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Acute effects of alcohol on brain perfusion monitored with arterial
spin labeling magnetic resonance imaging in young adults
Michael Marxen1, Gabriela Gan1, Daniel Schwarz1, Eva Mennigen1, Maximilian Pilhatsch1, Ulrich S Zimmermann1,
Matthias Guenther2,3,4 and Michael N Smolka1

While a number of studies have established that moderate doses of alcohol increase brain perfusion, the time course of such
an increase as a function of breath alcohol concentration (BrAC) has not yet been investigated, and studies differ about regional
effects. Using arterial spin labeling (ASL) magnetic resonance imaging, we investigated (1) the time course of the perfusion increase
during a 15-minute linear increase of BrAC up to 0.6 g/kg followed by a steady exposure of 100 minutes, (2) the regional distribution,
(3) a potential gender effect, and (4) the temporal stability of perfusion effects. In 48 young adults who participated in the Dresden
longitudinal study on alcohol effects in young adults, we observed (1) a 7% increase of global perfusion as compared with placebo
and that perfusion and BrAC are tightly coupled in time, (2) that the increase reaches significance in most regions of the brain, (3) that
the effect is stronger in women than in men, and (4) that an acute tolerance effect is not observable on the time scale of 2 hours.
Larger studies are needed to investigate the origin and the consequences of the effect, as well as the correlates of inter-subject
variations.
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INTRODUCTION
It is generally known that alcohol increases brain perfusion or
cerebral blood flow (CBF). As reviewed, for example, by Sano et al1

or Mathew and Wilson,2 early findings based on the nitrous oxide
technique3 were still inconsistent. However, with the emergence of
less invasive perfusion imaging techniques, it is now well
established that moderate doses of alcohol (B0.6 g/kg breath
alcohol concentration (BrAC) increase brain perfusion but also that
the between-subject variability as well as the regional variability are
large. For example, Khalili-Mahani et al4 report that only 6 of 12
subjects show a perfusion increase, and Tolentino et al5 find
perfusion effects only in the frontal lobes whereas others report
also, for example, temporal regions.4,6 Table 1 summarizes protocols
and selected findings from nine related imaging studies1,4–11 that
have measured the effect of alcohol on brain perfusion. As can be
seen from Table 1, the advent of ASL magnetic resonance
imaging12 to measure absolute CBF with high spatial and
temporal resolution has sparked a renewed interest in the field.

While studies agree on the global trend, there are large
differences about the magnitude of the effect and the regional
distribution of the increase. Our study will address some of the
potential reasons for these differences: (1) Perfusion might change
not only as a function of BrAC but also as a function of time. All of
these studies have acquired perfusion data from only 1 or 2 time
points obtained 30 minutes or more after alcohol administration.
Our study monitored perfusion continuously during the rise of BrAC
and investigates whether perfusion rises immediately after the BrAC
or is delayed. (2) Currently, only one study in Table 1 investigated
more than 20 subjects. We present data from 48 subjects, which

provide greater power to detect small local effects. In addition to a
voxel-based whole-brain analysis, we have divided the brain into 26
sub-regions to reduce the potential for false-negative findings in the
voxel-wise analysis (multiple comparison problems). (3) Only one
study7 has addressed the issue of gender as a potential reason for
the inter-subject variability and reported an increase of perfusion in
men but not in women. We will attempt to replicate this result in
our cohort. (4) An additional late measurement at B110 minutes
after the start of the infusion allows us to address the questions
whether early and late perfusion measurements differ.

Finally, age and variable blood alcohol concentrations (BAC)
after oral alcohol administration might contribute to the observed
variability of perfusion changes under alcohol. The observation
that an alcohol dose of 0.6 g/kg body mass led to 66 g/kg BAC in
young males versus 88 g/kg in old males8 emphasizes this
possibility in combination with the fact that all but one study in
Table 1 administered alcohol orally at a dose independent of age.
In addition, it is well known that brain perfusion decreases with
age.13 In this regard, our study benefits from a narrow age range
of 18- to 19-year-olds and from an infusion technique that allows
us to reduce inter-subject variability by targeting specific BAC
values accounting for subject weight, size, age, and gender of the
individual subjects.14

MATERIALS AND METHODS
Participants
Participants were recruited for the Dresden longitudinal study on alcohol
effects in young adults. The Dresden longitudinal study on alcohol effects
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Table 1. Summary of imaging studies investigating the effect of alcohol on perfusion

