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Abstract

Background—-Brain perfusion is altered in both alcohol dependence and stimulant dependence.
Although most substance users also abuse/depend on alcohol concurrently (polysubstance users;
PSU), rigorous perfusion research in PSU is limited. Also, the relationships of perfusion
abnormalities with cognition, impulsivity or decision making are not well known.

Methods—Arterial spin labeling MRI and neuropsychological measures assessed perfusion
levels and neurocognition in 20 alcohol dependent individuals with comorbid stimulant
dependence (PSU), 26 individuals dependent on alcohol only (ALC), and 31 light/non-drinking
controls (LD). The patient groups included smokers and non-smokers.

Results—ALC had lower perfusion than LD in subcortical and cortical brain regions including
the brain reward/executive oversight system (BREOS). Contrary to our hypothesis, regional
perfusion was generally not lower in PSU than ALC. However, smoking PSU had lower perfusion
than smoking ALC in several regions, including BREOS. Lower BREOS perfusion related to
greater drinking severity in smoking substance users and to greater smoking severity in smoking
ALC. Lower regional perfusion in ALC and PSU correlated with worse performance in different
cognitive domains; smoking status affected perfusion-cognition relationships in ALC only. Lower
BREQS perfusion in both substance using groups related to higher impulsivity.

Conclusion—Although regional perfusion was not decreased in PSU as a group, the
combination of cigarette smoking and polysubstance use is strongly related to hypoperfusion in
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important cortical and subcortical regions. As lower perfusion relates to greater smoking severity,
worse cognition and higher impulsivity, smoking cessation is warranted for treatment-seeking
PSU and ALC.
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1. INTRODUCTION

Acrterial spin labeling magnetic resonance imaging, a non-invasive measurement of regional
cerebral blood flow, provides functional information which is tightly coupled with glucose
metabolism (Chen et al., 2011; Jueptner and Weiller, 1995). Regional cerebral blood flow
(aka, perfusion) and glucose metabolism are intimately linked to brain function (Raichle et
al., 1976).

Perfusion is altered in individuals with stimulant dependence and also in those with alcohol
dependence. For instance, in cocaine dependence, frontal and temporal brain regions show
relatively low perfusion (see review by Nnadi et al., 2005). In alcohol dependent individuals
(ALC) at 1-8 weeks of abstinence from alcohol, reduced perfusion is observed in frontal and
parietal regions and does not recover with abstinence (Durazzo et al., 2010; Gazdzinski et
al., 2006; Mon et al., 2009; Sullivan et al., 2013; see review by Moselhy et al. (2001)).
Similarly, glucose metabolism is decreased in frontal regions of ALC and cocaine dependent
individuals (Adams et al., 1993; Dao-Castellana et al., 1998; Volkow et al., 1992a, 1992b,
1994; Wang et al., 1993). In alcoholism, both chronic alcohol and tobacco use are associated
with altered perfusion: higher alcohol consumption is associated with lower frontal and
parietal perfusion (Kuruoglu et al., 1996; Melgaard et al., 1990; Nicolas et al., 1993), and
greater cigarette smoking severity is associated with lower frontal and/or parietal perfusion
in smoking ALC (sALC) (Gazdzinski et al., 2006; Mon et al., 2009), but see (Sullivan et al.,
2013). These reductions in regional blood flow and glucose metabolism are of functional
importance as they are associated with relapse to drinking within the first year after
treatment (Durazzo et al., 2010a) and poorer neurocognition in cocaine dependence
(Browndyke et al., 2004; Goldstein et al., 2004, 2001; review by Hanlon et al., 2013) and in
alcohol dependence (Adams et al., 1993; Dao-Castellana et al., 1998; Goldstein et al., 2004;
Melgaard et al., 1990; Nicolas et al., 1993; Wang et al., 1993), although with some
contradictions (Demir et al., 2002; Gazdzinski et al., 2006; Mon et al., 2009). Furthermore,
research has been conducted on measures of self-regulation/inhibitory control (e.g.,
impulsivity, risk taking, decision making) in alcohol dependence (Fein et al., 2004;
Gonzalez et al., 2007; Noel et al., 2007; Tomassini et al., 2012), cocaine dependence (LoBue
etal., 2014; Moeller et al., 2001), and in polysubstance dependent alcoholics (De Wilde et
al. 2013a,b). However, the relationships of these measures, highly relevant to sustained
abstinence and relapse, with regional cerebral perfusion have generally not been studied in
substance users.

