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Abstract

BACKGROUND—Previously identified resting functional connectivity (FC) differences in
individuals with stimulant use disorder (SUD) suggest an imbalance in neural regions that mediate
behavioral aspects relevant to addiction such as emotion regulation and reward processing. There
is a need to further investigate these differences across time between those that relapse and those
that do not. This is the first longitudinal study of recently abstinent SUD (SUD-RA) that identifies
specific FC changes in subsequent relapsers (vs abstainers). We hypothesized that (1) subsequent
relapsers (vs abstainers) will show lower FC of emotion regulation regions and higher FC of
reward processing regions and (2) FC differences would be more evident across time.

METHODS—We examined resting FC in 18 SUD-RAs (8 females, age: M=22.05+2.64) and 15
non-substance abusing controls (NSAC; 5 females, age: M=24.21+5.76) at Time 1 (abstinent ~5
weeks). Fourteen NSAC and 12 SUD-RAs were re-examined at Time 2 (abstinent ~13 weeks).
With seed-based FC measures, we examined FC differences between SUD-RAs that abstained or
relapsed over the subsequent 6 months.

RESULTS—Relapsers (vs abstainers) had higher FC between (1) nucleus accumbens (NAcc) and
left frontopolar cortex (FPC), (2) NAcc and posterior cingulate gyrus and (3) subgenual anterior
cingulate and left FPC at Time 1. Relapsers (vs abstainers) showed larger reduction in FC strength
within these regions across time.

*Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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CONCLUSIONS—REesting FC reduction found in relapsers (vs. abstainers) from five to thirteen
weeks of abstinence may be a biological marker of relapse vulnerability. These preliminary
findings require replication with larger sample sizes.

Keywords
change; abstinence; functional connectivity; addiction; frontal; relapse

1. INTRODUCTION

Drug addiction is characterized by lack of control over impulsive and compulsive behaviors
toward drug use. These addictive behaviors are related to a reorganization of brain
functional networks that occur after repeated exposure to drugs (Koob and Volkow, 2010;
Mameli and Luscher, 2011). Research suggests that chronic drug use is related to an
imbalance of brain networks with enhanced engagement of regions that mediate reward
processing (e.g., nucleus accumbens network) and reduced engagement of regions that
mediate regulatory behavior (e.g., prefrontal cortex; Volkow et al., 2013). Resting state
networks (RSNs) facilitate the examination of the temporal correlation of changes in Blood
Oxygen Level Dependent (BOLD) signal across brain regions without stimuli or tasks.
Temporal correlations in RSNs represent functional connectivity (FC) and index properties
of brain function (Biswal et al., 1995; Fox and Greicius, 2010). FC of resting state networks
reflect BOLD signal changes comparable to task-related ones (Damoiseaux et al., 2006) and
have been directly associated with the quality of an individual behavioral performance
(Mennes et al., 2010; Seeley et al., 2007). Resting FC properties may provide crucial
information on the ability to maintain abstinence in individuals with substance use disorder
(Camchong et al., 2013a).

FC differences in stimulant use disorders have been identified in resting state networks
(Camchong et al., 2011; Gu et al., 2010; Kelly et al., 2011). Findings, however, are
inconclusive. Inconsistencies may be related to dynamic changes in FC at different stages of
use or abstinence. For example, actively using cocaine addicts (vs. controls) have shown
higher resting FC between ACC and DLPFC (Camchong et al., 2011). Short-term abstinent
cocaine addicts (>2 weeks abstinence) have shown lower frontal interhemispheric resting FC
in inferior frontal sulcus (vs. controls; Kelly et al., 2011). Long-term abstinent (>18 months
of abstinence) alcoholics with comorbid stimulant dependence have shown higher FC
between sgACC and DLPFC (vs. controls; Camchong et al., 2013c). While these
inconsistencies may be related to methodology differences, they may mark distinct FC
differences at different stages of the disease. More importantly, these cross-sectional
findings may index specific resting FC differences that mark vulnerability to relapse vs.
successful abstinence.

