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Abstract

BACKGROUND—Cocaine-induced neuroplastic changes may result in a heightened propensity
for relapse. Using regional cerebral blood flow (rCBF) as a marker of basal neuronal activity, this
study assessed alterations in rCBF and related resting state functional connectivity (rsFC) to
prospectively predict relapse in patients following treatment for cocaine use disorder (CUD).

METHODS—Pseudocontinuous arterial spin labeling functional magnetic resonance imaging and
resting blood oxygen level-dependent functional magnetic resonance imaging data were acquired
in the same scan session in abstinent participants with CUD before residential treatment discharge
and in 20 healthy matched control subjects. Substance use was assessed twice weekly following
discharge. Relapsed participants were defined as those who used stimulants within 30 days
following treatment discharge (7= 22); early remission participants (/7= 18) did not.

RESULTS—Voxel-wise, whole-brain analysis revealed enhanced rCBF only in the left posterior
hippocampus (pHp) in the relapsed group compared with the early remission and control groups.
Using this pHp as a seed, increased rsFC strength with the posterior cingulate cortex (PCC)/
precuneus was seen in the relapsed versus early remission subgroups. Together, both increased
pHp rCBF and strengthened pHp-PCC rsFC predicted relapse with 75% accuracy at 30, 60, and 90
days following treatment.

CONCLUSIONS—In CUD participants at risk of early relapse, increased pHp basal activity and
pHp-PCC circuit strength may reflect the propensity for heightened reactivity to cocaine cues and
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persistent cocaine-related ruminations. Mechanisms to mute hyperactivated brain regions and
delink dysregulated neural circuits may prove useful to prevent relapse in patients with CUD.
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Regional cerebral blood flow

The associations formed during repeated drug self-administration strengthen specific neural
pathways (synaptic plasticity) that are thought to be critical in the development and
persistence of substance use disorders (1-3). Substance-induced changes in long-term
potentiation and long-term depression underlie these alterations in synaptic transmission and
may include various forms of neuronal reorganization, including the recruitment of new
pathways, the reinforcement of existing connections, and dendritic arborization (4). One
prominent hypothesis of recidivism is that these neuroadaptations produce conditional
responses based on complex environmental stimuli; the presentation of these stimuli in the
absence of drug leads to cue-induced drug cravings and subsequent drug-seeking behaviors
(1). This human situation has been modeled preclinically using the conditioned
reinstatement paradigm (5).

The learning of drug-cue associations induces synaptic changes in the mesocorticolimbic
and corticostriatal pathways thought to induce the persistent vulnerability to relapse (6-8).
Patients with cocaine use disorder (CUD) are at particularly high risk for relapse, with more
than 70% of individuals treated for cocaine addiction relapsing within a few weeks
following treatment completion (9). Despite this, few studies to date have addressed neural
predictors of cocaine relapse risk. While research using task-related functional magnetic
resonance imaging (MRI) (10-12) has offered some utility in identifying relapse predictors,
it has been difficult to formulate generalized principles linking brain processes and treatment
outcome predictions. In recent studies, we have considered whether using the strength of
addiction-relevant brain circuits in the absence of specific task demands (i.e., resting state
functional connectivity [rsFC]) would provide a useful window into the neuroplastic
alterations that heighten relapse risk. rsFC is measured by the strength of the temporal
correlation of low-frequency blood oxygen level-dependent (BOLD) fluctuations between
discrete anatomical regions when an individual is not engaged in a specific task requiring
attentional, emotional, or executive processing (13). Using this technique, we identified
striatal-amygdalar circuits that contribute to relapse risk in cocaine-addicted populations
(14). These findings support the role of brain regions involved in the consolidation and
reconsolidation of cocaine-cue and cocaine-context associations in driving relapse (15,16).

While functional connectivity is thought to reflect coherent changes in neuronal activity
between brain regions (or networks), alterations in neuronal firing within a region also offer
a relevant measure of and window into drug-induced neuroplasticity (17). One of the best
means to noninvasively measure such basal firing rates is the use of regional cerebral blood
flow (rCBF), which, due to the tight coupling between metabolism and neuronal activity,
provides a physiologically relevant measure of activity (18). The present study, therefore,
utilized rCBF to identify local neuroplastic alterations as a function of relapse status. We
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then used identified regional alterations in neuronal activity as a seed region in a functional
connectivity analysis to identify circuits modulating or modulated by this local change in
neuronal activity. Using a population of participants with CUD scanned just before discharge
from a residential treatment program, we predicted that participants who relapsed soon after
discharge (i.e., within 30 days), relative to those who remained abstinent and healthy control
subjects, would show rCBF differences in brain regions most closely associated with
neuroplastic changes in preclinical models of addiction (e.g., ventral and dorsal striatum,
amygdala, hippocampus, orbitofrontal cortex, insula) (6). In turn, circuit strength between
these regions would be more disrupted in the relapsed group relative to the other two groups
and further predict treatment outcome.