Furthermore, most substance users today are polysubstance users (PSU), with diagnoses of
concurrent dependence on or abuse of more than one substance including alcohol. PSU are
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currently the largest group needing treatment in the United States (SAMHSA, 2011).
However, brain perfusion research in PSU is sparse. Only two reports compared a PSU
group (cocaine + alcohol) and a group dependent on cocaine only to controls. Both showed
lower frontal and parietal perfusion in PSU abstinent from substances for a few days
compared to the cocaine only group, with frontal perfusion deficits recovering after 21 days
of abstinence (Gottschalk and Kosten, 2002; Kosten et al., 1998). However, these studies did
not report on measures of neurocognition or self-regulation known to be impacted in PSU
(De Wilde et al., 2013a,b).

Currently, it is unclear if ALC and PSU differ on magnitude and pattern of regional
perfusion — concurrent multiple substance use may impact cerebral blood flow stronger than
monosubstance use — and if the relationships of regional perfusion with cognition and self-
regulation vary between these groups. Discerning such group differences could inform better
treatments targeted at the requirements of different substance dependent populations. Here,
we compared primary alcohol dependent individuals (i.e., ALC) to those with alcohol +
stimulant dependence (i.e., PSU) and also compared these treatment-seeking groups to light
drinking healthy controls (LD). We measured cortical and subcortical perfusion, with focus
on regions which are associated with the development and maintenance of addictive
disorders, largely localized to specific regions in frontal and mesial temporal lobes, limbic
system, and striatum (e.g., Haber and Knutson, 2010; Makris et al., 2008). In this report,
these regions are collectively referred to as the brain reward/executive oversight system
(BREOS; Durazzo et al., 2012a, 2014b), also termed the extended brain reward system
(Durazzo et al., 2010b, 2011). Substance use disorders are associated with long-lasting
plastic changes in neuronal and glial tissue of BREOS regions subserving ‘top-down’
inhibitory control/executive functions (Volkow et al., 2011). Compromised integrity of top-
down regulatory BREOS regions is related to dysregulation of striatum and limbic regions
involved in reward and motivation (George and Koob, 2010) and also to dysfunction in
traditional neurocognitive abilities involving executive functions, working memory,
processing speed, and visuospatial skills (Gazzaley and D’Esposito, 2007). We hypothesized
that: (1) ALC and PSU at 1 month of abstinence have greater perfusion deficits in the
BREOS than LD, and that alcohol dependent PSU have greater regional perfusion deficits
than ALC after controlling for potentially different alcohol consumption, (2) in both ALC
and PSU, greater drinking and smoking severities are associated with lower perfusion, and
(3) regional hypoperfusion is associated with poorer neuropsychological performance. In
additional analyses, we examined the effects of smoking status on regional perfusion and its
dependence on age.

2. MATERIALS AND METHODS

2.1. Participants

All participants provided written informed consent for procedures approved by University of
California, San Francisco and San Francisco VA Medical Center. Twenty-six ALC and 20
PSU treatment-seekers were recruited from VA and Kaiser Permanente substance abuse
treatment centers. ALC and PSU met DSM-IV criteria for alcohol dependence, and PSU met
additional criteria for dependence on at least one psychostimulant (cocaine 100%,
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methamphetamine 40%) and marijuana use disorder (60%). ALC and PSU were 1 month
abstinent from all substances except nicotine, with no group difference in duration of
abstinence. Inclusion and exclusion criteria for all groups are described elsewhere (Abe et
al., 2012; Durazzo et al., 2007). Briefly, exclusions were neurological and psychiatric
disorders which affect neurobiology or neurocognition, but not hepatitis C, type-2 diabetes,
hypertension, and unipolar mood disorder, highly prevalent in addiction (Hasin et al., 2007;
Stinson et al., 2005). Thirty-one LD (25 nonsmokers, 6 smokers) recruited from the
community served as controls. Smokers were allowed to smoke ad libitum before each
assessment and during breaks.