It should be noted that short-term abstinent individuals with stimulant use disorders
examined in research studies are not uniform in recovery outcome. Addicts that have less
than a year of abstinence only have a 36% chance to achieve long-term abstinence (Dennis
et al., 2007). Camchong et al (2013a) reported that brain FC during short-term abstinence
(11 weeks of abstinence) from alcohol and stimulants is different between those who relapse
vs. abstain over the next six months. Relapsers showed widespread lower FC than abstainers
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within various resting state networks (i.e. emotion regulation, reward processing, insular and
visual networks). Task fMRI data has also identified specific differences in stimulant addicts
that subsequently relapse (vs. abstain), characterized by reduced task-related activity in
posterior cingulate and insula (Clark et al., 2012). These findings suggest that neural
markers evident during early abstinence can differentiate between those that subsequently
relapse vs. abstain.

It is important to investigate whether we can identify FC changes across time during early
abstinence that are different between stimulant dependent subjects that subsequently relapse
vs. abstain. To our knowledge, the present study is the first one to examine FC differences
(1) across time within the same sample of recently abstinent individuals with stimulant use
disorder and (2) between those that subsequently relapse or abstain.

The present study aimed to (1) identify FC differences during early stages of abstinence
between subjects with stimulant dependence that relapse vs. abstain over the next six months
and (2) investigate whether these FC differences change across time. We recruited recently
abstinent individuals with stimulant use disorder (SUD-RA) enrolled in an abstinence-based
residential intermediate care program and collected resting fMRI data at five weeks of
abstinence (chosen to assure that SUD-RAs were beyond the acute withdrawal phase and
had recently started the intermediate residential program) and at thirteen weeks of
abstinence (chosen to examine FC changes at a later point in abstinence in which SUD-RAs
were still in the intermediate residential program — patients usually stay 2—3 months after
enrollment). After 6 months, SUD-RAs were contacted to inquire whether they remained
abstinent or relapsed.

The present study focused on examining FC differences within reward and emation
regulation networks and behavioral aspects relevant to addiction and abstinence. The
nucleus accumbens (NAcc) plays a key role in processing the rewarding effects of drugs
(Everitt and Robbins, 2005; Koob and Le Moal, 1997). Repeated exposure to drugs
generates long-lasting synaptic changes in NAcc, reorganizing its connections with reward
processing regions (Lee and Dong, 2011). Dysfunctional emotion regulation in addicted
individuals has been associated with differences in FC (Albein-Urios et al., 2012). The
subgenual anterior cingulate (sgACC) plays a key role in cognitive evaluation and decision
making associated with emotion (Etkin et al., 2011; Kelly et al., 2009). Individuals with
addiction have shown reduced activity in this region when processing emotion (Salloum et
al., 2007). Camchong et al (2013a) have reported that alcoholics with comorbid stimulant
use disorder that subsequently relapse (over a period of six months) show lower FC of both
NAcc and sgACC during early abstinence when compared to those that remain abstinent.
The present study examined FC of both NAcc and sgACC in SUD-RA without alcohol use
disorder.

Based on our previous findings and reports of poor prefrontal regulation and FC (Camchong
etal., 2013a; Volkow et al., 2013), we hypothesized (a) that relapsers will have lower
resting FC between sgACC seed and prefrontal regions involved in behavioral regulation at
five weeks of abstinence (vs. abstainers) and (b) that this difference would be more
pronounced at thirteen weeks of abstinence, as a potential precursor of relapse. Based on our
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previous findings (Camchong et al., 2013a) and reports of NAcc’s FC changes after repeated
drug use (Lee and Dong, 2011), we hypothesized (a) that relapsers will show lower resting
FC between NAcc seed and regions involved in regulating reward at five weeks of
abstinence (vs. abstainers) and (b) that this difference would be more evident at thirteen
weeks of abstinence as a potential precursor of relapse.

