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Abstract
Background—Although approximately 80% of individuals with alcohol use disorders are chronic
smokers and despite reported associations between chronic cigarette smoking and lower cerebral
perfusion in nonalcoholics, previous brain perfusion studies with alcoholics did not account for the
potential effects of concurrent chronic cigarette smoking.

Methods—One-week-abstinent alcohol-dependent individuals in treatment (ALC) [19 smokers
(sALC) and 10 nonsmokers (nsALC)] and 19 healthy light drinking, nonsmoking control participants
(nsLD) were scanned with a pulsed arterial spin labeling method to measure cerebral perfusion
without an exogenous contrast agent. Studies were performed with 2 different postlabeling delay
times (time from labeling pulse to the excitation pulse; PLD = 1,500 ms and PLD = 1,200 ms) to
assess the potential effect of arterial blood transit time on the perfusion. Average gray matter (GM)
and white matter (WM) perfusion for the frontal and parietal lobes were calculated for each
hemisphere from voxels containing at least 90% GM and 100% WM.

Results—At PLD = 1,500 ms, multivariate analyses compared ALC (combined sALC and nsALC)
with nsLD (p = 0.04) and contrasted sALC, nsALC, and nsLD (p = 0.006). ALC, as a group, showed
13% lower frontal GM perfusion (p = 0.005) and 8% lower parietal GM perfusion than nsLD (p =
0.03). With ALC separated into smokers and nonsmokers, sALC showed 19% lower frontal GM
perfusion (p = 0.001) and 12% lower parietal GM perfusion than nsLD (p = 0.004). In sALC, a higher
number of cigarettes smoked per day was associated with lower perfusion. Overall, regional perfusion
did not differ significantly between nsALC and nsLD. Results obtained with PLD = 1,200 ms
generally confirmed the 1,500 ms findings.

Conclusions—This study provides preliminary evidence that chronic cigarette smoking adversely
affects cerebral perfusion in frontal and parietal GM of 1-week-abstinent alcohol-dependent
individuals. These results are in line with our spectroscopic and structural magnetic resonance studies
that suggest chronic cigarette smoking compounds the detrimental effects of alcohol dependence on
brain neurobiology.
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Brain perfusion quantitates blood flow to tissue per unit time and is typically tightly coupled
with brain metabolic activity (e.g., Raichle et al., 1976; Silverman et al., 2001). Previous studies
of the effects of chronic alcohol dependence on cerebral perfusion employing 133Xe inhalation
tomography and 99mTc-HMPAO single photon emission tomography (SPECT) demonstrated
perfusion abnormalities in the frontal, parietal, and temporal lobes. Specifically, these studies
indicated larger perfusion deficits in the right hemisphere (Berglund et al., 1987; Tutus et al.,
1998), left hemisphere (Erbas et al., 1992), or bilateral abnormalities (Demir et al., 2002;
Mampunza et al., 1995; Nicolas et al., 1993). Similarly, abnormal glucose metabolism has been
shown with 18FDG-positron emission tomography (PET), especially in frontal lobes of alcohol-
dependent individuals (Gilman et al., 1990; Volkow et al., 1994). Lower frontal cerebral
perfusion among individuals in alcohol treatment was associated with deficits in working
memory and executive functions (Demir et al., 2002; Nicolas et al., 1993; Noel et al., 2001,
2002).

However, the aforementioned studies did not account for the potential effects of concurrent
chronic cigarette smoking on cerebral perfusion and/or metabolism. Tobacco products are the
most frequently used substances among alcoholics, with an estimated 80% of alcohol-
dependent individuals smoking regularly (Hurt et al., 1994; Pomerleau et al., 1997; Romberger
and Grant, 2004) and 50 to 90% demonstrating nicotine dependence (Daeppen et al., 2000;
Marks et al., 1997). Active cigarette smoking in alcoholics has been associated with
significantly higher quantity and frequency of alcohol consumption (John et al., 2003),
particularly compared with nonsmoking or former-smoking alcohol-dependent individuals
(York and Hirsch, 1995). Chronic cigarette smoking has been associated with increased risk
for arteriosclerosis (e.g., Bolego et al., 2002; Haustein et al., 2004), compromised vasomotor
reactivity (Bolego et al., 2002; Terborg et al., 2002), and impaired pulmonary function
(Yamashita et al., 1988). After at least 2 hours of abstinence from smoking, chronic
nonalcoholic smokers demonstrated 4 to 12% lower global brain perfusion, compared with
nonsmokers, as measured by 133Xe inhalation (Rogers et al., 1983; Yamashita et al., 1988).
However, another study without any constrains on smoking before an IMP–SPECT scan
demonstrated 22% lower global perfusion in smokers (Rourke et al., 1997), with perfusion
inversely related to cigarette pack-years. The lower perfusion reported in smokers in the latter
study may be partially accounted for by acute effects of smoking, consistent with 7 to 10%
global decrease in glucose utilization following acute nicotine administration (Domino et al.,
2000; Stapleton et al., 2003). Smoking also elicits different patterns of relative perfusion
responses, with increases of the order of 6 to 8% in a number of brain regions including
prefrontal and cingulate cortices as well as decreases in cerebellum and occipital lobes that
were associated with plasma nicotine levels (Brody, 2005; Domino et al., 2004; Rose et al.,
2003). Thus, it is not clear if acute cigarette smoking affects absolute perfusion in prefrontal
and cingulate cortices (Brody, 2005).

Chronic cigarette smoking, independent of chronic and heavy alcohol consumption, was also
linked to compromised memory, cognitive flexibility, executive functions, psychomotor speed,
general intellectual abilities, and working memory (see Durazzo et al., 2004, and references
therein). Moreover, smoking appears to modulate relationships between brain morphology,
metabolites, and neurocognition in recently detoxified and short-term abstinent alcoholics
(Durazzo et al., 2004, 2006; Gazdzinski et al., 2005). This possibly reflects a reorganization
of neural networks or compensatory increase in the activity of other functional networks (see
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Desmond et al., 2003; Pfefferbaum et al., 2001) to counter the additional adverse neurobiologic
effects of chronic smoking.