2.2. Substance Use and Neurocognitive Assessment

The clinical and neurocognitive assessments are detailed elsewhere (Durazzo et al., 2007).
Briefly, ALC and PSU completed the Structured Clinical Interview for DSM-1V Axis |
disorders Patient Edition, v2.0 (SCID-1/P; First et al., 1998); LD were administered the
screening module. All participants completed the Beck Depression Inventory (BDI; Beck,
1978). Alcohol consumption was estimated with the lifetime drinking history interview
(Skinner and Sheu, 1982; Sobell et al., 1988). Nicotine dependence was assessed with the
Fagerstrom Tolerance Test for Nicotine Dependence (Fagerstrom et al., 1991). For PSU,
lifetime substance use history (other than alcohol) was assessed with an in-house interview
(Abe et al., 2012; Mon et al., 2014). In PSU, the average monthly use of cocaine (n=20) and
methamphetamine (n=8) noted in parenthesis was 80 + 123 (24 + 34) g in the previous year,
68 + 108 (16 + 16) g over lifetime, with an average duration of 25 + 8 (19 + 5) years. A
standard neurocognitive battery was administered and cognitive domains were calculated
(see Durazzo et al., 2006, 2012b). The Barratt Impulsivity Scale (BIS-11; Patton et al.,
1995) assessed self-reported impulsivity and task-based tests assessed risk taking (Balloon
Analogue Risk Task, BART; Lejuez et al., 2002) and decision making (lowa Gambling
Task, IGT; Bechara et al., 1994).

2.3. MR Data Acquisition and Processing

MR imaging was performed on a 4T Bruker MedSpec system with a Siemens Trio console
(Siemens, Erlangen, Germany) and an 8-channel transmit-receive head coil. The 3D sagittal
T1-weighted sequence (1x1x1 mm?3) used a magnetization prepared rapid gradient echo
acquisition and the 2D axial T2-weighted sequence (0.9x0.9x3 mm?3) a turbo-spin echo.
Perfusion-weighted MRIs used a continuous arterial spin labeling (ASL) single-shot echo-
planar imaging sequence (Detre et al., 1992), producing sixteen oblique-axial 5-mm-thick
slices oriented along the orbital-meatal line (in-plane resolution=5x3.8 mm?2, 1.45 mm slice
gap, TR/TE=5200/9 ms repetition/echo time, 1590 ms post-labeling delay, 90° flip angle).

All participants were instructed to remain awake with eyes closed during the 7 minute
whole-brain ASL perfusion sequence. Structural MRI data were aligned with perfusion data
using a fluid-flow warping based distortion correction algorithm, and corrections for partial
volume effects controlled for brain atrophy; method details are described elsewhere (Tosun
et al., 2010). Regional cerebral blood flow images were corrected for partial volume effects
and co-aligned with FreeSurfer v5.1 parcelated labels (Fischl et al., 2002, 2004) to yield
subject-specific perfusion averages in pre-defined regions. The inferior 2-3 slices from all
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ASL datasets were removed due to distortions in inferior slices. FreeSurfer regions with at
least 50% gray matter tissue were included in statistical analyses. The perfusion regions
were voxel-weighted and combined into distinct regions of interest (ROIs: BREOS, Cortical,
Subcortical) and subregions!. The BREOS ROI in this report was comprised of the anterior
cingulate cortex (ACC), dorsal prefrontal cortex (dorsal PFC), inferior frontal gyrus (IFG),
insula, and orbitofrontal cortex (OFC), while the Cortical ROl was the sum of all cortical
regions including BREOS.

2.4. Statistical Analyses

We compared perfusion in ROIls and subregions across 26 ALC, 20 PSU, and 31 LD.
Multivariate analyses of variance (MANOVA) assessed for demographic and other
descriptive group differences between the 3 groups. Separate analyses of covariance
(ANCOVA) examined: (i) perfusion in ROIs and subregions followed by pairwise
comparisons testing regional perfusion differences among groups, (ii) main effects and
interactions of smoking status (combined ALC+PSU) on perfusion, and (iii)
neuropsychological performance between groups. Linear regression examined the
associations of perfusion with cognition, impulsivity, and decision making measures.
Covariates included age, years of education, body mass index (BMI), American National
Adult Reading Test (AMNART) score and drinking variables (substance dependent groups
only) since these variables can influence MR and cognitive outcome measures. A modified
Bonferroni procedure (Sankoh et al., 1997) adjusted the alpha level (.05) to account for
multiplicity by using the number of subregions and their average inter-correlation
coefficients; adjusted p-values were: BREOS p=.041, Cortical ROI p=.026, Subcortical ROI
p=.028, and composite of ROIs p=.045. Effect sizes for mean differences between groups
were calculated with Cohen’s d (Cohen, 1988). Partial correlational analyses used Pearson
product moment. All statistical analyses employed SPSS v21.