2. METHODS AND MATERIALS

2.1. Participants

A total of twenty-one recently abstinent (five weeks of abstinence) men and women with
stimulant use disorders (SUD-RAs) and sixteen non-substance abusing controls (NSAC)
were recruited at Time 1. One SUD-RA participant was excluded because image acquisition
did not include the whole brain due to field of view misalignment. Two SUD-RAs and one
NSAC were excluded due to excessive movement (see FMRI Image Analysis section). As a
result, the study had usable data for assessment for 18 SUD-RAs (8 females, age: M =
22.05, SD = 2.64) and 15 NSAC (5 females, age: M = 24.21, SD = 5.76) at Time 1 (5 weeks
of abstinence for SUD-RAS). NSAC were not significantly different to SUD-RA on sex
(chi-square test: x2(1, N=33)=0.52, p=0.72), age (t-test: t(1,31)=1.42, p=0.17) or total
number of years of education (t-tests: t(1,26)=1.70, p=0.10). SUD-RA lifetime stimulant use
ranged from 0.5 to 5 years with a mean of 2.17 years. SUD-RA subjects were recruited at
the beginning of their enrollment in an intermediate care program at Hazelden’s Fellowship
Club in Saint Paul, Minnesota. Only SUD-RAs that intended to stay in the program for at
least 3 months were recruited (typical length of stay in the program is at least 2 months). All
SUD-RA subjects were required to remain abstinent in the transitional care program
(residents were subject to random screening to ensure abstinence). All SUD-RAs reported
abstinence at each assessment visit.

NSAC subjects were recruited via fliers posted on community and bulletin boards
throughout the University of Minnesota campus, the metro area and through an online
employee newsletter. All participants provided written informed consent and received
monetary compensation for the time spent participating. The consent process and all
procedures were reviewed and approved by the institutional review board (IRB) at the
University of Minnesota prior to initiating studies. HIPAA consent documentation was also
obtained.

Participation criteria for SUD-RAs and non-substance abusing controls (NSAC): (a) 18-25
age range, (b) no MRI contraindications (heart pacemaker or defibrillator, other metal
implant, claustrophobia, BMI>35, injured by a metallic object that has not been removed,
braces, pregnancy, movement disorder) and (c) no DSM-IV criteria for mental retardation or
Axis | bipolar or psychotic psychiatric disorder. SUD-RAs specific criteria: (a) DSM 1V
dependence on cocaine or amphetamines, (b) recent admission to Hazelden’s Fellowship
Club following a primary residential treatment stay (28-days program) and (c) intention to
stay in treatment for 3 months. NSAC specific criterion: no history of any substance use
disorder.
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A subset of subjects were available at Time 2 (thirteen weeks of abstinence): fourteen
NSAC (4 females, age: M=22.85, SD=2.45) and 12 SUD-RAs (5 females, age: M=22.32,
SD=2.79). Unavailable SUD-RAs had been released from the program. At six months of
abstinence SUD-RASs were contacted to inquire about abstinence or relapse. Of the 12 SUD-
RAs that remained in the study at thirteen weeks of abstinence, 5 SUD-RAs relapsed (2
females, age: M=22.73, SD=3.16) and 7 remained abstinent (3 females, age: M=22.03,
SD=2.72). Of the 18 SUD-RAs that participated in the study at Time 1, 6 SUD-RAS
relapsed (2 females, age: M=21.99, SD=3.36) and 12 remained abstinent (6 females, age:
M=22.09, SD=2.37). Relapse was defined with a dichotomous variable: no use vs. any use.

Regarding Diagnostic screening, all subjects underwent a structured clinical interview for
DSM-1V axis | conditions (SCID) administered by a trained member of the research staff
(SCID I/P (patient version) for SUD-RAs and SCID I/NP (non-patient version) for NSAC.