METHODS AND MATERIALS

Participants

Participants were 40 individuals with CUD who met criteria for cocaine dependence on the
Structured Clinical Interview for DSM-IV-TR Axis | Disorders. Participants were
administered a comprehensive medical history and physical examination, a general
laboratory panel, urine drug screen (UDS), and a guided interview of lifetime substance use
history during the first and second week of inpatient treatment. Participants were excluded if
they had any history of major illness, had an estimated 1Q below 70 (per the Wechsler Test
of Adult Reading), met criteria for any neurological or active Axis I disorder (other than
substance use disorders), or were on psychotropic medications. Other drug use among CUD
individuals was not a condition for exclusion, as long as cocaine dependence was the
primary diagnosis. CUD participants were recruited following admission to one of three
residential cocaine-dependence treatment programs in Dallas, Texas, and were admitted as
soon as possible after their last reported use of cocaine. All three programs utilized the
Minnesota Model psychosocial treatment approach. UDS were conducted throughout
residential treatment to verify abstinence. Healthy matched control subjects (7= 21) had no
lifetime history of substance use disorder. Other psychiatric, medical, and cognitive
exclusion criteria were similar to that of the cocaine-dependent participants.

All aspects of the research protocol were reviewed and approved by the Institutional Review
Boards of the University of Texas Southwestern Medical Center at Dallas and the Veterans
Administration North Texas Health Care System. Participants signed an informed consent
before study participation and were compensated for their participation. Following 2 to 4
weeks of residential treatment and just before discharge, participants underwent MRI
scanning.

Assessment Measures

Cocaine use history was assessed with the Timeline Followback (19). The Timeline
Followback uses a calendar and other memory aids to gather retrospective estimates of an
individual’s cocaine use (days used and dollars spent) across the lifetime (from age of first
use) and during the 90 days before abstinence. Cocaine craving was assessed with the
Cocaine Craving Questionnaire-Brief (20) and Obsessive Compulsive Cocaine Scale (21)
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(Supplement 1). Lifetime cocaine dependence severity was assessed with the Inventory of
Drug Use Consequences (22).

CUD participants were followed for 24 weeks (168 days) posttreatment or until relapse to
stimulant use, whichever came first. Follow-up sessions occurred twice weekly (once by
phone) and included a structured interview assessing substance use since their previous visit
and a UDS during the in-person visit. Relapse was defined a priori as any use of cocaine or
amphetamine (either by self-report or UDS) after discharge and marked as the day of first
use or the day of their first missed appointment if participants missed two consecutive
appointments and all attempts to contact participant (e.g., phone, mail, collaterals) were
unsuccessful. Participants who used a stimulant (or stopped participating in the study, as
defined above) before 30 days following discharge from their residential program were
considered as relapsed; other participants were considered to be in early remission; group
assignments were based on DSM-IV criteria for early remission 1 month after discharge
from a controlled environment.

MRI Data Acquisition

Participants completed a 5-minute high-resolution anatomical scan, a 4-minute
pseudocontinuous arterial spin labeling scan, and a 6-minute resting BOLD scan during
which they were instructed to lie as still as possible with their eyes open. CUD individuals
completed scans during their final week of a 2- to 4-week residential treatment program.
One control subject was excluded from all imaging analysis due to a technical error during
acquisition of the resting data.

MRI acquisition was performed on a Philips 3T magnetic resonance scanner (Philips
Medical Systems, Best, The Netherlands). rCBF was measured using a balanced
pseudocontinuous arterial spin labeling single-shot echo-planar imaging sequence (23): in-
plane resolution = 3 x 3 mm?2, 27 slices (thickness/gap = 5/0 mm), labeling duration = 1650
milliseconds, post labeling delay = 1525 milliseconds, repetition time/echo time = 4150/14
milliseconds, interval between consecutive slice acquisitions = 35.5 milliseconds, and
number of controls/labels = 30 pairs. Resting BOLD functional magnetic resonance imaging
data were acquired using a single-shot echo-planar imaging sequence: in-plane resolution =
3.25 x 3.25 mm?, 36 slices (thickness/gap = 3/0 mm), repetition time/echo time = 1700/25
milliseconds, flip angle = 70°, and 212 volumes. For spatial normalization purposes, high-
resolution T1-weighted images were acquired with a spatial resolution of 1 x 1 x 1 mm3.