3. RESULTS
3.1. Demographics

PSU were of similar age than LD, but ALC were older than both PSU and LD. Both ALC
and PSU had fewer years of education than LD, with no difference between ALC and PSU
(Table 1). ALC and PSU were not different on any drinking severity measure, but PSU
began drinking heavily 8 years earlier than ALC. When separated by smoking status (Table
2), SALC consumed more alcoholic drinks per month than nsALC; however, sPSU and
nsPSU did not differ on these monthly drinking averages. PSU and ALC had a similar level
of nicotine dependence (Fagerstrom Total), but SALC had more lifetime years of smoking
and pack-years than sPSU. Nine ALC and 2 PSU had medically controlled hypertension, but
perfusion did not significantly differ between those with and without hypertension. Both
ALC and PSU reported higher depressive symptoms (BDI) than LD (both p<.03), but BDI
did not significantly correlate with regional perfusion, cognition, impulsivity, or risk taking
measures.

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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3.2. Regional perfusion by group (PSU, ALC, LD)

After correction for multiple comparisons, all significant perfusion differences were
observed between ALC and LD only. ALC had lower perfusion than LD in the BREOS
[F(1,52)=7.94, p<.008] (Fig. 1), Cortical [F(1,47)=9.46, p<.005], and Subcortical ROIs
[F(1,51)=7.98, p<.008]. Table 3 lists ROI and subregion perfusion by group2. There was no
regional hyperperfusion in PSU or ALC compared with LD. PSU and ALC did not differ
significantly on perfusion in any region; however, a distinct pattern of perfusion deficits
emerged for ALC and PSU in striatum (4559 + 1375 and 4761 + 1407, respectively) and
subcortical regions: Whereas ALC had the lowest perfusion in thalamus and caudate, PSU
had the lowest perfusion in putamen.

3.3. Effects of substance and tobacco use severity on regional perfusion

3.3.1. Drinking severity—Drinking severity did not significantly correlate with regional
perfusion in either the ALC or PSU group. However, when separated by smoking status,
perfusion was negatively related to drinking severity in smokers only. In SALC, greater
drinking severity correlated with lower perfusion in BREOS (r>-.65, p<.03) and its
subregions (dorsal PFC, OFC, and IFG), and in paracentral and post-central subregions (all
r>-.71, p<.003). Similarly, in sSPSU, drinking severity was negatively associated with
perfusion in BREQOS and its subregions (ACC, IFG), in the paracentral region, accumbens
area, and hippocampus (all r>-.63, p<.014), as well as in the middle temporal region, and
cuneus (all r<-.45, p<.028). Although PSU began drinking heavily at an earlier age than
ALC, this was not associated with greater regional perfusion deficits in PSU.

3.3.2. Cocaine consumption severity—In PSU, longer duration of cocaine use and
quantity in the previous year and over lifetime (grams/month) did not significantly correlate
with lower perfusion in any of the three ROIs (r = -.22 to —.41, p > .08).

3.3.3. Smoking severity—In sALC, more pack-years and lifetime years smoking
correlated significantly with lower perfusion in most subregions; in sPSU it did not. In
SALC, the strongest dose-response relationships were with perfusion in posterior cingulate,
precuneus, lingual, middle and superior temporal regions, cuneus, insula, caudate, and
putamen (all r>-.61, p<.005).

3.4. Effects of smoking status on regional perfusion

ANCOVA:S yielded no main effects for smoking status or interactions between smoking
status and substance group (i.e., ALC and PSU) in the BREQS, the Cortical ROI, or their
respective subregions. There was a trend to a smoking status x group interaction for the
Subcortical ROI [F(1, 34)=3.79, p<.061]: SALC and sPSU had higher perfusion than their
nonsmoking counterparts. There were no main effects for smoking status or substance group
on perfusion in any ROI or subregion; however, sPSU had lower perfusion than SALC in
Cortical and Subcortical ROIs and in BREOS regions (see Fig. 2) such as ACC, OFC,
insula, hippocampus, cuneus, pars opercularis, accumbens, and putamen (all p <.05). Of note

2Supplementary 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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was a lack of significant perfusion differences between nsALC and nsPSU in any region.
Furthermore, despite the absence of main effects for smoking status or age in the combined
ALC+PSU group, smoking status x age interactions were observed for the inferior parietal
lobule and isthmus cingulate (both p<.04); this indicates a steeper decline in parietal
perfusion with increasing age in smoking substance users than in their nonsmoking
counterparts.

