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Negative affect and craving during abstinence from smoking are
both linked to default mode network connectivity

Golnaz Tabibnia?, Dara G. Ghahremani®, Jean-Baptiste F. PochonP, Maylen Perez DiazP,
Edythe D. LondonP

aDepartment of Psychological Science, University of California, Irvine, CA, USA.

bDepartment of Psychiatry and Biobehavioral Sciences, Semel Institute for Neuroscience and
Human Behavior, University of California, Los Angeles, CA, USA.

Abstract

Background: Negative affect and craving during abstinence from cigarettes predict relapse.
Therefore, understanding their neural substrates may guide development of new interventions.
Negative affect and craving have traditionally been linked to functions of the brain’s threat

and reward networks, respectively. However, given the role of default mode network (DMN),
particularly the posterior cingulate cortex (PCC), in self-related thought, we examined whether
DMN activity underlies both craving and negative affective states in adults who smoke.

Methods: 46 adults who smoke abstained from smoking overnight and underwent resting-state
fMRI, after self-reporting their psychological symptoms (negative affect) and craving on the
Shiffman-Jarvik Withdrawal Scale and state anxiety (negative affect) on the Spielberger State-Trait
Anxiety Inventory. Within-DMN functional connectivity using 3 different anterior PCC seeds was
tested for correlations with self-report measures. Additionally, independent component analysis
with dual regression was performed to measure associations of self-report with whole-brain
connectivity of the DMN component.

Results: Craving correlated positively with connectivity of all three anterior PCC seeds

with posterior PCC clusters (p.orr<0.04). The measures of negative affective states correlated
positively with connectivity of the DMN component to various brain regions, including posterior
PCC (05orr=0.02) and striatum (p,r<0.008). Craving and state anxiety were correlated with
connectivity of an overlapping region of PCC (tor=0.003). Unlike the state measures, nicotine
dependence and trait anxiety were not associated with PCC connectivity within DMN.

Conclusions: Although negative affect and craving are distinct subjective states, they appear to

share a common neural pathway within the DMN, particularly involving the PCC.
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Introduction

One of the greatest public health threats on record, smoking is linked to more than 8 million
deaths globally each year (WHO, 2020). In the United States, about 55% of adults who
smoke make a serious attempt to quit each year (Creamer et al., 2019; Gitchell et al., 2017).
Of those, >92% fail to maintain abstinence beyond 6 months (Creamer et al., 2019). Chief
among reasons for lapses are negative affect (e.g., anxiety, psychological withdrawal) and
craving (Messer et al., 2018; Piper et al., 2011; Sinha, 2011; Zhou et al., 2009). With the
advent of new intervention tools, including targeted brain stimulation, a better understanding
of the neural substrates underlying negative affect and craving during abstinence can help
address the problem of relapse.

Clinical neuroscience research has often focused on function of the reward network and

the threat network in addiction and mental health broadly (Nelson et al., 2013; Tabibnia,
2020). For example, clinical depression has been characterized with dampened response

in the reward network and heightened response in the amygdala and hypothalamic-pituitary-
adrenal axis (Charney, 2004), whereas Tobacco Use Disorder (TUD) may involve normal
threat response and aberrant reward response (Kunas et al., 2021). Similarly, craving has
classically been associated with reward-related circuitry (Volkow and Morales, 2015) and
anxiety with threat-related circuitry (Tye et al., 2011).

More recently, the default mode network (DMN) has emerged as another network that is
relevant across mental health disorders (Tabibnia, 2020; Whitfield-Gabrieli and Ford, 2012),
including TUD and other substance use disorders (Zhang and Volkow, 2019). The DMN is
a distributed neural network involved in several functions, notably self-referential thought,
such as thinking about one’s past or future (Andrews-Hanna et al., 2014; Buckner and
DiNicola, 2019). It tends to be active when a person is not engaged in tasks that demand
externally-focused attention — i.e., during a wakeful “resting state” (Buckner and DiNicola,
2019; Raichle et al., 2001). Resting state functional connectivity (RSFC) in the DMN is
associated with multiple processes, including negative subjective states (Lehmann et al.,
2016; Li et al., 2020; Zhang et al., 2020; Zhou et al., 2020) . For example, hyperconnectivity
and hyperactivation of the core regions of DMN, particularly posterior cingulate cortex
(PCC) and medial prefrontal cortex (MPFC), have been linked with rumination and negative
mood (Christoff et al., 2016; Zhou et al., 2020).