Perfusion Data Processing and Analysis

The control and label images were co-registered and then motion corrected separately using
AFNI (National Institute of Mental Health, Bethesda, Maryland) (24). The CBF-weighted
images were obtained by surround subtraction of sincinterpolated control and label images
(25), which were then averaged and spatially smoothed with a Gaussian kernel (full-width at
half maximum = 6 mm). Quantitative rCBF was estimated based on a previously described
model (23,26). For group analysis, the CBF images were spatial normalized to standard
Talairach space and resampled at 3 x 3 x 3 mm3 and then normalized to the whole-brain
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average CBF (rCBF,)) to improve the sensitivity in detecting group differences (27) (see
Supplement 1 for additional details).

Group effects on baseline rCBF,, were assessed within the gray matter region (masks
obtained by segmentation of structure images in SPM8, Wellcome Trust Centre for
Neuroimaging, London, United Kingdom) using a voxel-wise general linear mixed-effects
model with gender and years of education as covariates. Effects were considered significant
at Peorrected < -05 (uncorrected p < .005 combined with a cluster threshold of 27 voxels),
based on familywise multiple comparison correction (24).

Resting Data Processing and Analysis

Resting BOLD data were preprocessed with slice-timing correction, motion correction,
quadratic detrending, and temporal band-pass filtering (.01-.1 Hz). Nuisance covariates,
including six-motion parameters and signals in white matter and cerebrospinal fluid, were
regressed out, followed by Gaussian spatial smoothing (full-width at half maximum = 6
mm), spatial normalization, and nonlinear registration (28).

Brain regions showing significant group effects in rCBF,, if any, were used as seed regions
of interest (ROI) to inspect rsFC changes among the relapsed, early remission, and control
groups. A correlation coefficient map for each seed ROI was obtained by correlating the
average time course from the seed with every voxel’s time course and then was transformed
to Z-score using Fisher’s z transformation. Similar to the rCBF, data analysis, group effects
in the rsFC strength were evaluated and effects were considered significant at pegrrected < -05
(uncorrected p < .025 combined with a cluster threshold of 70 voxels). Regression analysis
was conducted on the seed region rCBF, against the relevant rsFC strength to investigate the
relationship between these two functional indices.

Functional and Structural Indices

To determine whether group differences in resting rCBF,, could be accounted for by
underlying structural differences, regression analysis was conducted between rCBF,, and
gray matter volume in regions with significant rCBF,, group effects. Gray matter volumes
were extracted based on segmentation in FreeSurfer (Massachusetts General Hospital,
Boston, Massachusetts) and were normalized to individual cortical/subcortical gray matter
volume to account for individual differences in brain size (29).

Predictive Models of Relapse

A hierarchical survival analysis was performed to predict the days to relapse posttreatment
using the average rCBF,, value and the average rsFC strength extracted from those brain
regions showing group effects as predictors in a Cox regression model (a = .05) (SPSS 20.0,
IBM Corporation, Armonk, New York). Time-dependent receiver operating characteristic
(ROC) curves were plotted (at 30-day intervals) to estimate the predictive power of the
relapse model over the 168-day follow-up period (30) (Supplement 1).
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RESULTS

Demographic and Clinical Characteristics

Twenty-two CUD participants relapsed within 30 days following treatment discharge; 18
remained in early remission. Only one participant relapsed using amphetamine. There were
no statistically significant differences in age or race between the relapsed, early remission,
and control (7= 20) groups (Table 1). The two CUD subgroups did not differ in gender,
cocaine craving, 90-day or lifetime cocaine use, lifetime Inventory of Drug Use
Consequences, cigarettes smoked per day, other substance use disorders (abuse/dependence),
or time from admission to treatment and the scanning session. However, there were more
female subjects, a greater number of cigarettes smoked per day, and higher 1Q and education
in the healthy control group relative to the cocaine-dependent participants.