2.2. Imaging Data Acquisition

Both at Time 1 and 2, all participants (SUD-RAs and NSAC) underwent a 6-min resting-
state fMRI scan and were instructed to be as still as possible, keep their eyes closed and stay
awake. Images were collected using a Siemens TIM Trio 3T scanner (Erlangen, Germany).
Sequence parameters: gradient-echo echo-planar imaging (EPI) 180 volumes, repetition time
(TR)=2 s, echo time (TE)=30 ms, flip angle=90°, 34 contiguous AC-PC aligned axial slices
with an interleaved acquisition, voxel size=3.4x3.4x4.0 mm, matrix=64x64x34. Participants
were debriefed at the end of the scan to determine if they had stayed awake. A high-
resolution T1-weighted anatomical image was acquired using a magnetization prepared rapid
gradient-echo sequence. A field map acquisition was collected and used to correct the fMRI
data for geometric distortion caused by magnetic field inhomogeneities (TR=300 ms,
TE=1.91 ms/4.37 ms, flip angle=55°, voxel size=3.4x3.4x4.0 mm).

2.3. FMRI Imaging Analysis

All individual level analyses (preprocessing and generation of FC maps) were conducted
using same procedures reported in our previous study (Camchong et al., 2011). The
following pre-statistics processing was applied for each subject using FEAT (FMRIB’s
Software Library [FSL]): first 3 volumes deleted to account for magnetization stabilization,
motion correction, BO field map unwarping, slice-timing correction, non-brain removal,
spatial smoothing (with a 6-mm full-width half-maximum kernel), grand mean scaling, high-
pass temporal filtering (100 Hz) to remove correlations associated with slow trends scanner
noise and registration of all images to MNI (Montreal Neurological Institute) 2x2x2 mm
standard space. Probabilistic independent component analysis (PICA) was conducted for
each individual to denoise individual data by removing components that represented noise
such as head motion, scanner artifacts and physiological noise. Noise components were
selected for removal using spatial and temporal characteristics detailed in the MELODIC
(FSL) manual (http://www.fmrib.ox.ac.uk/fslcourse/lectures/melodic.pdf) and based on
Kelly et al. (2011) for selection criteria of noise components. Residual (denoised) data were
computed by subtracting the selected noise components from the preprocessed data. From
the original set of recruited participants, two SUD-RAs and one NSAC were excluded from
the study because motion correction output showed more than 1.8 mm of movement
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(translation) or more than 50% of the PICA components were identified as movement
related.

2.3.1. ROI selection and seed generation—Because the purpose of the current study
was to examine changes in resting FC of reward and emotion regulation networks regions
during early abstinence, we examined FC of nucleus accumbens (NAcc) and subgenual
anterior cingulate (SJACC) seeds (Figure 1). We used a spherical seed with 3.5 mm radius
placed at bilateral NAcc and sgACC (Camchong et al., 2013a; Camchong et al., 2013c). We
extracted the time series from these seeds for each participant by computing the mean
intensity for all voxels within the seed region for each time point in the denoised residual
data.

2.3.2. Resting State Individual-Level Analysis—For both Time 1 and 2 data, the
average time-series was extracted for each seed (sgACC and NAcc) for each participant in
each group (SUD-RAs and NSACSs). A multiple regression analysis on the denoised data
was performed between the extracted average time-series from the seed and all voxels in the
brain. This generated a map with a correlation coefficient (r) for each voxel, for each
individual, for each seed, for both Time 1 and 2. Correlation coefficients (r) were
transformed to standardized z values. Resulting standardized z maps showed the degree of
correlations with the corresponding seed averaged time-series for each seed for each
participant for both Time 1 and 2.

