoking Variables

Scr FTND WSWS1

Hypothesized FNC Pairs Insula-dACC −0.205* −0.057 0.057

Insula-dlPFC −0.153 −0.115 0.158

Exploratory FNC Pairs Putamen-Caudate −0.182*

Putamen-dlPFC 0.165* 0.219**

Insula-rACC 0.170*

*
Significant at p < 0.05

**
Significant at p < 0.01

Scr = total number of cigarettes smoked during the past 60 days at the screen visit, FTND = Fagerstrom Test for Nicotine Dependence, WSWS = 
Wisconsin Smoking Withdrawal Scale, QSU = Questionnaire of Smoking Urges, FNC = functional network connectivity. dACC= dorsolateral 
anterior cingulate cortex, dlPFC = dorsolateral prefrontal cortex, rACC = rostral anterior cingulate cortex.

Only results for exploratory FNC pairs with significant findings presented here; exploratory FNC pairs with no significant findings are not listed.

1
n=143
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Table 4

Outcome Prediction Results Using Generalized Estimating Equations: Whole Sample

FNC Coefficients for Predictor:
Unstandardized Beta; Scr
in model (No FTND)

Coefficients for Predictor:
Unstandardized Beta; (No
Scr, No FNTD)

Coefficients for Predictor:
Unstandardized Beta;
FTND in model (No Scr)

Hypothesized FNC Pairs Insula-dACC −0.5401 −0.97 −0.7722

p value = 0.122 p value = 0.008 p value = 0.015

Insula-dlPFC −0.237 −0.5793 −0.233

p value = 0.477 p value = 0.098 p value = 0.513

FNC = functional network connectivity. dACC=dorsolateral anterior cingulate cortex, dlPFC = dorsolateral prefrontal cortex. FTND = Fagerstrom 
Test for Nicotine Dependence. Scr = number of cigarettes smoked during the 60 days prior to the screen visit.

No exploratory FNC pairs had significant coefficients using a Bonferroni correction (p<0.004); exploratory FNC pairs with sub-threshold 
significant findings (0.05>p>0.004) are in supplemental materials. Because the interaction term [FNC value * treatment group assignment 
(varenicline versus placebo; TrGrp)] was not significant for any of the models, results for models without the interaction term are presented.

TrGrp and head motion (rmsRot) were included in all models, but coefficients are not listed here for simplicity. TrGrp, FTND, and Scr were 
significant predictors in all models, and rmsRot was not a significant predictor in any of the models.

1
Standardized betas: Scr = 0.356(p<0.001), TrGrp = −0.180, rmsRot = −0.042, Insula-dACC=−0.105

2
Standardized betas: FTND = 0.327(p<0.001), TrGrp = −0.0211, rmsRot = −0.067, Insula-dACC = −0.151

3
Standardized betas: TrGrp = −0.194, rmsRot = −0.053, insula-dlPFC = −0.127
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Table 5

Outcome Prediction Results Using Generalized Estimating Equations: Complete Data Sample Only (n=99)

FNC Coefficients for Predictor:
Unstandardized Beta; Scr in
model

Coefficients for Predictor:
Unstandardized Beta (No Scr)

Hypothesized FNC Pairs Insula-dACC −1.2421 −1.3652

p value = 0.078 p value = 0.043

Insula-dlPFC −0.050 0.009

p value = 0.910 p value = 0.985

FNC = functional network connectivity. dACC=dorsolateral anterior cingulate cortex; dlPFC = dorsolateral prefrontal cortex. Varen = varenicline. 
Scr = number of cigarettes smoked during the 60 days prior to the screen visit.

No exploratory FNC pairs had significant coefficients using a Bonferroni correction (p<0.004); exploratory FNC pairs with sub-threshold 
significant findings (0.05>p>0.004) are in supplemental materials. Because the interaction term [FNC value * treatment group assignment 
(varenicline versus placebo; TrGrp)] was not significant for any of the models, results for models without the interaction term are presented.

TrGrp and head motion (rmsRot) were included in all models, but coefficients are not listed here for simplicity. TrGrp and Scr were significant 
predictors in all models, and rmsRot was not a significant predictor in any of the models.

1
Standardized betas: Scr = 0.266, TrGrp = −0.416, rmsRot=−0.180, Insula-dACC = −0.242

2
Standardized betas: TrGrp = −0.403, rmsRot = −0.137, Insula-dACC = −0.266
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Table 6

Outcome Prediction Results Using Generalized Estimating Equations: High WSWS and Low WSWS 

Analyzed Separately; Whole Sample

FNC Interaction
Term (TrGrp
by FNC) p
value

Coefficients for Predictor:
Unstandardized Beta

High WSWS Hypothesized FNC Pairs Insula-dACC 0.758 −0.822

p value = 0.133

Insula-dlPFC 0.840 −0.522

p value = 0.339

Exploratory FNC Pairs with Significant WSWS * FNC 
Interaction Terms

Caudate-dACC 0.818 2.2841

p value = 0.001

Putamen-dACC 0.372 1.6682

p value < 0.001

Low WSWS Hypothesized FNC Pairs Insula-dACC 0.173 −0.598

p value = 0.231

Insula-dlPFC 0.837 −0.266

p value = 0.590

Exploratory FNC Pairs with Significant WSWS * FNC 
Interaction Terms

Caudate-dACC 0.045 Varen 0.912

p value = 0.258

Placebo −0.608

p value = 0.286

Putamen-dACC 0.088 −0.618

p value = 0.274

WSWS = Wisconsin Withdrawal Scale obtained at time of scan, FNC = functional network connectivity. dACC=dorsolateral anterior cingulate 
cortex, dlPFC = dorsolateral prefrontal cortex, rACC = rostral anterior cingulate cortex. Varen = varenicline. TrGrp = treatment group assignment 
(varenicline versus placebo).

Only results for exploratory FNC pairs with significant interaction terms (WSWS * FNC) using a Bonferroni correction (p value < .004) listed here. 
Exploratory FNC pairs with sub-threshold significant findings (0.05>p>0.004) are in supplemental materials, and FNC pairs with no significant 
findings are not reported. When the interaction terms [FNC value * TrGrp] were significant (p<0.05) models were run in varenicline and placebo 
groups separately and coefficients for each are presented.

TrGrp, head motion (rmsRot) and number of cigarettes smoked during the 60 days prior to the screen visit (Scr) were included in all models, but 
coefficients are not generally listed here for simplicity. TrGrp was a significant predictor in all models, Scr was a significant predictor for all 
models run in the Low WSWS subgroup but not for any of the models run in the High WSWS subgroup, and rmsRot was a significant predictor in 
individuals with low WSWS on varenicline for rACC-dlPFC (beta = −7.818) and caudate-dACC (beta = −8.344), and in all individuals for 
putamen-dACC (beta = −3.701).

1
Standardized betas: Scr = 0.179, TrGrp = −0.352, rmsRot = 0.048, Caudate-dACC = 0.426.

2
Standardized betas: Scr = 0.144, TrGrp = −0.329, rmsRot = 0.128, Putamen-dACC = 0.371.
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