Regional Cerebral Blood Flow

Whole-brain, voxel-wise analysis of variance revealed group rCBF, differences only in the
left posterior hippocampus (pHp) (-29, 38, —4; 729 mms3; peak F, 55 = 11.5) (Figure 1A).
These differences were driven by higher left pHp rCBF, in the relapsed group relative to the
other two groups (Figure 1B). Post hoc voxel-wise analysis showed left pHp rCBF, was
significantly higher in the relapsed group relative to control subjects (o < .05). Differences
between the relapsed and early remission groups did not reach whole-brain corrected
statistical significance.

Posterior Hippocampal Functional Connectivity

Using the left pHp cluster identified above as a seed ROI, whole-brain rsFC was computed
from the resting BOLD acquisition to investigate circuit connectivity alterations between the
left pHp and its interconnected brain regions. Significant group differences in connectivity
strength were observed only between the pHp and posterior cingulate cortex (PCC)/
precuneus (also denoted as posteromedial cortex but subsequently referred to simply as
PCC) (-5, —41, 45; 2052 mm3; peak F, 55 = 6.8) (Figure 1C), again driven by higher
connectivity strength in the relapsed group relative to the other two groups (Figure 1D). Post
hoc voxel-wise contrasts revealed significantly (p < .05) increased circuit strength in the
relapsed group relative to the early remission participants. Differences between the relapsed
and control groups did not reach whole-brain corrected statistical significance.

There were no significant relationships (controlling for gender and years of education)
between left pHp rCBF, and pHp-PCC circuit strength in the relapsed (r= .11, p=.97),
early remission (r=.29, p=.23), or control (r= .41, p=.07) group. Neither pHp rCBF nor
pHp-PCC functional connectivity significantly correlated with craving as assessed by either
the Cocaine Craving Questionnaire-Brief or Obsessive Compulsive Cocaine Scale. However,
craving measures were obtained several days before MRI data acquisition.

Relationship Between Functional and Structural Indices

Left hippocampal gray matter volume (normalized to individual subcortical gray matter
volume) did not significantly differ between groups. Nevertheless, left hippocampal gray
matter volume was positively correlated with left pHp rCBF,, (r= .62, p=.004, controlling
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for gender and years of education) in the control group but not in either the relapsed (r=-.
20, p=.36) or early remission (r= .03, p=.90) groups (Figure 2).

rCBF and rsFC Strength Predict Days to Relapse

Using participant-specific days to relapse (rather than the categorical division of relapse and
early remission), we conducted a post hoc hierarchical Cox regression to examine the
predictive power of connectivity within the pHp-PCC circuit beyond that already accounted
for by left pHp rCBF,, in the left pHp. As illustrated in Table 2, relapse prediction was
significantly improved after connectivity strength of the pHp-PCC circuit was added to the
model (significance of changes from model 1: Ap=.012; model 2 in Table 2). In addition,
the importance of the rCBF,, in the left pHp in the prediction decreased when controlling for
connectivity strength (Table 3).

To estimate the predictive power of the relapse model using both pHp rCBF,, and pHp-PCC
rsFC (model 2) over time (e.g., days to relapse), we used time-dependent ROC analysis to
calculate time-dependent area under the curve, AUC(t), at t = 30, 60, 90, 120, and 150 days.
AUC(t) of model 2 (Figure 3) shows time-dependent ROC curves with time-varying
sensitivity and specificity of the model’s predictability (adjusted for gender and years of
education). Overall, the model predictability remained relatively stable at approximately
75% accuracy from 30 to 90 days, with a subsequent decrease to 67% at the later time points
(AUC(t): 30 [74.4%)], 60 [75.8%], 90 [75.3%], 120 [67.5%], and 150 [66.7% days).

DISCUSSION

CUD participants who relapsed within 30 days following treatment discharge were
distinguished by increased resting rCBF in the left pHp and increased functional
connectivity between that pHp ROI and the PCC. While both findings significantly predicted
days to relapse over a 6-month period, the prediction power was enhanced when the two
measures were considered concurrently. The relevance of the hippocampus and PCC to
contextual-related cravings and self-referential thinking (e.g., obsessive thoughts of drug
use) support these findings as clinically meaningful. Unexpectedly and in contrast to our a
priori hypotheses, brain regions showing neuroplastic changes following chronic cocaine
self-administration (6) or associated with animal models of addictive behaviors (31) (e.g.,
striatum, orbitofrontal cortex, amygdala, insula) did not significantly differ as a function of
treatment group.