2.3.3. Resting State Group-Level Analysis — Time 1—To investigate brain
functional organization differences in SUD-RAs at Time 1 we conducted two sets of
analyses. First, because our primary goal was to directly examine FC differences related to
relapse or abstinence maintenance, we examined whole-brain FC differences in each seed by
performing an independent samples t-test comparing FC collected at five weeks of
abstinence between SUD-RAs that relapsed vs. maintained abstinence over the next 6
months. A threshold/cluster method derived from Monte Carlo simulations (AlphaSim,
AFNI) was applied to control for false positive findings. [Monte Carlo simulations (1000
iterations) accounted for the full-width half-maximum Gaussian filter (6 mm FWHM) and
with a connectivity radius of 7.1mm. On the basis of these simulations, the family-wise a of
0.025 was preserved with an a priori voxel-wise probability of 0.005 and three-dimensional
clusters with a minimum volume of 1536 pL (192 voxels).] Second, in order to examine how
FC strength within regions where differences were identified between REL and ABS
compares to the healthy control group (NSAC), we extracted mean z-scores within these
clusters (Figures 2A and 4A,; Table 1). Analyses of variance were conducted to compare
extracted mean z-scores between ABS, REL and NSAC.

2.3.4. Resting State Group-Level Analysis — Time 2—As in Time 1 analysis, we
first examined whole-brain FC differences related to relapse or abstinence maintenance, by
conducting an independent samples t-test comparing FC collected at thirteen weeks of
abstinence between SUD-RAs that relapsed vs. abstained over the next 6 months (for each
seed). Same correction for multiple comparisons described in Time 1 was conducted.
Second, to investigate whether group differences in FC identified in Time 1 (Table 1) were

Drug Alcohol Depend. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Camchong et al.

Page 7

still evident at later stages of abstinence, we extracted z-scores within identified clusters
(Table 1) from the Time 2 data and used analysis of variance to compare these FC values
between groups.

2.3.5. Change in FC between Time 1 and 2—To investigate whether ABS and REL
had difference patterns of FC change across time, we obtained the difference between z-
scores in clusters shown in Table 1 (difference=Time2-Timel). We then conducted an
analysis of variance to compare changes in FC between groups. Post-hoc Tukey tests were
performed to examine specific differences between ABS, REL and NSAC.

2.3.6. Supplementary Statistical Analyses—Non-parametric statistical tests to
address small sample size and potential outliers confirmed results reported below and can be
found in Supplementary Materiall.

3. RESULTS

3.1. Functional Connectivity (FC) Results Time 1

3.1.1. Higher FC in relapsing vs. abstaining SUD-RAs at five weeks of
abstinence (Table 1)—First, independent samples t-tests on whole-brain z-score FC
maps showed that relapsers (REL; N=6) when compared to abstainers (ABS; N=12), had
higher FC (1) between NAcc seed and left frontopolar cortex (FPC; Figures 2A, 2B), (2)
between NAcc seed and posterior cingulate gyrus (PCC; Figure 3A, 3B) and (3) between
SgACC seed and left FPC (Figures 4A, 4B) at Time 1.

Second, as stated in the Methods section, mean z-scores were extracted for each individual
subject within regions where FC differences were identified between REL and ABS (Table
1). These mean z-scores were used to examine how FC in REL and ABS compare to NSAC.
Analysis of variance on extracted mean z-scores showed a significant overall difference
between REL, ABS and NSAC in NAcc-FPC FC (F(2,30)=4.3, p=0.023), NAcc-PCC FC
(F(2,30)=3.4, p=0.048) and sgACC-FPC FC (F(2,30)=5.8, p=0.007). Paired comparisons
showed higher FC in REL than NSAC in NAcc-PCC FC (p=0.035) and sgJACC-FPC FC
(p=0.009). There were no significant FC differences between ABS and NSAC at Time 1
(Figures 2B, 3B and 4B).