The first aim of the current study was to examine the role of the DMN in negative affect
and craving during withdrawal from smoking. In people who smoke, RSFC within DMN
during abstinence is stronger than after smoking (Ding and Lee, 2013; Huang et al., 2014;
Janes et al., 2014; Li et al., 2017; Zhao et al., 2019) and stronger than in people who do not
smoke (Huang et al., 2014; Vergara et al., 2017). In particular, early abstinence may increase
RSFC in PCC and other DMN regions (Li et al., 2017). However, it is unclear whether
RSFC within DMN is related to craving and negative affective states during abstinence.
Previous studies have shown positive correlations of RSFC within DMN with cigarette
craving (Huang et al., 2014; Janes et al., 2014; Zhao et al., 2019) and withdrawal (Cole et
al., 2010). However, these studies had small sample sizes (Cole et al., 2010; Huang et al.,
2014; Janes et al., 2014) (n<18) or did not include female participants (Zhao et al., 2019).
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No study has evaluated the role of DMN RSFC in negative affective states, such as anxiety,
during withdrawal from smoking.

The second aim of this study was to examine the similarity of pathways underlying negative
affective states and craving. Craving and negative affect are often associated with one
another (Fatseas et al., 2018; Giuliani and Berkman, 2015; Knapp et al., 2021; Watson et al.,
2018; Wolitzky-Taylor and Schiffman, 2019) and may both contribute to substance use and
relapse (Fatseas et al., 2018; Killen and Fortmann, 1997; Leventhal and Zvolensky, 2015;
Piper et al., 2011; Watson et al., 2018); therefore, a similar mechanism may underlie both.
Furthermore, anxiety and cigarette smoking tend to be comorbid (Leventhal and Zvolensky,
2015) and may have overlapping psychological mechanisms (Ameringer and Leventhal,
2010; Brewer and Roy, 2021). However, a common neural basis of craving and negative
affective states within DMN remains unreported. By moving away from the dichotomy of
threat and reward and towards a more unifying approach, demonstrating that a common
mechanism underlies both subjective states could help identify therapies that address more
than one symptom or that are transdiagnostic.

Using secondary analysis of data from a sample of 46 men and women, we tested the
hypotheses that after overnight abstinence from smoking 1) DMN RSFC is associated
specifically with craving and negative affective states, and 2) a similar pathway underlies
both subjective states, as indicated by correlated self-report measures and partially
overlapping DMN connectivity patterns. To mitigate issues related to analytical variability
(Botvinik-Nezer et al., 2020), we implemented two different analysis pipelines. Taking

a confirmatory approach, we used seed-based analyses to identify correlations between
subjective states and RSFC of PCC within DMN. These analyses focused on connectivity
within DMN, because within-network RSFC is more predictive of smoking status than
between-network RSFC (Pariyadath et al., 2014). The PCC was selected as seed because of
its involvement in negative subjective states (Berman et al., 2014; Renner et al., 2017; Zhang
et al., 2020; Zhou et al., 2020) and smoking abstinence (Li et al., 2017), and because of

its potential as a therapeutic target in both anxiety and substance use disorders (Brewer and
Garrison, 2014). In a second, more exploratory approach, we used independent component
analysis (ICA) with dual regression in whole-brain analyses to identify brain regions in
which RSFC within DMN correlates with subjective states.

2. Material and methods

2.1. Participants

One hundred seventy-nine participants who responded to online and print advertisements
attended an in-person screening session. Fifty-one participants met all entry criteria and
completed study procedures. Of these, five were excluded due to missing self-report data,
excessive motion during scanning, and/or unverified overnight abstinence, resulting in a final
sample of 46 individuals who endorsed daily smoking.

Inclusion criteria were age of 18-45 years, general good health, self-report of smoking
at least four cigarettes per day for at least one year, and urinary cotinine concentration
> 200 ng/mL. Exclusion criteria were positive urine tests for drugs of abuse other than
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nicotine or tetrahydrocannabinol, self-report of consuming =10 alcoholic drinks per week,
any current psychiatric disorder other than TUD as assessed with the Mini International
Neuropsychiatric Interview for DSM-5 (Sheehan et al., 1998), history of neurological
injury, and using electronic cigarettes, cigars, snuff, or chewing tobacco more than three
times a month. Exclusionary criteria for magnetic resonance imaging were left-handedness,
claustrophobia, pregnancy, and metallic implants.