Relevance of pHp to and Cocaine-Related Neuroplasticity and Relapse

Long-term potentiation was first demonstrated in the hippocampus (32), a region essential
for developing, processing, and retaining contextual information (33). Direct glutamatergic
and cholinergic input (34,35), coupled with dopaminergic innervation (36,37), modulates
synaptic plasticity within the hippocampus. An increasingly robust literature suggests that
the hippocampus interacts with the corticostriatal circuits to impact memory and decision
making (38). Processes within the hippocampus, in concert with other striatal-limbic
regions, underlie the reinstatement of cocaine-seeking behaviors (39-42), and integrated
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inputs from the hippocampus, amygdala, and prefrontal cortex generate motivational signals
that modulate repeated drug self-administration (43).

The hippocampus can be conceptualized into two distinct subregions with distinct functions
(44): a rostral/dorsal zone that serves cold cognitive functions (e.g., learning, memory,
navigation, exploration) and a caudal/ventral zone that corresponds to hot/affective functions
(e.g., stress, emotion, affect). The dorsal part of the hippocampus (dHp) in rodents, which is
considered homologous to the primate pHp (45), has been particularly implicated in
addiction-related contextual memories. Lesions of the dHp disrupt both the acquisition and
expression of cocaine conditional place preference (46), and inactivation of the dHp and
basolateral amygdala selectively decreases cocaine-seeking behavior in rats (15). The
basolateral amygdala and dHp also interact to regulate cocaine-related memory
reconsolidation (47), while stimulation of type 1 metabotropic glutamate receptors in the
dHp are necessary for context-induced cocaine-seeking behavior (48). In clinical studies, we
have observed decreased left pHp rCBF in response to the administration of cholinergic
receptor modulators (49) and reduced rsFC strength between pHp and dorsomedial
prefrontal cortex (50) in cocaine-dependent individuals (although neither study assessed
whether these differences predicted subsequent cocaine relapse). Luo et a/. (51) posited a
transsynaptic link from the dHp to the ventral tegmental area using the lateral septum as a
relay nuclei, by which environmental context regulates goal-directed behavior. This linkage
is supported by human studies demonstrating convergent resting connectivity between the
hippocampus, ventral tegmental area, and nucleus accumbens (52).

The increased pHp rCBF observed in our relapsers is taken to reflect increased basal Hp
neural activity. As task-related increases in neuronal metabolism only account for a small
portion (<5%) of brain activity, basal neuronal activity yields highly relevant information
regarding brain functioning (53). Resting measures during mind wandering also assess a
significant phase of our waking hours (up to 15%) (54). Although resting-state brain
measures of neuronal activity, to our knowledge, have not been reported as relapse
predictors, greater medial temporal lobe BOLD activity during rest predicts heightened
performance on declarative memory tasks in young adults (55). Baseline cortical
electroencephalogram activity, as measured by electroencephalography, also predicts risk-
taking behavior (56). We propose that enhanced basal pHp brain activity in CUD with
enhanced basal pHp brain activity and subsequent environmental or emotional drug cues
postdischarge may provoke greater activation of hippocampal-corticostriatal pathways
resulting in greater drug cravings, drug seeking, and relapse (46,57,58). Thus, even in the
absence of heightened basal subjective craving, potentially persistent neurobiological
cocaine-induced alterations may produce increased vulnerability to the elicitation of
cocaine-related memories and subsequent use.

A strong positive correlation was observed only in the control group between pHp rCBF and
Hp gray matter volume. This interdependent relationship between resting neuronal activity
and gray matter has previously been reported in subcortical and default mode network
(DMN)-related regions (59), as well as in the frontal cortical regions of heroin-dependent
participants during the administration of both placebo and heroin (60). The absence of this
structure/function association in both cocaine-dependent subgroups suggests disease-

Biol Psychiatry. Author manuscript; available in PMC 2017 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adinoff et al. Page 9

associated processes may be driving the differences in pHp neural activity. Further, in
contrast to a recent report by Xu et al. (61), we did not observe a difference in hippocampal
volume between relapsed and early remission individuals.