Perfusion deficits may be related to metabolic and/or structural abnormalities observed in
recently detoxified alcoholics (see Sullivan, 2000, for review). Brain perfusion is closely
coupled with brain glucose metabolism (Silverman et al., 2001), and we showed that glucose
metabolism was positively associated with the concentration of N-acetylaspartate (NAA;
putative marker of neuronal viability) measured with magnetic resonance spectroscopy
(O'Neill et al., 2000). Some studies also reported associations between cerebral hypoperfusion
and atrophy (Nicolas et al., 1993; Oishi et al., 1999; Yamaguchi et al., 1983). Thus, perfusion
deficits may be associated with decreased levels of NAA and/or brain shrinkage reported in
alcoholics. Via proton magnetic resonance spectroscopic imaging, we demonstrated that
cigarette smoking exacerbated alcohol-induced neuronal dysfunction in the frontal lobe of
alcohol-dependent individuals and that chronic smoking had independent, detrimental effects
on tissue in select subcortical nuclei and the cerebellum (Durazzo et al., 2004). We also showed
comorbid chronic cigarette smoking and alcoholism were associated with parietal, temporal,
and occipital gray matter (GM) volume reductions that were greater than GM shrinkage
induced by alcohol dependence alone (Gazdzinski et al., 2005).

Given the high comorbidity between alcohol dependence and chronic cigarette smoking and
their adverse effects on cerebral perfusion, it is not clear if the perfusion deficits reported in
previous studies of alcohol-dependent individuals are solely attributable to alcohol
consumption or if the combination of both chronic alcohol dependence and cigarette smoking
produce greater adverse effects on brain perfusion than alcohol dependence alone.
Furthermore, it is unclear if smoking affects the relationships between cerebral perfusion and
cognitive function in alcohol dependence.

In this cross-sectional study, we used magnetic resonance imaging (MRI) to noninvasively
measure cerebral perfusion in a group of 1-week-abstinent alcohol-dependent individuals
(ALC), who were retrospectively classified into smokers (sALC) and nonsmokers (nsALC),
and in an age-matched group of nonsmoking light drinking individuals (nsLD). We compared
groups on mean brain perfusion in GM and white matter (WM) of the frontal and parietal lobes,
bilaterally, and related regional perfusion to performance on a brief neuropsychological test
battery assessing visuospatial learning and memory, working memory, and visuomotor
scanning speed and incidental learning. We tested the following hypotheses:

1. Alcohol-dependent participants, as a group, demonstrate lower frontal and parietal
GM and WM perfusion than nonsmoking light drinkers.

2. Smoking alcoholics demonstrate lower frontal and parietal perfusion than
nonsmoking alcoholics and nonsmoking light drinkers in GM and WM.

3. Nonsmoking alcoholics demonstrate lower frontal and parietal perfusion than
nonsmoking light drinkers in the frontal and parietal lobes, bilaterally.

4. Regional perfusion is negatively correlated with measures of drinking and smoking
severity.

5. Lower frontal and parietal perfusion are associated with worse performance on
measures of visuospatial learning and memory, working memory, and visuomotor
scanning speed and incidental learning.

Gazdzinski et al. Page 3

Alcohol Clin Exp Res. Author manuscript; available in PMC 2008 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Participants

Twenty-nine alcohol-dependent individuals in treatment were recruited from the San Francisco
VA Medical Center Substance Abuse Day Hospital and the San Francisco Kaiser Permanente
Chemical Dependence Recovery Program. All participants were between the ages of 26 and
66 years at the time of enrollment. ALC were retrospectively divided into smokers (sALC, n
= 19, 1 female; 1 left-handed participant) and nonsmokers (nsALC, n = 10, all right-handed
males). The sALC had their last alcoholic drink 6.0 ± 3.2 and the nsALC 5.5 ± 2.6 days before
the MRI study (p = NS). Nineteen healthy nonsmoking light drinkers (nsLD, 3 females; 1 left-
handed participant) were recruited from the San Francisco Bay Area community. Twenty-two
ALC and 6 nsLD of this study were also participants in corresponding MR spectroscopic
imaging (Durazzo et al., 2004) and structural MRI studies (Gazdzinski et al., 2005). There were
no restrictions on tobacco and caffeine use before the scanning session; however, time since
last use of each substance was recorded.

The inclusion and exclusion criteria are fully described in Durazzo et al., (2004). In summary,
all ALC met DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, fourth edition)
criteria for alcohol dependence with physiological dependence and consumed more than 150
standard alcoholic drinks per month for at least 8 years before enrollment into the study. A
standard drink contains 13.6 g of pure ethanol, equivalent of 12 oz. beer, 5 oz. wine, or 1.5 oz.
liquor. All participants were free of general medical, neurologic, and psychiatric conditions
(except unipolar mood disorders, controlled hypertension, and hepatitis C in ALC) known or
suspected to influence brain morphology, brain perfusion, or neurocognition. Unipolar mood
disorders were not exclusionary for ALC given their high incidence reported in alcohol-
dependent individuals (e.g., Gilman and Abraham, 2001; Hasin and Grant, 2002) and chronic
cigarette smokers (e.g., Dursun and Kutcher, 1999; Fergusson et al., 2003).

To assess hepatocellular injury and red blood cell (RBC) status, standard liver and blood panels
were performed within 1 day of the perfusion study. Two participants in the sALC group and
3 in the nsALC group tested positive for hepatitis C. Serum albumin and prealbumin were used
as indicators of nutritional status (Weinrebe et al., 2002).