3.5. Neuropsychological performance by group (PSU, ALC, LD)

All significant group differences for measures of neurocognition, BIS, BART, and IGT were
observed between ALC and LD; PSU had an intermediate performance and did not differ
significantly from either group (see Table 4). For example, global cognition was
significantly lower in ALC vs. LD (ES=0.98), was not significantly reduced in PSU
(ES=0.64), and not different between PSU and ALC (ES=0.32). The performance of PSU
vs. ALC was not explained by group differences in drinking or smoking measures.

3.5.1. Correlations of perfusion with cognitive and behavioral measures

3.5.1.1. Cognition: Regional perfusion was correlated with cognitive performance in both
PSU and ALC, but distinctly different perfusion-cognition patterns emerged between groups
(see Table 5). In PSU, the correlations were not affected by smoking status and lower
regional perfusion was related to worse cognitive performance. In ALC correlations between
perfusion and cognitive domains were different between smokers and nonsmokers. In SALC,
higher frontal perfusion correlated with worse cognitive performance, whereas in nsALC,
lower perfusion correlated with worse cognitive performance.

3.5.1.2. Impulsivity: BIS scores correlated negatively with perfusion in both ALC and PSU.
Correlations were strong in all ROIs of ALC and only moderate in all ROIs of PSU. In ALC,
higher attention-impulsivity correlated with lower perfusion in the BREOS, Subcortical
ROI, and subregions (ACC, pars opercularis, paracentral, precentral, insula, posterior
cingulate, striatum, caudate, and putamen) (all r>-.52, p<.03). In PSU, higher motor-
impulsivity related to lower BREOS perfusion (r>-.51, p<.021). Higher nonplanning-
impulsivity correlated with lower perfusion in all ROIs of PSU (all r>-.46, p<.032) and with
lower perfusion in ACC, OFC, pars opercularis, and accumbens of ALC (all r>-.50, p<.
046).

3.5.1.3. Risk Taking and Decision Making: In ALC, lower perfusion in Cortical ROl and
IFG were associated with higher Adjusted Average Pumps on the BART (more risk taking)
(both r>-.70, p<.009); no such correlations were observed in PSU. Lower pallidum
perfusion in PSU correlated with lower IGT scores (worse decision making) (r>.66, p<.005).
In contrast, in ALC, lower perfusion in Cortical and Subcortical ROIs and subregions (IFG,
thalamus) correlated with higher IGT (all r>-.55, p<.025), independent of differences in
drinking severity between sALC and nsALC.
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4. DISCUSSION

Our main analyses indicate that (i) regional perfusion in PSU was not significantly lower
than in ALC and perfusion was significant lower only in ALC compared with light/non-
drinking controls, (ii) greater drinking severity correlated with lower regional perfusion in
both sALC and sPSU, (iii) greater smoking severity correlated with lower perfusion in ALC
only, (iv) lower perfusion had cognitive ramifications in both groups, but cognition related
to regional perfusion differently in PSU and ALC; smoking status affected these
relationships differently in PSU and ALC, and (v) lower regional perfusion related to higher
impulsivity albeit to different subscales in both ALC and PSU. We found no significant
main effects of smoking on regional perfusion. When groups were classified by smoking
status; however, sPSU had lower perfusion than SALC in brain regions critical to inhibitory
control (ACC, OFC, insula), reward and conditioning (accumbens area, hippocampus,
putamen). Finally, smoking substance users showed a steeper decline in parietal perfusion
with increasing age than nonsmoking substance users.