2.2. Procedure

The study was conducted at the University of California, Los Angeles (UCLA). During the
in-person screening, participants received a complete description of the study procedures,
which were approved by the UCLA Institutional Review Board, and provided written
informed consent. They were tested in the morning, after overnight abstinence from smoking
(~12 hours), verified using a breath monitor (CO <10 ppm or 50% reduction from intake).
(See Supplementary Material for details on substance use verification.). The assessments
included self-report measures, followed by magnetic resonance spectroscopy, resting-state
functional magnetic resonance imaging (fMRI), task-based fMRI, and structural MRI.
Subsequently, participants were allowed to smoke and underwent further testing. The current
study focuses on the self-report and resting-state fMRI measures prior to smoking. Other
aspects of this dataset are reported elsewhere (Ghahremani et al., 2021; Perez Diaz et al.,
2021).

2.3. Self-report measures

Prior to the scan, participants completed the 15-item Shiffman-Jarvik Withdrawal Scale
(SJWS), each item rated on a 7-point scale (Shiffman and Jarvik, 1976). They also
completed the state version of the Spielberger State-Trait Anxiety Inventory (STAI-State)
(Spielberger, 1983), a 20-item questionnaire, each item rated on a 4-point scale. Craving was
measured using the Craving subscale of the SJWS. Negative affective states were measured
using the STAI-State (assessing state anxiety) and the Psychological Symptoms subscale

of the SJWS (assessing psychological withdrawal) (see Supplementary Material). During
intake, nicotine dependence was measured using the 6-item Fagerstrém Test for Nicotine
Dependence (FTND) (Fagerstrém, 2011) and trait anxiety was measured using the trait
version of the STAI (STAI-Trait) (Spielberger, 1983).

2.4. Neuroimaging data acquisition and preprocessing

Images were acquired on a Siemens 3-Tesla PRISMA MRI scanner using a 32-channel

head coil. Resting state echo-planar image (EPI) volumes were acquired over a period of

9 minutes and 50 seconds, using a multiband accelerated EPI pulse sequence (factor 8,
isovoxel = 2 mm3, 104x104 matrix, repetition time (TR) = 800 ms, echo time (TE) = 37

ms, flip angle = 52°, 72 axial slices). During the resting state scan, participants were asked
to keep their eyes open and look at a black screen. Structural T1-weighted images were
obtained using a magnetization prepared rapid gradient echo (MPRAGE) sequence (isovoxel
=0.8 mm3, FOV = 240x256 mm?2, TR = 2400 ms, TE = 2.24 ms, flip angle = 8°, 208 sagittal
slices).
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All analyses were performed on a high-performance computation cluster (Linux CentOS 7)
using FSL 5.0.9. The initial pre-processing steps included rigid body realignment to correct
for head movements, skull removal, and nonlinear registration to the Montreal Neurological
Institute (MNI) template. Motion cleaning and noise reduction were performed using a
24-parameter linear regression model that included six motion parameters, the temporal
derivatives of these parameters, and the quadratic of all parameters (Satterthwaite et al.,
2013). Mean frame displacement (mFD) and the variance of signal change from the average
signal (DVARS) of the raw images were estimated. A null sampling distribution of DVARS
was used to identify and flag frames with excessive variance at p<0.05 (Afyouni and
Nichols, 2018); frames with mFD exceeding 0.45 mm were also flagged. Flagged frames,
and frames located in time just prior (t-1) and two after (t+1 and t+2) were included

in a censoring temporal mask for data interpolation (see methods in Ghahremani et al.,
2021). The interpolated signal was then demeaned, detrended, and filtered using an ideal
bandpass filter (0.009-0.08 Hz). Finally, the interpolated timepoints were censored. Four
participants with more than 50% frames censored (i.e., those with less than 5 minutes of
remaining resting-state data) were excluded. To reduce the contribution from non-neuronal
noise, the minimal number of principle components that explained at least 50% of the
variance of mean signal extracted from white matter and cerebrospinal fluid were evaluated
and regressed out from the signal (aCompCor50, Muschelli et al., 2014). Volumes were then
spatially smoothed with a Gaussian filter using a 5-mm FWHM kernel, and each voxel’s
value was 100-meaned and standardized.