Participants completed the clinical interview for DSM-IV Axis I Disorders Patient Edition,
Version 2.0 (American Psychiatric Association, 1994), and standardized questionnaires
assessing alcohol withdrawal (CIWA-Ar; Addiction Research Foundation Clinical Institute of
Withdrawal Assessment for Alcohol; Sullivan et al., 1989), depressive (Beck Depression
Inventory; Beck, 1978), and anxiety symptomatology (State-Trait Anxiety Inventory, Y-2,
STAI Y-2; Spielberger et al., 1977) within 1 day of the scanning session. Participants were not
studied if their CIWA-Ar indicated clinically significant withdrawal symptoms (i.e., total score
greater than 8). In the sALC group, 4 participants met DSM-IV criteria for substance-induced
(alcohol) mood disorder with depressive features and were not taking antidepressant
medications at the time of study. One sALC was diagnosed with recurrent major depression
with mood congruent psychotic symptoms and was taking buproprion at the time of the study.
In the nsALC group, 2 participants met DSM-IV criteria for substance-induced (alcohol) mood
disorder with depressive features (1 took mirtazapine at the time of study), whereas 1
participant met criteria for recurrent major depression. The same proportion of sALC (6/19,
32%) and nsALC (3/10, 30%; χ2 = 0.004, p = 0.95) was diagnosed with recurrent major
depression or substance induced mood disorders.

One participant in each ALC group met criteria for past methamphetamine dependence, and 1
in the sALC group met criteria for past opioid dependence with physiologic dependence. Both
were in sustained full remission, with last use 5 or more years before enrollment. Two sALC
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(2/19; 10%) and 3 nsALC (3/9; 30%; χ2 = 1.74, p = 0.20) were prescribed chlordiazepoxide
(Librium®) for alcohol withdrawal symptoms at the time of study. Six sALC (6/19, 32%) and
2 nsALC (2/10, 20%; χ2 = 0.26, p = 0.61) had (medication controlled) hypertension.

Alcohol consumption over lifetime was assessed via the lifetime drinking history (LDH;
Skinner and Sheu, 1982; Sobell and Sobell, 1992; Sobell et al., 1988). The LDH obtains
quantity and frequency information about alcohol consumption from the first age of regular
drinking (defined as consuming at least 1 standard drink per month) to the present. Six measures
of drinking severity were calculated from the LDH: average number of drinks per month over
1 and 3 years before enrollment, average number of drinks per month over lifetime, total amount
of pure ethanol consumed over lifetime, number of lifetime years of regular drinking, and onset
of heavy drinking, defined as age when alcohol consumption exceeded 100 drinks per month.
For sALC, smoking behavior was assessed with the Fagerstrom Tolerance Test for Nicotine
Dependence (Fagerstrom et al., 1991). Pack-years were calculated as: [(number of cigarettes
per day/20) × (duration of smoking at current level in years)]. All sALC participants were
actively smoking at the time of study. The nsALC reported no cigarette smoking for at least 1
year before enrollment.

The Institutional Review Boards of the University of California San Francisco and the San
Francisco VA Medical Center approved all procedures. Informed consent was obtained from
all participants before study. ALC participants were compensated with gift certificates to a
local retail store and nsLD were paid by check.

Image Acquisition
Images were acquired on a standard 1.5-T MR system (Siemens Vision, Erlangen, Germany)
using a circularly polarized head coil for radiofrequency transmission and reception. Studies
were usually performed early evening. Smoking participants were given ample time to smoke
before the scanning session. Acquisition of perfusion data started about 90 minutes into the
MR study. To reduce potential effects of sleep on perfusion (Braun et al., 1997), before the
acquisition of perfusion images, the MR operator spoke to participants to ensure they were
awake during data acquisition.

A pulsed arterial spin labeling method, termed DIPLOMA (double inversions with proximal
labeling of both tagged and control images; see Jahng et al., 2003, for details) was used for
labeling arterial blood water by changing its magnetic properties. This method is noninvasive
and uses no exogenous radiotracers or contrast agents. Instead, arterial blood is labeled
proximally to the region of interest (ROI, Fig. 1, region B) by changing its magnetic properties
and allowed to travel to the ROI (Fig. 1, region A) over a postlabeling delay time (PLD; between
tagging pulses and imaging pulses) of 1,500 ms. Then the ROI is imaged with a gradient-echo
single-shot echo-planar imaging (EPI) sequence (resolution of 2.3 × 2.3 mm2 over a field of
view of 225 × 300 mm2 in five 8-mm-thick slices, each, 2 mm apart, oriented 5° shallower
than the orbital–meatal angle, with the most inferior slice located approximately 20 mm above
the circle of Willis), yielding tagged images (see Figs. 1 and 2).

The other acquisition parameters were: TR = 2.5 seconds, TE = 15 milliseconds. To control
for magnetization transfer effects, a control scan was acquired with identical imaging
parameters, but without labeling blood. The acquisition lasted 5 minutes with a total of 60
signal averages. Tagged and control scans were then subtracted to obtain perfusion-weighted
images.

The sequence was then repeated under identical experimental conditions but with a shorter
PLD (1,200 milliseconds), to evaluate potential effects of arterial transit time, which is the time
the labeled blood needs to arrive in the imaging slices. Additionally, a reference image covering
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the entire brain with the same resolution and orientation as the perfusion scan was obtained
with EPI to improve coregistration between structural and perfusion images.

Structural 3D T1-weighted images were acquired using a standard magnetization prepared
rapid gradient echo (MPRAGE) sequence with TR/TE/TI = 10/7/300 ms, 15° flip angle, 1.0 ×
1.0-mm2 in-plane resolution, and 1.5-mm-thick coronal partitions oriented orthogonal to the
long axes of hippocampi as seen on a sagittal scout MR image. The MPRAGE images were
used for tissue segmentation and coregistration of segmented images to perfusion images.
Multislice T2-weighted MR images were obtained with a double spin-echo sequence (TR/
TE1/TE2 = 2,500/20/80 ms, 1.00 × 1.00 mm2 in-plane resolution, 3-mm slice thickness, no
slice gap, oriented as perfusion data) and were used to create brain masks necessary for
segmentation. Following acquisition and image reconstruction, the data were transferred to an
off-line workstation for image processing and analysis by one of the authors (S.G.).