Consistent with previous reports, ALC had lower perfusion than LD in the Cortical and
Subcortical ROIs including the BREOS, a neural network critical to the development and
maintenance of addiction (Durazzo et al., 2010a; Gazdzinski et al., 2006; Mon et al., 2009;
Sullivan et al., 2013; Volkow et al., 1992). Contrary to our a priori hypothesis, however,
regional perfusion was not lower in PSU as a group than ALC. Furthermore, the regional
pattern of subcortical perfusion deficits was distinctly different in ALC (thalamus, caudate)
and PSU (putamen); this appears to be a function of smoking status (seen in the trend for a
smoking status x substance group interaction) and also of drinking severity (significantly
stronger in SALC than nsALC, but similar between sPSU and nsPSU). Since others have not
reported on subcortical perfusion or volume differences between ALC and PSU, our results
warrant further study. The observed ROI perfusion levels in PSU were in-between those of
LD and ALC despite similar drinking severities in ALC (216 drinks/month) and PSU (221
drinks/month) over lifetime, suggesting different effects of abused substances on perfusion
or premorbid effects. In an acute cocaine + alcohol administration study, interactions
between cocaine and alcohol were shown to heighten the vasoactive effects of cocaine
(McCance-Katz et al., 1998); such interactions may contribute to the relatively higher
perfusion seen chronically in our PSU. Here, relatively high perfusion in PSU may be
explained, at least partially, by an unstable vascular system or the occurrence of gliosis in
damaged tissue (Kosten et al., 1998; Silverman et al., 1997) as speculated for cocaine
dependence (Gottschalk and Kosten, 2002).

Greater drinking severity was related specifically to lower perfusion in BREOS, only
observed in smoking substance abusers, and not related to parietal or subcortical perfusion.
This dose-response relationship is consistent with the majority of perfusion studies in ALC
(Gazdzinski et al., 2006; Kuruoglu et al., 1996; Melgaard et al., 1990; Nicolas et al., 1993)
but not all (Mon et al., 2009), and congruent with the apparently greater vulnerability of
anterior frontal regions to chronic alcohol consumption. In SALC but not in sPSU, greater
smoking severity related to lower perfusion in parietal, temporal and subcortical regions,
suggesting susceptibility of select regions to cigarette smoking effects (Durazzo et al.,
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2014a) and consistent with healthy (elderly) smokers showing greater rates of atrophy in
select regions than nonsmokers (Durazzo et al., 2012a).

Previous reports did not evaluate correlations between perfusion and cognition in PSU,
although perfusion-cognition associations in cocaine dependence have been documented
(reviewed by Hanlon et al., 2013). We found that regional perfusion correlated with
distinctly different cognitive domains in ALC and PSU, highlighting the clinical relevance
of specific perfusion-cognition patterns in substance dependence. Furthermore, perfusion-
cognition relationships differed in SALC and nsALC in a way that suggests that smoking has
a detrimental impact on both perfusion and cognition in ALC; this interpretation supports
our previous report of worse cognitive performance in SALC than nsALC (Durazzo et al.,
2013).

Higher attention-impulsivity in ALC than LD and generally elevated impulsivity in both
ALC and PSU compared with LD is consistent with the literature in substance users (see
review Stanford et al., 2009 and references therein); to the best of our knowledge, the
association between impulsivity and brain perfusion level in PSU has not been explored
previously. Lower BREOS perfusion related to ALC’s inability to focus on a task (attention-
impulsivity) and to PSU’s tendency to respond fast without thinking (motor-impulsivity),
while more widespread cortical and subcortical perfusion deficits in PSU were associated
with their lack of foresight (non-planning impulsivity). In addition, poorer decision making
performance (lower IGT score) in PSU correlated with lower pallidum perfusion; this is
different from “pure” cocaine dependent individuals in whom worse IGT performance
related to hypoperfusion in frontal cortex (Adinoff et al., 2003; Bolla et al., 2003; Tucker et
al., 2004). By contrast, in ALC, poorer decision making was associated with higher
perfusion in Cortical and Subcortical ROIs. Lower perfusion in substance users, which is
associated with impulsivity and decision making measures in this study, may be related to
lower volumes of frontal gray matter observed in individuals with cocaine, alcohol, and
polysubstance abuse versus controls (Fein et al., 2002; O’Neill et al., 2001; Tanabe et al.,
2009), since poorer decision making has also been associated with smaller frontal brain
volumes in PSU (Tanabe et al., 2009). Therefore, the differences between ALC and PSU in
their relationships of impulsivity and decision making to regional perfusion, together with
reported correlations between low IGT performance and relapse in PSU (De Wilde et al.,
2013b), highlight the importance of considering the concept of self-control when designing/
implementing behavioral treatments specific to ALC and to PSU, in addition to treating the
perfusion deficits that may potentially underlie these constructs.