2.5. Seed-based correlation analyses

Seed-based analysis was used because we had a hypothesis about a specific region of the
brain, namely the PCC. Two seeds were selected from the set of parcels that represent the
DMN in the Cortical Area Parcellation from Resting-State Correlations atlas (Gordon et
al., 2016), representing left (parcel #26, 168 mm3) and right (parcel #186, 96 mm?3) PCC.
These two were the only parcels in the atlas that were circumscribed within PCC (see
Supplementary Material). For additional triangulation of the association of PCC RSFC with
subjective measures, we defined a third PCC seed (4120 mm3) by building a sphere (10mm
radius) around the peak PCC voxel (MNI coordinates: 0, =30, 32) reported in previous
studies of DMN and rumination (Lehmann et al., 2016). All three seeds are located in the
anterior portion of the PCC and will be referred to as left anterior PCC, right anterior PCC,
and medial anterior PCC, respectively. The medial anterior PCC seed shared 2 overlapping
voxels with the left and 1 overlapping voxel with the right anterior PCC seeds.

The timeseries from each seed was extracted, and its first normalized eigenvector
(mean=100, SD=1) was used as a regressor in a linear regression analysis (using FSL’s
FILM_GLS in FEAT). To test the specific hypothesis that connectivity within DMN is
associated with subjective states, we restricted the analyses to voxels within the 34 parcels
representing the DMN in the atlas of Gordon et al. (2016). The resulting correlation maps
(i.e., Pearson’s r maps, because data were previously normalized) were z-transformed and
used in second-level general linear model analyses (using FLAMEL in FEAT) with each
self-report measure as covariate of interest, and with age and mFD as nuisance variables.
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Results were cluster-corrected for multiple comparisons using a voxel-height threshold of
p<0.001 (Z>3.1) and a cluster-size threshold of p<0.05 (Eklund et al., 2016).

2.6. Dual regression analyses

ICA with dual regression was used to address some of the limitations of seed-based
analyses, such as seed-selection bias and lack of complexity. The multivariate approach in
ICA better captures the brain’s complexity by characterizing individual-level spatiotemporal
dynamics of each network while controlling for the effect of other networks.

Using FSL’s MELODIC tool (Beckmann and Smith, 2004), the preprocessed timeseries
were temporally concatenated and submitted to ICA to derive 20 maximally and statistically
independent spatial components (Smith et al., 2009). This approach identifies voxels that
share similar patterns of signal variation across time (i.e., functional connectivity). Using
FSL’s dual regression tool (Beckmann et al., 2009), the ICA components were regressed
against each participant’s preprocessed data to obtain a participant-specific timeseries for
each component. Subsequently, these participant-specific timeseries were regressed against
each participant’s preprocessed data to obtain participant-specific spatial maps. Using FSL’s
randomize tool (Nichols and Holmes, 2002), the participant-specific spatial maps were
entered into separate non-parametric analyses (5000 permutations) with each self-report
measure (psychological withdrawal, craving, and state anxiety) as covariate of interest, and
with age and mFD as nuisance variables. For each component, this non-parametric analysis
results in a peorr-value map, with family-wise error correction for multiple comparisons
across voxels and threshold-free cluster enhancement (Smith and Nichols, 2009), and an
uncorrected t-value map, indicating how well each voxel’s connectivity with the component
is associated with the self-report measure of interest. Results are reported for the component
that corresponded to the DMN, based on visual inspection and comparison to prior such
components (Smith et al., 2009).

For meaningful interpretation and reproducibility, effect-size (R2) maps were created (Chen
etal., 2017) from each peor-value map using fslmaths with the formula R? = 2 / (f2+1),
where 2 = t2 * (1/N-p), and where p = total number of regressors in the model (see
Supplementary Material). For reference, according to the convention proposed by Cohen
(1988), R2 of 0.03 to 0.13 is considered a medium effect size.

2.7. Conjunction analyses

To identify the overlap between craving and each analysis of negative affect, conjunction
analyses were conducted using FSL’s easythresh_conj tool (Nichols, 2007) by creating an
intersection of the cluster-corrected z-statistical maps and applying a threshold of Z=3.1
(cluster-corrected at p<0.05).

2.8. Analysis of specificity

To test whether PCC RSFC within DMN was specific to abstinence-related subjective states
(psychological withdrawal, state anxiety, and craving), additional dual regression and seed-
based analyses were conducted with trait anxiety, measured on the STAI-Trait, and with
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nicotine dependence, measured on the FTND. Because four participants did not complete
the STAI-Trait, the analyses using this trait measure were conducted with N=42,

3. Results

3.1. Self-report

On average, participant scores indicated moderate nicotine dependence (FTND 4.02 £

2.01) and moderate to high levels of craving (SJWS-Craving 5.18+1.48) (Table 1).