Data Processing
Postprocessing steps are depicted in Fig. 3. Probabilities of GM and WM within particular
lobes (B–E) were obtained in 2 steps. First, 3-tissue intensity-based segmentation was applied
to MPRAGE images to assign a set of probabilities of GM, WM, or cerebrospinal fluid to each
voxel using a home-written software described and validated by Cardenas et al. (2005). Then,
major lobes were outlined by a deformable registration method using a single MRI atlas
manually divided into lobes, subortical nuclei, brainstem, and cerebellum based on anatomical
divisions (as described in Cardenas et al., 2005) and overlaid on segmented images.

Direct coregistration of T1-weighted MRI to perfusion images was not reliable because of
limited brain coverage and lack of structural features in the perfusion images. Thus, a stepwise
coregistration was done by first registering the MPRAGE image (Fig. 3A) to the reference
image (F) for each participant. Then the reference image was registered to the control image
of the perfusion data (G) obtained with the PLD = 1,500 ms sequence. These transformations
were combined and applied to lobar GM and WM probability maps (B–E). Finally, GM and
WM probability maps were resampled to the resolution of perfusion data using trilinear
interpolation. All processing steps were performed with Statistical Parameter Mapping (SPM2,
Wellcome Department of Cognitive Neurology, London, UK). All coregistrations used
normalized mutual information as cost function. As the participants' movement between both
perfusion sequences was verifiably negligible, the same definitions of lobar GM and WM were
used in analysis of the perfusion data obtained at PLD = 1,500 ms (H) and PLD = 1,200 ms
(I).

The perfusion image intensities were then corrected for the inter-participant variations of coil
loading and signal amplification by first calculating the image brightness according to a
previously described formula (Johnson et al., 2005): Brightness = α × 10(receiver gain in dB/20),
where α stands for coil loading which is determined according to voltage required for a RF
spin inversion pulse. The ratio of image brightness to the mean brightness of all the images in
the study was then calculated, and finally individual voxel intensities in each perfusion image
were divided by this ratio to obtain a common intensity scale across the study, referred to as
institutional units (IU). Perfusion was averaged separately within right and left frontal and
parietal WM and GM. Only voxels at the resolution of perfusion images containing at least
90% GM (but no WM) or fully volumed WM voxels were used for averaging. No corrections
for partial volumes were performed. Because GM and WM masks did not completely remove
artifactual hyperintensities created by arterial blood signal because of different sensitivity to
flow artifacts of perfusion images and MPRAGE images and less than perfect coregistration,
we excluded from analyses all voxel intensities beyond 2.5 SD from the regional perfusion
means. This step removed on average between 1 and 3% of voxels for particular regions.
Furthermore, only positive perfusion values were used in calculations. All studies having less
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than 10 perfusion voxels per bilateral lobar GM or WM were excluded. On average, we
obtained approximately 100 voxels in frontal GM, 80 voxels in parietal GM, 300 voxels in
frontal WM, and 200 voxels in parietal WM. These voxels were equally distributed between
left and right hemispheres and across groups. All perfusion data and coregistration steps were
carefully reviewed one by one to assure satisfactory data quality.

Neurocognitive Assessment
A brief neurocognitive battery, administered to ALC within 1 day of the MR study, evaluated
working memory (WAIS-III Digit Span; Wechsler, 1997), visuospatial learning and memory
(Brief Visual Memory Test-Revised; BVMT-R; Benedict, 1997), and visuomotor scanning
speed and incidental learning (WAIS-III Digit Symbol; Wechsler, 1997). The American
National Adult Reading Test (Grober and Sliwinski, 1991) estimated premorbid verbal
intelligence in ALC. Participants were allowed to smoke ad libitum before cognitive
evaluation. A doctoral level neuropsychologist (T.C.D.) administered all neurocognitive and
behavioral tests according to standardized procedures.

Statistical Analyses
Demographic and laboratory variables among groups were compared using univariate analyses
of variance (ANOVA) with no correction for multiple comparisons. Multivariate analyses of
variance (MANOVA; Wilks' λ) were conducted separately for perfusion data obtained with
PLD = 1,500 and 1,200 ms. As the acquisition method was optimized to measure GM perfusion,
we performed separate analyses for GM and WM regions. Therefore, groups were compared
with individual MANOVAs on GM and WM perfusion in the right and left frontal and parietal
lobes. The use of MANOVA accounted for the intercorrelations between perfusion in assessed
regions, controlled for familywise error rate across the analyzed regions, and evaluated the
hypothesis that cerebral perfusion differ as a function of group assignment, hemisphere, and/
or region of interest. Type III sum of squares were used in all multivariate and univariate
analyses.

Three main analyses were performed: in Analysis 1, perfusion was compared between the
entire ALC and the nsLD group, as was typically done in previous neuroimaging research. In
Analysis 2, we contrasted all groups (i.e., sALC, nsALC, and nsLD) to investigate the
hypothesized effects of comorbid alcohol dependence and chronic cigarette smoking. In
Analysis 3, we contrasted sALC and nsALC groups using measures of drinking severity as
covariates to assess the effects of concurrent chronic cigarette smoking in alcohol dependence.
As major depression is associated with decreased prefrontal cortex perfusion (Drevets, 1999;
Soares and Mann, 1997), we repeated all analyses excluding participants diagnosed with
recurrent major depression and substance induced mood disorders.