3.2. Functional Connectivity (FC) Results — Time 2

3.2.1. FC in REL at thirteen weeks of abstinence—Independent samples t-tests on
whole-brain z-score FC maps showed no significant differences at Time 2 between
abstainers (ABS; N=7) and relapsers (REL; N=5) after correction for multiple comparisons
(same as Time 1). When only examining clusters in which significant FC differences were
identified at Time 1 (Table 1), independent samples t-tests showed that higher FC previously
observed at Time 1 in the REL group (vs. ABS) were not found at Time 2 between NAcc
seed and left FPC (Figure 2C; t(1,10)=0.9, p=0.35) and between sgACC seed and left FPC

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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(Figure 4C; t(1,10)=1.2, p=0.26). In addition, when compared to ABS, REL had
significantly lower FC between NAcc seed and PCC (Figure 3C; t(1,10)=2.3, p=0.04).

3.3. Change in FC between Time 1 and Time 2 (Figure 5)

Analysis of variance revealed significant overall differences in FC change between Time 1
and 2 between groups within clusters examined. When compared to ABS (n=7), REL (n=5)
showed larger reduction in FC strength between Time 1 and 2 between (1) NAcc and FPC
(Figure 5A; p=0.025), (2) NAcc and PCC (Figure 5B; p=0.008) and (3) sgACC and FPC
(Figure 5C; p=0.015). Similarly, when compared to NSAC, REL showed larger reduction in
FC strength between (1) NAcc and FPC (Figure 5A; p=0.011), (2) NAcc and PCC (Figure
5B; p=0.040) and (3) sgACC and FPC (Figure 5C; p=0.024) between Time 1 and 2. NSAC
and ABS did not show significant differences in FC change.

4. DISCUSSION

While previous studies have examined brain functional connectivity (FC) in stimulant
dependent subjects at a single point in time (Camchong et al., 2011, 2013a; Gu et al., 2010;
Kelly et al., 2011), there is no report on how identified differences between those that
subsequently relapse vs. abstain change across time. To address this, the current study had
two crucial goals. First, to identify relevant resting FC differences during early abstinence
(five weeks of abstinence) between stimulant dependent subjects who subsequently relapse
vs. abstain. Second, to explore whether identified resting FC differences between relapsers
or abstainers change across time, between five and thirteen weeks of abstinence. Although
findings are preliminary and need to be replicated in studies with larger sample sizes, they
highlight distinct resting FC differences between individuals with stimulant use disorder that
subsequently relapse vs. abstain.

Based on previous findings (Camchong et al., 2013a), we hypothesized that REL (vs. ABS
and NSAC) in the present study would have higher resting FC connectivity between NAcc
and other reward processing regions (e.g. caudate or putamen) at five or thirteen weeks of
abstinence. We did not find evidence to support this hypothesis at five or thirteen weeks of
abstinence. Given this, we believe that an overactive reward network (Volkow et al., 2013)
is not a marker of relapse vulnerability.

We also hypothesized that REL would have lower resting FC between NAcc and sgACC
and top-down processing regions. Resting FC data at five weeks of abstinence did not
support this hypothesis. We found higher resting FC in REL when compared to ABS (and
NSAC) at five weeks of abstinence.

At five weeks of abstinence, we noticed a convergence in resting FC results, REL compared
to ABS had higher FC between both seeds and frontopolar cortex (FPC) and higher sgACC-
FPC FC when compared to NSAC. FPC plays a key role in higher-level executive
functioning, particularly in decision making aspects such as value-based decision-making
(Glascher et al., 2012), unconscious intentions before awareness of decisions (Bode et al.,
2011; Soon et al., 2008) and cognitive flexibility (Koechlin and Hyafil, 2007). This literature
suggests that REL had higher FC between regions that mediate decision making (FPC),
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emotion regulation (sgACC) and reward (NAcc) processing at five weeks of abstinence (vs.
ABS). Higher FC found in REL (vs. ABS) at five weeks of abstinence, however, is not
present at thirteen weeks of abstinence. REL compared with ABS had a significantly larger
reduction in NAcc-FPC and sgACC-FPC FC between five and thirteen weeks of abstinence.
A similar finding of lower FC of Nacc and sgACC in REL (vs. ABS) was reported in a
previous study with a larger sample at eleven weeks of abstinence (Camchong et al., 2013a).
Given present and previous findings, we propose that a reduction in resting FC from five
weeks of abstinence to thirteen weeks of abstinence may play a role in REL’s inability to
maintain abstinence over the next 6 months. It should be noted that this interpretation is
speculative and needs to be supported by future longitudinal research with larger sample
sizes.