Reference Design Sample sizes/gender Age
Alcohol
admin. Dose/BAC

Imaging
technique

Time after alcohol
administration Selected findings

Tolentino et al5 Placebo controlled,
repeated measures

44 low and 44 high
responders to
alcohol, 50% m/fm

18–25 Oral fm: 0.7ml/kg
m: 0.75ml/kg
peak BAC 60mg%

PASL 60minutes Perfusion increase in R MFG to R IFG,
SFG: 17%, d¼ 1.34; Bl CG to Bl MFG,
SFG: 11%, 1.07; L MFG to SFG: 14%,
1.01; Bl MFG to Bl ACC: 14%, 1.03; R
PreCG to R IFG, MFG: 13%, 1.13; low
correlation of alcohol effect with level
of response in Bl CG

Rickenbacher et al7 Placebo controlled,
repeated measures

10m, 9 fm 22–33 Oral fm: 0.55 g/kg -4
38mg%
m: 0.6 g/kg -4
47mg%

PASL 90minutes 40 cortical ROIs: no alcohol effect in
women; sig. effect of alcohol in FC in
men

Khalili-Mahani et al4 Placebo controlled,
repeated measures

12m 18–40 Infusion BAC 63mg% PCASL Before and 120minutes Global increase in CBF in only half of
the subjects; placebo shows a decrease
in perfusion in 11/12 subjects; regions
with an alcohol effect: L PreCG, L Fusi, R
hippocampus, L premotor, L CC, L
occipital pole, R premotor, L postCG

Tiihonen et al11 Placeboþ ethanol
naloxoneþ ethanol
repeated measures

6m 30–61 Oral 0.7 g/kg [99mTc]HMPAO
Spect

B30minutes Placebo þ ethanol increased perfusion
in R PFC by 8% (Po0.01) from baseline,
which was significantly larger than the
increase after naloxoneþ ethanol. The
effect with naloxone (an opioid
recepter antagonist) over baseline was
not significant.

Schwartz et al8 Placebo controlled,
repeated measures

12 young m
12 old m

22–37
63–77

Oral 0.6 g/kg -4
70.3mg% young
93.4mg% old

[99mTc]HMPAO
Spect

134minutes after
completing
consumption

4% average global increase;
paradoxical neg. correlation with BAC;
age-dependent effect of acetate; 16
cortical ROIs

Sano et al1 Pre-post 13m 23–37 Oral 0.7 g/kgþ 0.8 g/kg
1 hour later -4
40mg% and 89mg%

Xe-133
technique

30minutes after each
dose

12% average increase at low dose; 16%
at high dose; 14 cortical ROIs

Volkow et al6 Pre-post 7 low dose m
6 high dose m

25–35 Oral 0.5 g/kg -4
40minutes 37mg%
60minutes 44mg%
1g/kg -4
40minutes 73mg%
60minutes 87mg%

O15–water PET 2 baseline scans þ
40minutesþ 60minutes

Measured only CBF relative to global
CBF; data averaged overall subjects/
BACs; 13 ROIs: sig. increase at
40minutes.: PFC 4% (Po0.05), L TempC
3% (0.05), R TempC 2% (0.01); at
60minute.: PFC 7% (0.01), L Temp C 3%
(0.05), R Temp C 2% (0.05); decrease at
40minute.: Cerebellum—3% (0.01); at
60minute.: Cerebellum—5% (0.001),
thalamus—5% (0.05)

Mathew et al9 Independent alcohol and
placebo groups

Alc.: 6m, 8 fm
Plac.: 5m, 7 fm

B30 Oral 0.5 g/kg -4 70mg% Xe-133
technique

baseline þ 60minutes Significant increase in both
hemispheres; no correlation with BAC;
32 cortical ROIs

Newlin et al10 Placebo controlled,
repeated measures

6m
4 fm

22–41 Oral 0.75 g/kg Xe-133
technique

60–90minutes 20% increase in GM; no WM effect;
greater increase in R anterior quadrant
compared with left; 16 cortical ROIs

ACC, anterior cingulate gyrus; BAC, blood alcohol concentration; Bl, bilateral; CG, cingulate gyrus; fm, female; Fusi, fusiform gyrus; IFG, inferior frontal gyrus; GM, gray matter; L, left; m, male; MFG, middle fusiform
gyrus; PASL, pulsed arterial spin labeling; PCASL, pseudocontinuous arterial spin labeling; preCG, precentral gyrus; postCG, postcentral gyrus, R, right; ROI, region of interest; SFG, superior fusiform gyrus; tempC,
temporal cortex; WM, white matter.
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in young adults study includes only subjects with alcohol consumption
levels of at least two drinks per week and at least one lifetime occasion of
getting drunk. A subset without MR contraindications and who reached
BrAC levels of at least 0.5 g/kg during a free-access alcohol self-
administration experiment were selected for the combined ASL/functional
magnetic resonance imaging experiment.