Nonparametric (Spearman) correlations evaluated relationships between regional perfusion
and measures of drinking and cigarette smoking severity, as well as neurocognitive
performance. The α levels were conservatively adjusted, separately for GM and WM, based
on 2 regions (bilateral frontal and bilateral parietal lobe), 6 measures of drinking severity, 4
measures of smoking severity, and 4 measures of neurocognition. For example, in correlations
between measures of smoking severity with GM perfusion, α = 0.05/(2 regions × 4 measures
of smoking severity) = 0.006. Only regional perfusion obtained with PLD = 1,500 ms was used
in correlational analyses, as it is less prone to confounds from arterial transit time than the
1,200-ms sequence (Li et al., 2005). All statistical tests were conducted with SPSS-12.0 for
Windows (SPSS, Chicago, IL).
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Results
Participant Characterization

Groups were matched on age [F(2, 45) = 0.60, p = 0.55], but not on education [F(2, 45) = 7.24,
p = 0.002], with nsLD having more education than sALC and nsALC (both p < 0.02). Detailed
demographics and participant characteristics for all groups are given in Table 1. nsALC
consisted of 8 Caucasians, 1 Latino, and 1 Native American; sALC included 14 Caucasians, 4
African Americans, and 1 Native American; and the nsLD group consisted of 15 Caucasians,
2 Asians, 1 African American, and 1 Latino.

sALC and nsALC were not significantly different on average number of drinks per month
consumed over 1 and 3 years before enrollment (p > 0.8). However, sALC tended to have a
greater average number of alcoholic drinks consumed per month over lifetime than nsALC
(p = 0.06) and tended to begin drinking at levels higher than 100 drinks per month at younger
age (p = 0.06). sALC did not differ from nsALC on measures of self-reported depressive and
anxiety symptomatology, γ-glutamyltransferase (GGT), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), serum albumin, or prealbumin. Average GGT and AST levels
in both sALC and nsALC were elevated beyond normal range (see Table 2). Average AST and
ALT levels in nsALC were higher than in nsLD (all p < 0.05). The measures of withdrawal
symptomatology for sALC and nsALC were not clinically elevated. For sRA, RBC count and
hematocrit were slightly lower than normal. sALC, compared with nsALC, showed 9% lower
RBC (p = 0.04) levels and 8% lower concentration of hemoglobin (p = 0.05). nsALC did not
differ from nsLD on hematologic variables; however, sALC demonstrated significantly lower
RBC and hematocrit values than nsLD (both p < 0.02; see Table 2).

sALC smoked 21 ± 9 cigarettes per day (minimum = 5, maximum = 35) and smoked at this
level for 22 ± 13 years (minimum = 2, maximum = 44), and cigarette pack-years was 24 ± 18
(minimum = 1, maximum = 61). The sALC Fagerstrom score was 5.4 ± 2.2 (minimum = 2,
maximum = 10), indicating a medium to high level of nicotine dependence.

The groups did not differ on time elapsed after intake of last caffeinated beverage [F(2, 26) =
0.48, p = 0.62], which was consumed on average over 8.4 ± 3.0 hours before the perfusion scan
in all groups (range between 2 and 10 hours). sALC smoked their last cigarette on average 2.2
± 1.0 hours before the measurement of cerebral perfusion: 18 sALC smoked more than 90
minutes before perfusion measurement, whereas 1 sALC smoked 5 minutes before the
acquisition (after a break); however, his perfusion measures were within the range of sALC
perfusion.

Analysis 1: ALC Versus LD
Multivariate analyses of variance comparing perfusion in all regions between nsLD and the
combined ALC group (i.e., sALC and nsALC) yielded a significant group (alcohol) effect [F
(2, 91) = 3.44, p = 0.04] for perfusion measured at PLD = 1,500 ms and a corresponding trend
at PLD = 1,200 ms [F(2, 91) = 2.95, p = 0.06]. No main effects for hemisphere or group-by-
hemisphere interactions were observed; therefore, all findings reported represent average
perfusion values of both hemispheres. Follow-up analyses for the 1,500-ms sequence indicated
13% lower frontal GM perfusion (p = 0.005) and 8% lower parietal GM perfusion (p = 0.03)
in ALC compared with nsLD (see Fig. 4). The follow-up analyses for the 1,200-ms sequence
yielded results similar to those with the 1,500-ms sequence. No main effects (group,
hemisphere) or interactions for WM perfusion were detected with either sequence. These
results were essentially unchanged after all left-handed participants, females, participants who
smoked immediately before their perfusion scans, or participants with recurrent major
depression and substance-induced mood disorders (including those on anti-depressive
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medications) were excluded from analyses. Also, correction of GM perfusion for cerebrospinal
fluid (CSF) content within voxels did not change the results.

Analysis 2: sALC Versus nsALC versus nsLD (Compare Table 3)
Multivariate analyses of variance comparing perfusion in right and left hemispheric frontal and
parietal GM perfusion showed a significant group main effect for both the PLD = 1,500 ms
[F(4, 178) = 3.76, p = 0.006] and the PLD = 1,200 ms [F(4, 178) = 3.31, p = 0.01] sequences.
No main effects for hemisphere or group by hemisphere interactions were observed; therefore,
all findings reported below represent perfusion averaged over both hemispheres. Follow-up
ANOVAs for the 1,500-ms sequence revealed significant group effects for frontal [F(2, 90) =
7.90, p = 0.001] and parietal [F(2, 90) = 4.25, p = 0.02] GM perfusion. Frontal GM perfusion
in sALC was 19% lower than in nsLD (p = 0.001) and 18% lower than in nsALC (p = 0.003).
Parietal GM perfusion in sALC was 12% lower than in nsLD (p = 0.004) and 11% lower than
in nsALC (p = 0.02; see Fig. 4). Notably, nsALC and nsLD were not significantly different on
frontal or parietal GM perfusion. The 1,200-ms MANOVA generally confirmed the results
presented above. Follow-up ANOVAs showed a significant group effect for frontal GM [F(2,
90) = 4.03, p = 0.02] and a trend for group differences for parietal GM [F(2, 90) = 2.52, p =
0.09]. sALC showed 11% lower frontal GM perfusion than nsALC (p = 0.04) and 14% lower
frontal GM perfusion than nsLD (p = 0.004). Again, nsALC and nsLD were not significantly
different on this perfusion measure. For the parietal GM, sALC showed 11% lower and nsALC
9% lower perfusion than nsLD (both p = 0.03). These results were essentially unchanged when
perfusion values were corrected for CSF content within GM voxels. Finally, a 3-way
MANOVA including all groups, hemisphere, and PLD as factors confirmed Analysis 2 findings
by showing a significant effect of PLD [F(2, 201) = 4.14, p = 0.017]. The follow-up analyses
indicated that PLD affected the results for parietal GM perfusion only (p = 0.02). As in Analysis
1, these results were not affected by mood disorders in the ALC, sex, smoking immediately
before perfusion scans, or left-handed participants. No main effects (group, hemisphere) or
interactions were detected for WM perfusion with either sequence.