Interestingly, sSPSU showed lower perfusion than sALC in Cortical and Subcortical ROIs
and in multiple BREOS subregions, despite greater pack-years or lifetime years smoking in
SALC. This suggests that the combination of smoking and polysubstance use, perhaps
exerting aggregate adverse effects on brain vascular integrity, is particularly damaging to
cortical and subcortical perfusion, which in turn related to worse visuospatial test
performance. It remains to be seen if the potential resolution of perfusion deficits in
abstinent PSU also relate to improvements in visuospatial skills, as we observed for
recovery of parietal cortex volume in abstinent ALC (Mon et al., 2014).
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Limitations of this cross-sectional study were that alcohol and cocaine consumption
measures were based on self-report. We could not assess smoking effects in LD (too few
smokers) or gender effects across groups (too few women) and as they were conducted in a
relatively small cohort that precluded the inclusion of multiple covariates in the model
simultaneously. Although we controlled statistically for age differences between groups, the
differences in age was a limitation. Further, unbalanced membership in nsPSU vs sPSU may
have affected the results of the smoking analyses. We also cannot rule out the possible
contributions of premorbid and additional environmental factors to the neurobiological
group differences as they were not assessed in this research. Furthermore, the lack of a
significant smoking main effect on regional perfusion should not be interpreted to reflect a
lack of smoking effects on the brain vasculature/microvasculature, as our subgroup analyses
clearly show. Blood flow velocities (Gdovinova 2001; Terborg et al., 2002) or capillary
transit times are all important for healthy tissue perfusion (e.g., @stergaard et al., 2013), but
they were not measured in this study.

Although 1-month-abstinent PSU as a group did not have greater perfusion deficits than
primary ALC in any region investigated, sSPSU had lower perfusion than SALC in cortical
and subcortical brain regions critical to addictive behavior. This suggests that the
combination of smoking and polysubstance use impairs cerebral perfusion in these regions.
Significantly reduced frontal perfusion in smoking PSU, combined with (hon-significantly)
poorer cognition and higher impulsivity, may hamper the ability of PSU to maintain long-
term abstinence. Since lower perfusion is cognitively relevant and has been related to
relapse in ALC, smoking cessation is highly warranted for treatment-seeking PSU and ALC.
Future longitudinal studies of change in recovering substance users may strengthen the case
for a direct relationship between perfusion and neuropsychological deficits. Perhaps a dual
treatment approach which aims to increase perfusion pharmacologically while employing
cognitive-behavioral treatment to enhance self-control, decision making, and coping
strategies may prove efficacious in real-world substance abuse treatment. Finally, changes in
perfusion, cognition and self-regulation with abstinence, under consideration of the effects
of cigarette smoking, should be explored as potential biomarkers of relapse risk and
sustained abstinence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Mean BREQOS Perfusion by group (estimated mean + standard error from a group model

with BMI as a covariate).

BREQS Brain Reward/Executive Oversight System

ALC Individuals dependent on alcohol only

PSU Alcohol dependent individuals with comorbid stimulant dependence
LD Light/non-drinking controls
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Fig. 2.
Mean BREQOS Perfusion by smoking status (estimated mean * standard error from a

group model with the 4 substance using groups; covariate were 3-year monthly drinking
average and body mass index). LD group mean shown only for comparison.

BREQOS Brain Reward/Executive Oversight System

SALC Smoking individuals dependent on alcohol only

nsALC Non-smoking individuals dependent on alcohol only

sPSU Smoking alcohol dependent individuals with comorbid stimulant dependence
sPSU Non-smoking alcohol dependent individuals with comorbid stimulant dependence
LD Light/non-drinking controls
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Table 1

Participant Demographics

Variable ALC PSU LD
N (female) 26 (6) $ 20 (1) $ 31 (5) $
Age (years) 54+10 " 45+9 %" 47+11

Education (years)

14+2" 13+1* 162

American National
Adult Reading Test
(AMNART)

116+8 | 108+8***+ | 1206

Onset Age of Heavy
Drinking

27+12 19 +4** -

Body Mass Index
(BMI)

25+5 28+4% 25+3

Beck Depression
Inventory (BDI)

Time since last
cigarette before MRI

(hours)

*
p<.01vs. LD;

*

*
p<.008 vs. ALC,

+
p<.03vs. LD,

$p>.05 Chi-square test with Yates correction

ALC Individuals dependent on alcohol only

PSU Alcohol dependent individuals with comorbid stimulant dependence

LD Light/non-drinking controls
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