Craving was positively correlated with psychological withdrawal (r=0.44, p=0.002) and state
anxiety (r=0.34, p=0.021). Confirming that subjective states were induced by abstinence,
smoking significantly reduced self-reported craving (-2.3+1.6; p<0.0000001), psychological
withdrawal (-0.9+1.2; p<0.00001), and state anxiety (=5.3+9; £p<0.0005).

3.2. Resting state connectivity: seed-based correlation

Craving was positively correlated with connectivity of the A) left anterior PCC seed to a
more posterior region of the left PCC (Z=4.3; p;0rr=0.01), B) right anterior PCC seed to a
similar posterior region of the left PCC (Z=3.9; p.or=0.03), and C) medial anterior PCC
seed to right posterior PCC (Z=3.9; porr=0.03) (see Figure 1 for additional information).
Psychological withdrawal and state anxiety did not significantly correlate with connectivity
of any PCC seed to any other part of the DMN. (See Supplementary Material for post hoc
analyses.)

3.3. Resting state connectivity: dual regression

Psychological withdrawal was positively correlated with DMN RSFC to regions within and
outside DMN. These included PCC, precuneus, anterior insula, and striatum (see Table 2
and Figure 2 for statistics and other details). Showing a similar pattern of results, state
anxiety was also positively correlated with DMN RSFC to numerous regions, including a
PCC cluster that overlapped with the DMN component, as well as striatum and anterior
insula subclusters (Table 3, Figure S1). Positive associations between craving and DMN
RSFC to frontal operculum / insula (R?=0.06, e =0.06) and PCC (R?=0.05, feor=0.08)
did not reach statistical significance (Figure S2).

3.4. Conjunction analyses

We tested for overlapping pathways associated with craving and negative affective states

by taking the intersection of the cluster-corrected z-static map representing the association
of craving with connectivity of the left anterior PCC seed and the cluster-corrected z-static
maps representing each of the dual regression analyses with state anxiety and psychological
withdrawal. Craving and state anxiety were associated with connectivity of 18 overlapping
voxels (144 mm3) in left posterior PCC (Z=3.89, p,,,=0.003) (Figure 3); the association of
craving and psychological withdrawal with connectivity of 10 overlapping voxels (80 mm3)
in the same region of left posterior PCC did not reach significance (Z=3.73, 00,=0.152).
Conjunction analyses using the association of craving with right anterior PCC or medial
anterior PCC seeds were not significant.
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3.5. Analysis of specificity

Neither trait anxiety (p.0,>0.9) nor nicotine dependence (0.,,,>0.2) was associated with
connectivity of the DMN component or with connectivity of any of the seeds within DMN

(Pcor™0.9).

4. Discussion

Following overnight abstinence from smoking, negative affective states (i.e., psychological
withdrawal and state anxiety) were associated with RSFC of DMN, not only with reward-
and threat-related regions, such as the striatum and anterior insula, but also within DMN
itself, particularly involving the PCC. Craving, on the other hand, was associated with RSFC
within PCC. Negative affective states and craving were both correlated to within-DMN
connectivity of an overlapping region of posterior PCC, suggesting that similar pathways
may underlie both subjective states. These posterior PCC clusters were in the same region
that has previously been linked to cue-induced reactivity in addiction (Hill-Bowen et al.,
2021).

A novel finding here is the association of negative affective states with DMN RSFC during
abstinence from smoking. Specifically, psychological withdrawal and state anxiety were
each positively correlated to RSFC within DMN (including PCC). They were also correlated
with DMN RSFC to regions outside DMN, such as the striatum. Greater RSFC within
DMN may reflect greater mind-wandering and rumination (Christoff et al., 2016; Zhou et
al., 2020), both of which may contribute to negative psychological states (Killingsworth
and Gilbert, 2010; Nolen-Hoeksema et al., 2008). DMN-striatum coupling, on the other
hand, may reflect obsessive thinking about the upcoming opportunity to smoke. It may be
an attempt to mind-wander away from unpleasant states, akin to coupling of DMN with
midbrain analgesia-related centers observed in mind-wandering away from pain (Kucyi et
al., 2013). Another possibility is that DMN-striatum coupling is a way of compensating for
deficient reward function (e.g., anhedonia), as reported in subthreshold depression (Hwang
et al., 2016). This interpretation is relevant considering the high comorbidity of depression
and smoking (Leventhal and Zvolensky, 2015).