Analysis 3: sALC Versus nsALC
This analysis tested for effects of concurrent chronic cigarette smoking on regional perfusion
in alcoholics by directly comparing sALC and nsALC. sALC tended to consume more alcoholic
drinks per month over lifetime than nsALC and tended to start drinking heavily at a younger
age. Therefore, these measures of drinking were used as covariates.

For the 1,500-ms sequence, the MANCOVA comparing frontal and parietal GM perfusion with
average number of drinks per month over lifetime as a covariate yielded a significant group
effect [F(2, 52) = 3.16, p = 0.05]. Follow-up t tests indicated that sALC compared with nsALC
had lower frontal GM perfusion (p = 0.007) and tended to demonstrate lower parietal GM
perfusion (p = 0.07). The MANCOVA for the 1,200-ms sequence with average number of
drinks per month over lifetime used as a covariate was not significant [F(2, 52) = 2.09, p =
0.13].

When the age of onset of heavy drinking was used as a covariate, MANCOVA for the 1,500-
ms sequence yielded a significant group effect [F(2, 52) = 3.29, p = 0.05]. Follow-up t tests
indicated that sALC had lower perfusion than nsALC in frontal GM (p = 0.01) but no significant
group differences for parietal GM. For the 1,200-ms sequence, MANCOVA with average
number of drinks per month over lifetime as a covariate yielded a significant group effect [F
(2, 52) = 3.33, p = 0.04]; however, the follow-up t tests showed no group differences (p > 0.09).
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Correlations Among Outcome Measures
In the sALC group, more cigarettes smoked per day correlated with lower frontal GM perfusion
(r = −0.57, p = 0.005) and tended to correlate with lower parietal GM perfusion (r = −0.51, p
= 0.01). In the combined ALC group, lower frontal GM perfusion tended to inversely relate to
greater average number of drinks per month over lifetime (r = −0.38, p = 0.02). These effects
were not lateralized and the other measures of smoking and drinking severity were not related
to regional perfusion (measured with PLD = 1,500 ms). No significant correlations between
regional perfusion and measures of neurocognition were observed for sALC or nsALC.
Depressive and anxiety symptomatology scores did not correlate with perfusion measured by
either sequence, in any region, for both sALC and nsALC. Time after last cigarette (for sALC)
and time after last caffeinated beverage were not related to perfusion levels in any region in
any group.

Discussion
To our knowledge, this is the first quantitative report of the effects of alcohol dependence and
comorbid chronic cigarette smoking on cerebral perfusion. Our methodology noninvasively
quantitated perfusion by altering magnetic properties of endogenous water molecules in arterial
blood (arterial spin labeling), rather than by employing exogenous contrast agents.

Our results suggest that concurrent alcohol dependence and chronic cigarette smoking, but not
alcohol dependence alone, is associated with significant regional GM hypoperfusion in our
sample of 1-week-abstinent alcohol-dependent individuals. The major findings in this cohort
are as follows: (1) as a group, alcoholics (smokers and nonsmokers combined) demonstrated
decreased frontal and parietal GM perfusion relative to nonsmoking light drinkers; (2) smoking
alcoholics demonstrated frontal and parietal GM hypoperfusion, while the regional GM
perfusion of nonsmoking alcohol-dependent participants was generally similar to that of
nonsmoking light drinkers; (3) no hemispheric differences in regional perfusion were observed;
and (4) in smoking alcoholics, lower frontal and parietal perfusion was associated with a higher
number of cigarettes smoked per day. These findings were not affected by sex, smoking
immediately before perfusion scans, left-handedness, or ALC participants with mood
disorders. Also, our results do not appear to be driven by acute effects of smoking, because the
time after last cigarette in our study averaged more than 2 hours, similar to other studies on
chronic effects of smoking (Rogers et al., 1983; Yamashita et al., 1988). Also, Brody (2005)
points out that the acute effects of smoking on absolute perfusion in prefrontal cortex, which
is part of our frontal GM region, are controversial.

The regional hypoperfusion pattern in alcoholics as a group (Analysis 1) was largely consistent
with previous research reporting bilateral frontal and parietal perfusion deficits in alcoholics
in treatment (Demir et al., 2002; Mampunza et al., 1995; Nicolas et al., 1993), which support
the validity of our experimental methods. In contrast to some previous studies (Berglund et al.,
1987; Erbas et al., 1992; Tutus et al., 1998), we did not detect any hemispheric differences in
cerebral hypoperfusion in alcoholics.

When the smoking status of the alcoholic cohort was taken into account (Analysis 2), the largest
difference in frontal and parietal GM perfusion was found between sALC and nsLD. This effect
was not dependent on the PLD, suggesting that our results accurately represent perfusion
deficits in smoking alcoholics, not simply differences in arterial blood transit time. Thus, the
differences of frontal and parietal GM perfusion in the ALC (sALC and nsALC combined)
versus nsLD appear to be largely driven by lower perfusion in sALC.