At five weeks of abstinence, REL (vs. ABS) also had higher resting FC between NAcc and
posterior cingulate cortex (PCC), which dramatically decreased at thirteen weeks of
abstinence. At thirteen weeks of abstinence, NAcc-PCC FC was significantly lower in REL
when compared to ABS (Figure 3). These results are in line with findings from our previous
study, with larger sample sizes, that reported that lower resting FC at 11 weeks of abstinence
(days abstinent: M=73.90+18.53; (Camchong et al., 2013a)) could predict subsequent
relapse within a 6-month follow-up period (with 85.5% accuracy). Interestingly, ABS at
thirteen weeks of abstinence showed significantly higher levels of NAcc-PCC FC when
compared to NSAC and REL (Figures 3 and 5). Higher resting FC when compared to
controls is consistent with a pattern identified in long-term abstinent alcoholics with
stimulant comorbidity (seven years of abstinence; Camchong et al., 2013c). Thus, higher
resting FC at thirteen weeks found in ABS may represent the beginning of potential
compensatory mechanisms previously associated with achieving long-term abstinence
(Camchong et al., 2013b, 2013c). A task fMRI study reported that higher PCC activity
during a selective attention task was associated with the ability to maintain abstinence in
individuals with stimulant use disorder (Clark et al 2012). Present findings highlight the
possibility that there are dynamic changes in resting FC during abstinence that mark both
vulnerability to relapse (initial higher FC at five weeks and lower FC at thirteen weeks in
REL vs. ABS) and long-term abstinence potential (higher FC at thirteen weeks in ABS vs.
REL). Future studies with larger sample sizes need to be conducted to confirm this
relationship to further characterize the trajectory of dynamic changes in FC during
abstinence.

Based on present findings, we propose that resting FC reduction found in REL between five
and thirteen weeks of abstinence is a potential biological marker of relapse vulnerability.
This claim, however, has potential caveats that need to be further examined. Due to the
small sample size, FC reduction between five weeks and thirteen weeks of abstinence found
in REL could be related to (a) attrition (n=18 at five weeks and n=12 at thirteen weeks of
abstinence) or (b) regression to the mean. Several observations argue against this. First, we
found lower resting FC at eleven weeks abstinence in a larger sample (n=29 relapsers vs.
n=40 abstainers) of alcoholics with stimulant comorbidity (Camchong et al., 2013a); lower
resting FC at eleven weeks of abstinence could accurately predict relapse within the
subsequent six months (with 85.5% accuracy; Camchong et al., 2013a). Second, even with
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the reduced sample size of n=12, our within subject analysis found a significantly larger
resting FC reduction in REL than in ABS.

Taken together, this preliminary study suggests that at five weeks of abstinence, those that
subsequently relapse had higher resting FC of regions known to be involved in decision
making, emotion regulation and reward processing; this higher resting FC is not present at
thirteen weeks of abstinence. This reduction in resting FC from five weeks to thirteen weeks
may be a biological marker of relapse vulnerability. These preliminary findings require
replication with larger sample sizes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Nucleus Accumbens seed  (B) Subgenual ACC seed