Relationship between pHp-PCC Circuitry to Cocaine Relapse

The PCC is a primary hub of the DMN, a network of associated brain regions that
demonstrate stronger coherence during rest as one relates oneself to the present environment
(62,63). This self-referential thought involves two key processes: the experiential (the
momentary awareness of the present) and the narrative (the personalization of past
experiences) (64). Brain activation during the elicitation of autobiographical memories, a
type of narrative, shows significant overlap with DMN regions, involving both the
hippocampus and PCC (65). Recursive self-focused thinking (i.e., rumination), in particular,
elicits activation of the PCC, as well as limbic and prefrontal regions (66). The heightened
rumination in depressed individuals, for example, is associated with increased PCC activity
during a rumination task (67) and PCC-anterior cingulate connectivity at rest (68), and in
cocaine-dependent individuals, PCC activation is associated with cue-induced craving (69).
Of particular relevance to our findings, stronger intrinsic connectivity between the
hippocampus and PCC during rest predicts superior performance on measures of episodic
memory (70) and disruption of this connection is associated with age-related memory
decline (71). In our CUD individuals who relapsed, heightened pHp-PCC rsFC may reflect
strengthened episodic memories associated with cocaine use (72,73). This strengthened
memory circuitry may underlie the persistent obsessive thoughts, or rumination, commonly
observed in addicted individuals (74,75).

As both pHp rCBF and pHp-PCC connectivity strength significantly, and independently,
predicted days to relapse, the conjectured pHp-related cocaine use contextual cues and the
pHp-PCC related cocaine-focused ruminations may index two complementary processes
contributing to relapse. Future research using paradigms to explore these different constructs
are needed to confirm these suppositions.

Relevance to Previous Neuroimaging Studies of Relapse

To our knowledge, resting rCBF has not previously been explored as a predictor of relapse in
individuals with substance use disorders, nor does the extant literature report differences in
hippocampal activity as a predictor of relapse. While connectivity studies have identified
alterations in striatal-insular (14) and cortical-amygdalar (76) circuit strength in cocaine-
dependent individuals (in the same population used in the present study) and midbrain-
amygdala midbrain-orbitofrontal cortex rsFC strength in alcohol-dependent individuals (77),
functional connections between the pHp and PCC have not been previously identified as
relapse predictors [although the circuit is well described within the DMN (65)]. On the other
hand, a variety of approaches have implicated alterations in PCC reactivity in the relapse
process: CUD participants exhibiting a greater PCC response to cocaine cues (78) or a
disinhibition task (10) showing more severe or longer times to relapse, respectively, and in
methamphetamine-dependent individuals, PCC activation, in concert with other regions,
during a two-choice prediction (79) and decision-making (80) task predicting drug use
relapse.
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Strengths and Limitations

As the demographics and characterization of the relapsed and early remission groups were
well matched for age, race, gender, education, 1Q, baseline craving, and most cocaine and
nicotine use variables, together with the relatively large cohort of both treatment completers
and control subjects, we were able to isolate our findings to relapse status only. Although
education and gender in the control group differed from the patient groups, these variables
were considered as covariates in the imaging analysis. Further, the CUD participants were at
least 2 weeks drug abstinent, precluding any acute drug and/or withdrawal effects of cocaine
that confound imaging studies conducted in the first several days of abstinence. Participants
were also without other active DSM-1V nonsubstance use disorders and were not taking
psychotropic medications. Finally, participants were contacted twice weekly and UDS was
obtained weekly for follow-up. Close follow-up over the 6-month posttreatment period
further allowed days to relapse to be considered as a regressor. Technically, changes in
perfusion revealed by ASL are more localized to the parenchyma, whereas BOLD changes
are more representative of changes in the veins and venules (18), offering a more
physiologically direct measure of brain activity.

As UDS must be obtained at least every other day to assure detection of cocaine use, we
could not verify exact time to last cocaine use based on the weekly UDS. Second, we were
unable to directly test the clinical significance of the observed changes in resting pHp CBF
and the pHp-PCC functional connectivity strength, as the study design did not examine
constructs specifically related to the function of these regions. Thus, the relationship of
resting pHp CBF and pHp-PCC functional connectivity strength to drug-related cravings and
ruminations remains unproven. Nevertheless, the identification of both pHp activity and
pHp-PCC circuit strength as independent predictors of relapse, coupled with the extant
literature, supports further explorations of the interaction between personalized, contextual
cravings and the DMN upon relapse. Confirmation of these findings may yield new targets
for both pharmacologic and behavioral interventions in the treatment of relapse prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Basal neuronal activity and connectivity alterations as a function of treatment outcome