At the shorter PLD (1,200 ms) nsALC showed significantly lower parietal GM perfusion than
nsLD; this was not apparent at PLD = 1,500 ms (Analysis 2). Studies using transcranial Doppler
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sonography demonstrated decreased cerebral blood flow velocities in carotid arteries in some
alcohol-dependent individuals (Gdovinova, 2001) and increased cerebral blood flow velocities
in chronic cigarette smokers (e.g., Terborg et al., 2002, and references therein). This suggests
that potential group differences in arterial blood flow velocities might confound magnetic
resonance perfusion studies. This notion is further supported by Analysis 3, which
demonstrated that average number of drinks per month over lifetime accounted for some of
the variance of perfusion measured with the 1,500-ms but not the 1,200-ms sequence,
suggesting some influence of drinking history on arterial blood transit times.

Contrary to some previous studies (Demir et al., 2002; Nicolas et al., 1993, 2001; Noel et al.,
2002), we did not find any associations between regional perfusion and neurocognition. This
may be due to the limited number of abilities assessed by our brief cognitive battery, relatively
large regions of interests, and/or significantly shorter abstinence from alcohol than in the other
studies. Our cognitive measures could have been affected by the generalized effects of
detoxification (e.g., Fein et al., 1990) but not likely by clinically significant withdrawal
symptoms (see Table 1).

Possible Mechanisms of Perfusion Deficits in Smoking Alcoholics
The potential effects of perfusion deficits in alcohol dependence were previously associated
with loss of neurons in frontal cortex (e.g., Nicolas et al., 1993) and decreased brain metabolism
(e.g., Volkow et al., 1992). However, cigarette smoking may promote further neuronal damage
and metabolic derangement (Durazzo et al., 2004). The gas and particulate phases of cigarette
smoke contain many noxious compounds [e.g., free radicals, carbon monoxide (CO),
nitrosamines, aldehydes; Fowles et al., 2000] that may directly or indirectly compromise
central nervous system tissue. Chronic cigarette smoking significantly increases the risk of
atherosclerosis (Bolego et al., 2002) and exposure to nicotine is associated with alterations of
vascular endothelial function (see Hawkins et al., 2002). Also, CO levels are significantly
higher in cigarette smokers (Deveci et al., 2004), which may promote both a reduction of
effective hemoglobin concentrations, leading to diminished oxygen carrying capacity of the
blood (Macdonald et al., 2004) and decreased efficiency of the mitochondrial respiratory chain
(Alonso et al., 2004). Chronic cigarette smoking has also been equated to a type of repeated
acute (mild) CO poisoning (Alonso et al., 2004), and is associated with increased oxidative
stress (Panda et al., 2000) and nocturnal hypoxia (Casasola et al., 2002), as well as to respiratory
risks such as chronic obstructive pulmonary disease and other conditions that can compromise
lung function (Bartal, 2001). Therefore, a combination of chronically increased CO levels and
oxidative stress, compromised vascular function, and potentially undiagnosed pulmonary
disease may result in structural and/or metabolic injury of brain tissue of sALC, reflected in
diminished metabolic demand and lower cerebral perfusion.

Study Limitations
The lack of a smoking LD group prevented us from a direct assessment of the effects of alcohol
and smoking and their interaction on cerebral perfusion. All but one of our 19 sALC participants
had their last cigarette more than 90 minutes before the perfusion scan. Previous studies in
nonalcoholic adults found 4 to 12% lower global perfusion in chronic smokers after at least 2
hours of abstinence from smoking compared with nonsmokers (Rogers et al., 1983; Yamashita
et al., 1988). This appears less than the perfusion deficits in frontal and parietal GM found in
our study (19 and 12%, respectively), which suggests that the perfusion deficits in smoking
alcoholics may not be explained by acute cigarette smoking alone. Moreover, we cannot
exclude effects of caffeinated beverages (Field et al., 2003) or craving for cigarettes on our
cerebral perfusion measures (see Brody, 2005; Brody et al., 2002; Domino et al., 2004).
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The retrospective assignment of ALC to smoking and nonsmoking groups and the resulting
unbalanced group membership could have lead to underestimation of the effects of alcohol
dependence per se on cerebral perfusion. This study consisted mostly of male participants, so
that sex effects of concurrent alcohol dependence and cigarette smoking could not be assessed.
The method we used to acquire perfusion weighted images did not allow to control for potential
differences in arterial transit times as well as relaxation rates of blood and brain tissue leading
to possible confounds in quantization. A numerically larger proportion of nsALC (3/10) than
sALC (2/17) took Librium® at the time of study, which may have contributed to
underestimating the effects of comorbid smoking on perfusion in alcoholics. Both ALC groups
did not demonstrate clinically significant withdrawal symptomatology at the time of
assessment (CIWA-Ar; see Table 1) suggesting that withdrawal symptoms were not a major
study confound. Neurocognitive assessment of the 1-week-abstinent ALC was brief by
necessity and did not evaluate all of the functions that were related to regional perfusion in
previous studies. Also, as our method was optimized to measure GM perfusion, quantization
of WM perfusion is likely less accurate. Finally, potential unrecorded group differences in
nutrition, exercise, overall physical health, and genetic predispositions may contribute to the
perfusion deficits in smoking alcoholics described in this study.

Conclusions
Our results replicated findings of previous SPECT and PET perfusion studies in recovering
alcoholics. Most notably, this study provides preliminary evidence that chronic cigarette
smoking adversely affects cerebral perfusion in 1-week-abstinent alcohol-dependent
individuals. It is not clear if the reported GM perfusion deficits in smoking alcoholics reflect
neuronal injury and/or metabolic dysfunction or premorbid conditions or if the perfusion
abnormalities are reversible with abstinence from alcohol and/or smoking. Thus, longitudinal
cerebral perfusion studies evaluating the effects of abstinence from alcohol and/or cigarettes
will assist in answering these questions. Moreover, larger prospective studies with a smoking
control group matched to the ALC groups on measures of smoking severity and recency of last
cigarette use are necessary for rigorous assessments of the specific effects of alcohol
dependence and chronic smoking on cerebral perfusion, cognitive function, and their
interrelationships.