Figure 1.
(A) Nucleus accumbens (NAcc) (x=£12, y=10, z=-9) and (B) subgenual anterior cingulate

cortex (ACC) (x=5, y=25, z=—10)seeds used to examine strength of functional connectivity
overlaid on Montreal Neurological Institute (MNI) brain.
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Results showing higher FC between NAcc and FPC at Time 1 but not at Time 2 in REL vs
ABS. LEFT: (A) Whole-brain FC maps showing regions with significant connectivity to
NAcc (p<0.025, corrected for multiple comparisons) in ABS (15t row) and REL (2"9 row).
Bottom row shows whole-brain independent samples t-test results in which REL had
significantly higher NAcc-FPC than ABS (p<0.025, corrected for multiple comparisons).
Functional maps are laid on MNI brains in radiological orientation (right is left). RIGHT:
Scatter plots showing z-scores representing strength of NAcc-FPC FC in the NSAC, ABS
and REL groups at Time 1 (B) and Time 2 (C). Each dot represents an individual subject’s
average z-score within the FPC cluster. Red bar shows significant difference between
groups. FC, functional connectivity; NAcc, nucleus accumbens; FPC, frontopolar cortex;
REL, stimulant addicts that relapsed over six months; ABS, stimulant addicts that remained
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abstinent over six months; MNI, Montreal Neurological Institute; NSAC, non-substance
abusing controls.
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Figure 3.
Results showing higher FC between NAcc and PCC at Time 1 but not at Time 2 in REL vs

ABS. LEFT: (A) Whole-brain FC maps showing regions with significant connectivity to
NAcc (p<0.025, corrected for multiple comparisons) in ABS (15t row) and REL (2"9 row).
Bottom row shows whole-brain independent samples t-test results in which REL had
significantly higher NAcc-PCC than ABS (p<0.025, corrected for multiple comparisons).
Functional maps are laid on MNI brains in radiological orientation (right is left). RIGHT:
Scatter plots showing z-scores representing strength of NAcc-PCC FC in the NSAC, ABS
and REL groups at Time 1 (B) and Time 2 (C). Each dot represents an individual subject’s
average z-score within the PCC cluster. Red bars show significant difference between
groups. FC, functional connectivity; NAcc, nucleus accumbens; PCC, posterior cingulate
cortex; REL, stimulant addicts that relapsed over six months; ABS, stimulant addicts that
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remained abstinent over six months; MNI, Montreal Neurological Institute; NSAC, non-
substance abusing controls.
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Figure 4.
Results showing higher FC between sgACC and FPC at Time 1 but not at Time 2 in REL

when compared to ABS. LEFT: (A) Whole-brain FC maps showing regions with significant
connectivity to sgACC (p<0.025, corrected for multiple comparisons) in ABS (15t row) and
REL (2" row). Bottom row shows whole-brain independent samples t-test results in which
REL had significantly higher sJACC-FPC than ABS (p<0.025, corrected for multiple
comparisons). Functional maps are laid on MNI brains in radiological orientation (right is
left). RIGHT: Scatter plots showing z-scores representing strength of sJACC-FPC FC in
the NSAC, ABS and REL groups at Time 1 (B) and Time 2 (C). Each dot represents an
individual subject’s average z-score within the FPC cluster. Red bars show significant
difference between groups. FC, functional connectivity; sgJACC, subgenual anterior
cingulate; FPC, frontopolar cortex; REL, stimulant addicts that relapsed over six months;
ABS, stimulant addicts that remained abstinent over six months; MNI, Montreal
Neurological Institute; NSAC, non-substance abusing controls.
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Figure 5.
Scatter plots showing change in FC between (A) NAcc and FPC, (B) NAcc and PCC and

(C) sgACC and FPC. Each dot represents FC change in an individual subject (Time 2 z-
score minus Time 1 z-scores). Red bars show significant difference between groups. NAcc,
nucleus accumbens; FPC, frontopolar cortex; PCC, posterior cingulate cortex; SJACC,
subgenual anterior cingulate; REL, stimulant addicts that relapsed over six months; ABS,
stimulant addicts that remained abstinent over six months; FC, functional connectivity.
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