(relapsed vs. early remission) in cocaine-dependent and healthy control individuals. Top
panel: (A) Regional cerebral blood in the left posterior hippocampus (pHp) significantly
differed between healthy control subjects and cocaine-dependent individuals who relapsed
30 days before and after completion of residential treatment (pHp: —29, —38, —4; 729 mm3,
peak F, 55 = 11.5). (B) Left pHp normalized regional cerebral blood flow (rCBF) group
means and standard deviations. Post hoc voxel-wise analysis showed left pHp rCBF,, was
significantly higher in the relapsed group relative to control subjects (p < .05). (C) Using the
left pHp in (A) as a seed to assess group differences in resting state functional connectivity
(FC), pHp-posterior cingulate cortex (PCC) connectivity strength significantly differed
between the three groups (PCC: -5, —41, 45; 2052 mm3; peak F, 55 =6.8). (D) Left (L)
pHp-PCC connectivity strength group means and standard deviations. Post hoc voxel-wise
contrasts revealed significantly increased circuit strength in the relapsed group relative to the
early remission participants (p < .05).
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Figure 2.

Relationship between left hippocampal gray matter volume and left posterior hippocampal
(pHp) neuronal activity (regional cerebral blood flow). The relationship between left
posterior hippocampal normalized regional cerebral blood flow (rCBFp) and hippocampal
gray matter volume was significant only in the healthy control group (r= .62, p=.004, left
panel) but not the relapsed (7= -.20, p = .36, middle panel) or early remission (r=.03, p=.
90, right panel) groups.
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Figure 3.
Receiver operator curves of posterior hippocampal (pHp) regional cerebral blood flow and

pHp-posterior cingulate cortex functional connectivity strength in predicting cocaine relapse.
The receiver operator curves illustrate the sensitivity and specificity of pHp regional cerebral
blood flow and pHp-posterior cingulate cortex functional connectivity strength in predicting

relapse at 30-day intervals following completion of residential treatment.
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Table 1

Demographic and Clinical Characteristics of Healthy Control Subjects and Cocaine-Dependent Participants in

Relapse and Early Remission Participants (means + SD)

Control Subjects (n = 20)

Relapsed (n = 22)

Early Remission (n = 18)

Age (Years) 422+89 447 +6.4 443+67
Gender?

Male 65.0% 86.4% 94.4%

Female 35.0% 13.6% 5.6%
Race

African-American 47.6% 66.7% 83.3%

Caucasian 42.9% 28.6% 11.1%

Hispanic 4.8% 4.8% 5.6%

Other 4.8% 0% 0%
Education (Years)¢ 138£10 115+ 16 12.8+18
Estimated FSIQ2d 97.9+10.7 87.8+9.4 87.7+7.6
Nicotine Use

Packs/dayb,e 05+.2 10+£.9 9+9

o6 smokers b€ 5% 68% 67%
Secondary Substance Use Disorders

Alcohol - 8 7

Amphetamine - 0 1

Cannabis - 3 3

Opioid - 2 1

Other - 2 0
Time from Admission to MRI Scan (Days) - 215+42 21.0+4.6
InDUC

Recentb€ 12+29 755+23.1 85.2% 16.4

Lifetimeb€ 52+6.9 37.9+7.2 407+25
Craving

CCQ-Brief - 26+.9 23+ .8

OCCS - 239+9.0 250+6.4

Comparisons between groups were by #test or chi-squared.

CCQ-Brief, Cocaine Craving Questionnaire-Brief; FSIQ, full-scale 1Q; InDUC, Inventory of Drug Use Consequences; MRI, magnetic resonance

imaging; OCCS, Obsessive-Compulsive Cocaine Scale.
aDifference between control and early remission group, p < .05.
bDifference between control and relapsed group, p < .001.
cDifference between early remission and relapsed group, p < .05.

a.. .
Difference between control and early remission group, p < .01.
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e_. L
Difference between control and early remission group, p < .001.
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Table 2
Models to Predict Time to Relapse with rCBF,, and rsFC Strength

Model  Model x> Modelp  Ax? Ap

1 10.01 .002 10.09 .001

2 16.16 .0003 6.27  .012

Dependent variable: Time to relapse up to 168 days.

Model 1: Predictors: (Constant), rCBFp (regions: L pHp).

Model 2: Predictors: (Constant), rCBFp, (regions: L pHp), rsFC strength (L pHp-PCC).

L, left; PCC, posterior cingulate cortex; pHp, posterior hippocampal; rCBFp, normalized regional cerebral blood flow; rsFC, resting state

functional connectivity.
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