Finally, these results and our other studies (Durazzo et al., 2004, 2006; Gazdzinski et al.,
2005) indicate that consideration of the effects of chronic cigarette smoking is warranted in
studies investigating the neurobiological consequences of alcohol dependence and other
conditions in which smoking is a prevalent comorbid factor.
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Fig. 1.
Horizontal and vertical extents of the 5 measured perfusion slices (region A) and tagging region
(region B).
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Fig. 2.
Perfusion images of nonsmoking light drinker (nsLD) and smoking alcoholic (sALC) obtained
with PLT = 1,500 ms, together with coregistered T1-weighted images. The brain was divided
in bilateral frontal and parietal gray matter (GM) and white matter using methods described in
the Methods section. Note lower intensity in GM region of sALC suggesting lower GM
perfusion than in nsLD. An offset in intensity was applied for display purposes.
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Fig. 3.
Data processing: The T1-weighted image (A), together with probabilistic maps of gray matter
(GM) (B and C) and white matter (WM) (D and E) in frontal and parietal lobes, is coregistered
to the control perfusion scan (G) via a reference image covering the entire brain (F). The control
scan (G) has the same position and orientation as perfusion images measured with postlabeling
delay time of 1,500 ms (H) and 1,200 ms (I). Only voxels containing more than 90% GM or
100% WM were included in analyses.
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Fig. 4.
Frontal (A) and parietal (B) gray matter perfusion in nsLD, combined ALC, nsALC, and sALC
with the 1,500-ms sequence. Means and standard deviations are displayed in institutional units
(IU).
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Table 1
Demographics and Participant Characteristics (Mean ± Standard Deviation)

Parameter nsLD N = 19 (3F) nsALC N = 10 (0F) sALC N = 19 (1F)

Age (y) 47.0 ± 7.9 50.9 ± 10.0 48.0 ± 9.9
Education (y) 16.9 ± 2.8#,$$ 14.2 ± 2.6# 13.6 ± 2.8$$
AMNART 119 ± 7 111 ± 10 113 ± 10
BDI 3.3 ± 3.9 17.3 ± 8.9 15.1 ± 10.8
STAI Y-2 – 50 ± 10 51 ± 10
CIWA-Ar – 4.5 ± 3.8 2.1 ± 1.8
1-y average (drinks per month) 12 ± 17 414 ± 182 429 ± 165
3-y average (drinks per month) 12 ± 17 406 ± 186 414 ± 180
Lifetime average (drinks per month) 15 ± 14 206 ± 132 297 ± 107
Lifetime years 28.2 ± 5.7 34.4 ± 10.0 30.8 ± 9.9
Total lifetime consumption (kg) 65 ± 63 1150 ± 840 1520 ± 820
Onset of heavy drinking (y) – 26.0 ± 8.8 20.0 ± 3.9
Months of heavy drinking – 240 ± 100 300 ± 110
Time after last caffeinated drink (h) 8.3 ± 2.5 9.5 ± 2.0 8.1 ± 3.5
Time after last cigarette (h) – – 2.2 ± 1.0

#
Contrast between sALC and nsLD: p<0.05.

$$
Contrast between nsALC and nsLD: p<0.01.

AMNART, American National Adult Reading Test; BDI, Beck Depression Inventory; STAI Y-2, State-trait Anxiety Inventory-State; CIWA-Ar, Addiction
Research Foundation Clinical Institute of Withdrawal Assessment for Alcohol; 1 y average, number of drinks per month over 1y before study; 3-y average,
number of drinks per month over 3 y before study; lifetime average, number of drinks per month over lifetime; lifetime years, number of years of regular
alcohol consumption over lifetime; total lifetime consumption, total amount of pure EtOH (kg) consumed over lifetime; onset of heavy drinking, age,
when alcohol consumption exceeded 100 drinks per month.
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Table 2
Laboratory Variables (Mean ± Standard Deviation)

Parameter
nsLD N = 19

(3F)
nsALC N = 10

(0F)
sALC N = 19

(1F)

GGT (IU) 21 ± 10# 143 ± 196# 88 ± 59
AST (IU) 22.9 ± 7.1# 54 ± 50# 36 ± 19
ALT (IU) 27.1 ± 15.4# 66 ± 56# 41 ± 29
Albumin (g/dL) 4.08 ± 0.29 3.86 ± 0.38 4.05 ± 0.31
Prealbumin (mg/dL) 31.1 ± 5.8 30.1 ± 6.2 28.4 ± 5.7
CO2 27.8 ± 2.2 27.6 ± 1.5 28.8 ± 2.1
WBC 6.4 ± 1.5 7.8 ± 0.9 7.3 ± 1.7
RBC 4.92 ± 0.33$$ 4.76 ± 0.38* 4.35 ± 0.39*,$$
Hemoglobin (g/dL) 14.4 ± 2.9 15.4 ± 1.0* 14.1 ± 1.3*
Hematocrit (%) 44.1 ± 3.0$ 44.1 ± 2.5* 41.1 ± 3.3*,$
MCV 88.8 ± 2.5$$ 90.7 ± 7.4* 94.9 ± 3.0*,$$
Hep-C (number of participants) 0 3 2

GGT, γ-glutamyltransferase; local normal range = 7–64 institutional units (IU); AST, aspartate aminotransferase; local normal range = 5–35 IU; ALT,
alanine aminotransferase; local normal range = 7–56 IU; albumin local normal range = 3.3–5.2 g/dL; prealbumin local normal range, 18–45 mg/dL; NA,
not available; WBC, white blood cell count; local normal range = 4.8–10.8 K/cmm; RBC = red blood cell count; local normal range = 4.7–6.1 M/cmm;
hemoglobin local normal range = 14–18 g/dL; hematocrit local normal range = 42–52%.

*
Contrast between nsALC and nsLD: p<0.05.

$
Contrast between sALC and nsALC: p<0.05.

#
Contrast between sALC and nsLD: p<0.05.

$$
Contrast between sALC and nsALC: p<0.01.
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