Our seed-based correlational results are consistent with prior reports that cigarette craving
correlates positively with RSFC within DMN. Scores on the Questionnaire of Smoking
Urges have shown a positive correlation with RSFC within MPFC (Janes et al., 2014; Zhao
et al., 2019), and scores on the Visual Analog Scale of craving have shown a positive
correlation with RSFC between MPFC and precuneus (Huang et al., 2014). While none

of these studies reported connectivity with PCC specifically, none used PCC-specific seed-
based analyses as done in the current study. Janes et al. (2014) used a dual regression
analysis. However, in our dual regression analyses, correlations of DMN connectivity

with craving did not reach significance (p5o=0.08). Discrepancies between our findings
and these prior reports may be due to differences in duration of abstinence, self-report
instruments, or sample characteristics, such as sex/gender composition (100% male in Zhao
et al., 2019). Additionally, replicability of findings is compromised by sample size (n<18 in
Huang et al., 2014; Janes et al., 2014).
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Limitations

A potential limitation of this study is that the two different analysis pipelines (seed-based
correlations and dual regression) did not produce perfectly matched results. However,

the discrepancy is not surprising, given that one method relies on a single seed region,
whereas the other integrates data across multiple distributed networks. These fundamental
differences in methodologies make it more compelling that both pipelines identified positive
associations between withdrawal-related subjective states and RSFC of posterior PCC
within DMN. In the dual regression analysis, the positive association between craving and
within-DMN connectivity of PCC did not quite reach significance (p.ory=0.08), but it was
consistent with the significant effect in the seed-based analysis (sr<0.05). Overall, the
results indicate that although the circuits for craving and negative affective states are not
identical, these subjective states are both associated with greater within-DMN connectivity
of PCC. Another limitation is that the instruments used to assess negative affect (i.e., SIWS
and STAI-State) provide relatively limited coverage of the construct (e.g., no items assessing
sadness/dysphoria). Future studies can assess broader coverage of these states.

Implications

A unique contribution of the current study is that it tested both craving and negative affective
states during abstinence. Our results indicate that abstinence-related craving and negative
affective states are both positively associated with RSFC within DMN, particularly involving
PCC, but in different ways. One implication of similar (albeit non-identical) pathways
underlying craving and negative affect is that interventions that are effective in regulating
negative affect may be adapted to regulate craving (e.g., Ghahremani et al., 2018; Tabibnia
et al., 2014) and vice-versa (Brewer and Roy, 2021). Given the comorbidity of anxiety and
smoking (Leventhal and Zvolensky, 2015), and the roles of craving and negative subjective
states in smoking cessation (Killen and Fortmann, 1997; Leventhal and Zvolensky, 2015;
Piper et al., 2011; Zhou et al., 2009), future studies can evaluate DMN (particularly

the PCC) as a particularly effective therapeutic target or biomarker for intervention in

TUD, because this region may underlie both subjective states. Potential interventions may
include targeted brain stimulation, such as low-intensity focused ultrasound (Fomenko et

al., 2018), behavioral techniques, or medications. For example, prior work has identified

the PCC as a plausible target of meditation with neurofeedback for treatment of anxiety

and addiction (Brewer and Garrison, 2014). In addition to mindfulness meditation (Fox
etal., 2016; Tang et al., 2015), other interventions that diminish DMN hyperactivity

or hyperconnectivity (reviewed in Tabibnia, 2020) may also be effective. These include
exposure to nature (Norwood et al., 2019), or treatment with ketamine (Scheidegger et al.,
2012) or psychedelics (Carhart-Harris et al., 2012; Palhano-Fontes et al., 2015).

The finding that nicotine dependence is not associated with RSFC of PCC within DMN

is consistent with prior neuroimaging studies using the FTND (Claus and Weywadt, 2020;
Tang et al., 2016; Vergara et al., 2017; Yu et al., 2013). Together with the finding that

trait anxiety is not associated with PCC connectivity, these results are consistent with the
possibility that PCC connectivity is specifically associated with abstinence-related subjective
states (psychological withdrawal, state anxiety, and craving), rather than with more stable
aspects of negative affect or nicotine dependence. Association of PCC with state-like rather
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than trait-like processes would further highlight the potential of this region as a therapeutic
target, linking it to underlying processes that are amenable to change.

5. Conclusions

This study identified a role of PCC in negative affective states and craving, subjective
states that reinforce smoking. These findings raise the possibility that behavioral (e.g.,
mindfulness), pharmaceutical (e.g., ketamine), or neural (e.g., low-intensity focused
ultrasound) interventions that disrupt this DMN activity may be particularly helpful in
preventing recurrence of smoking. However, clinical trials are needed to confirm these
practical implications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RSFC of R anterior PCC
RSFC of M anterior PCC

Craving Craving Craving

Figurel.
Association between craving (measured on the SJIWS craving subscale) and resting state

functional connectivity of A) the left (L) anterior PCC seed with a left posterior PCC cluster
(peak MNI coordinates = [-2, —46, 28]; Z=4.3; peorr = 0.01; k = 57); B) the right (R)
anterior PCC seed with a similar left posterior PCC cluster (peak MNI coordinates = [-6,
-42, 24]; Z=3.9; peorr = 0.03; k = 46); and C) the medial (M) anterior PCC seed with a
right posterior PCC cluster (peak MNI coordinates = [16, —44, 38]; 2= 3.9; peorr = 0.03; k =
42). Results are from hypothesis-driven seed-based correlation analyses restricted to a search
space within the Gordon Atlas DMN (shown in green). The significant cluster is shown

in yellow. The seed is shown in white. Upper panels show thresholded statistical maps

of the correlation (cluster-corrected at voxel-height threshold of 2> 3.1 and cluster-size
threshold of p < 0.05), in neurological convention. For illustrative purposes, lower panels
show scatterplots of relationships between craving (rated on a scale of 1 to 7) and PCC
connectivity (r value).

Drug Alcohol Depend. Author manuscript; available in PMC 2024 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tabibnia et al.

Page 16

Figure2.
Association between psychological withdrawal (measured on the SJWS psychological

symptoms subscale) and resting state functional connectivity of the DMN component with
several regions, including A) posterior cingulate cortex (peak MNI coordinates = [0, —40,
32]; R? = 0.10; peorr = 0.02), and B) a cluster comprised of the striatum, nucleus accumbens,
subcallosal cortex, and anterior insula (peak MNI coordinates = [-10, 14, 2]; R = 0.14;
Peore = 0.006). Effect size maps (R?) are shown, based on results from the dual regression
analysis. For visualization purposes, the DMN component is shown in green and maps are
shown in neurological convention and rendered at 0.07 < R2 < 0.27 and k > 20.
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Intersection of State Anxiety and Craving

Anxiety

Figure 3.
The z-statistic maps of DMN RSFC associated with craving (yellow) and state anxiety

(red). The maps show the overlap (orange) between the association of state anxiety with
connectivity of the DMN component and the association of craving with connectivity of
the left anterior PCC seed (Gordon #26). These z-statistic maps, presented in neurological
convention, are cluster-corrected at a voxel-height threshold of Z > 3.1 and a cluster-size
threshold of p < 0.05.
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Table 1.

Sample characteristics and self-reported data (n = 46, unless noted otherwise)

Percent Range Mean (SD)
Age (years) 18-45 33 (7.2)
Female 50%
Ethnicity
Hispanic 13.0%
Non-Hispanic 82.6%
Unknown 4.3%
Race
African-American  23.9%
Asian 2.2%
Caucasian 58.7%
Mixed 8.7%
Pacific Islander 4.3%
Unknown 2.2%
FTND 0-8 402  (2.01)
SJWS-Total 21-97 5641 (16.31)
SJWS-Psychological 1-7 3.57 (1.41)
SJWS-Craving 2-7 518  (1.48)
STAI-State 20-72 35 (11.05)
STAI-Trait (n = 42) 20-61 31 (8.15)

Page 18

Notes: SD = standard deviation; FTND = Fagerstrom Test for Nicotine Dependence (6 items, possible score range 0-10); SJWS = Shiffman Jarvik
Withdrawal Scale (15 items, total score range 15-105; subscale score range 1-7); STAI = State Trait Anxiety Inventory (20 items, score range

20-80).
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Association of psychological withdrawal (measured on the SIWS psychological symptoms subscale) with

RSFC of the DMN component.

Regions R2 Perr X Y z k
Supramarginal g, postcentral g, parietal operculum 0.237 0.000 -54 -34 36 3477
Lateral occipital 0.146 0.005 -26 -74 60 271
Precentral g / postcentral g 0.142 0.006 36 -22 56 77
Caudate, accumbens, putamen, subcallosal ctx, anterior insula  0.141 0.006 -10 14 2 1170
Posterior STG 0.141 0.006 60 -14 -6 194
Anterior Insula 0.129 0.008 -26 26 8 365
Precentral g / postcentral g 0.109 0.014 -12 -22 56 114
Lingual g 0105 0.016 -6 -70 O 758
Postcentral g, supramarginal g 0.102 0.017 52 -24 48 113
PCC 0.101 0.018 © -40 32 42
MFG 0.100 0.018 20 0 40 135
MTG / angular g 0.096 0.020 66 -46 2 69
SFG 0.096 0.021 22 18 50 222
Cerebellum 0.094 0.021 40 -48 -28 152
Postcentral g, precuneus 0.094 0.022 8 -46 72 98
Precuneus 0.094 0.022 2 -78 48 36
Precentral g / postcentral g 0.091 0.024 62 20 26 40
Frontal pole 0.089 0.025 -18 54 14 135
MFG 0.088 0.025 48 26 44 75
Central opercular ctx / insula 0.088 0.025 -34 4 14 49
Anterior paracingulate ctx 0.088 0.025 6 48 24 230
Cerebellum 0.086 0.024 -36 -72 -28 40
MFG 0.084 0.028 -36 30 32 69
Mid insula 0.082 0.029 -34 -12 8 29
Planum polare / inferior Insula 0.082 0.030 -40 -14 -8 26
Cerebellum 0.081 0.031 20 -44 -18 23
Supramarginal g / postcentral g 0.081 0.031 60 -24 40 21
Temporal occipital fusiform / lingual g 0.080 0.031 -22 -62 -14 25
Posterior MTG 0.080 0.032 -58 -58 8 141
Angular g / supramarginal g 0.077 0.034 -50 -56 48 58
Planum temporale 0.077 0.034 60 -28 12 35
Occipital pole 0.077 0.034 16 -98 16 31
Cerebellum 0.075 0.036 48 -64 -30 25
\FG pars opercularis 0.073 0.038 34 12 26 28
SMA / precentral g 0.072 0.039 6 -12 52 25
SFG 0.071 0.040 8 38 60 24
MFG 0.066 0.046 44 12 34 27
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Notes. Results are from the dual regression analysis. Only clusters with k > 20 are listed. Effect sizes are reported for the peak voxel. Effect sizes
for all the voxels can be obtained from the contrast map available at https://identifiers.org/neurovault.collection:13775.
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Association of state anxiety (measured on the STAI-State) with RSFC of the DMN component.

Table 3.

Regions R2 P corr X Y z k
Supramarginal g, Heschel's g, postcentral g, central operculum, IFG, MFG  0.261 0.0002 -52 -26 30 1654
L Caudate / putamen / accumbens, L anterior insula, L OFC 0.135 0.0070 -12 14 0 327
Frontal pole 0.156 0.0040 -18 56 14 185
L Subcallosal cortex, R caudate, R accumbens 0.117 0.0114 -10 10 -14 143
Lateral occipital 0.131 0.0078 -26 -72 60 127
MTG / angular g 0.128 0.0086 -62 -58 8 75
Lateral ventricle 0.131 0.0114 2 6 18 54
STG, MTG, Heschel's, precuneus 0.162 0.0034 60 -14 -6 6916
SMA, precuneus 0.122 0.0102 10 -8 52 4446
Frontal pole, precuneus 0.084 0.0284 10 62 30 351
Precentral / postcentral, precuneus / PCC 0.080 0.0312 10 -30 52 284
PCC 0.097 0.0200 0 -40 32 257
Lateral occipital / precuneus 0.080 0.0316 14 -66 52 158
Occipital pole 0.074 0.0370 -24 -94 18 122
Occipital pole 0.076 0.0348 -10 -94 18 115
Frontal pole 0.071 0.0398 20 50 2 85
ACC / subcallosal ctx 0.071 0.0402 0 34 -4 55
Posterior insula 0.071 0.0408 36 -10 12 35
Occipital pole 0.066 0.0460 10 -96 26 34

Page 21

Notes. Results are from the dual regression analysis. Only clusters with k > 20 are listed. Effect sizes are reported for the peak voxel. Effect sizes

for all the voxels can be obtained from the contrast map available at https://identifiers.org/neurovault.collection:13775.
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