Arterial spin labeling data were acquired in 50 young adults (18 or 19
years old). Two subjects had to be excluded because of spatial normalization
problems. Of 48 subjects, 17 were female and 13 had a positive family
history of alcoholism (FHA) (at least one first-degree biologic relative affected
by alcoholism), in four subjects FHA was unknown, 31 were FHA negative (no
first- or second-degree relative affected by alcoholism). Effects of FHA are not
considered here but investigated separately. Only 38 subjects had a
complete set of ASL data including the required ASL gauge data for the
estimation of absolute perfusion (see Supplementary 1). Consequentially,
absolute perfusion results as well as late perfusion results at 110 minutes
after the start of the infusion could only be computed in 38 subjects, while
the early ramp data relative to baseline were available in 48 subjects.

All subjects were physically and mentally healthy, provided written
informed consent, and were paid h10 per hour. The study was approved by
the Ethics Committee of the Technische Universität Dresden and follows
the Ethical Principles of Psychologists and Code of Conduct by the
American Psychological Association.

Experimental Procedure
A single, masked, placebo-controlled, pseudorandomized crossover design
was employed. Subjects were studied for 2 days separated by at least 1
week, once receiving an intravenous infusion of a 6% (v/v) alcohol solution
(mixture of normal saline (0.9%) with 95% ethanol (Braun, Melsungen,
Germany)) and once normal saline in the placebo condition. In the alcohol
condition, BrAC was increased linearly up to 0.6 g/kg within 15 minutes
using the computer-assisted infusion of ethanol system (CAIS).14,15 The
BrAC level of 0.6 g/kg was maintained for B115 minutes. The infusion rates
required to achieve this time course of BrAC in every subject were
calculated based on subjects’ weight, height, age, and gender, as well as
on measured BrACs and fed into the infusion pumps (Infusomat fmS, B.
Braun, Melsungen, Germany) twice per minute by the CAIS system. On
placebo days, exactly the same infusion protocol over time was employed,
administering normal saline without ethanol. As shown in Figure 1, nine
BrAC measurements were obtained using a Alcotest 6810 med breath-
alyzer (Draeger Sicherheitstechnik, Lübeck, Germany) during the course of
the experiment. As the breathalyzer cannot be taken into the scanning
room, we collected end-expiratory air from subjects lying in the scanner,
using a standard children’s toy balloon, and squeezed the air through the
breathalyzer immediately afterwards.16

Breath alcohol concentration measurements are preferable in our
experiments over venous blood sampling because BrAC is always closely
related to arterial blood alcohol concentration, even during the early phase
of intravenous ethanol administration, when arterial and venous BAC
values can differ substantially.17,18 Physiologically, alcohol may change
perfusion via two mechanisms: (1) alcohol may affect perfusion directly via
its vasodilatory effects on arterial vessels19 or (2) alcohol may lead to
changes in brain metabolism that triggers indirect vasodilatory
mechanisms.20 Arterial BAC levels would obviously govern the first effect
whereas the second effect could be a complicated function of local
extravascular alcohol concentration. But even extravascular alcohol
concentration should be closely related to arterial blood alcohol
concentration than to peripheral venous BAC because the exchange of
alcohol between arterial and capillary vessels with the extravascular tissue
in the brain should be fast because of the high-flow rate and the relatively
low extravascular water volume of the brain. Arterial spin labeling data
were acquired once before (measurement A in Figure 1), 6 times during
the 15-minute ramp of linearly increasing BrAC (B1 to B6), once after
reaching the target alcohol concentration (C), and again 110 minutes after
the start of the infusion (late measurement: D). Additional neuropsycho-
logical measures (subjective perception of alcohol, eye tracking) and 2
functional magnetic resonance imaging paradigms (stop-signal task and
Taylor aggression paradigm) were acquired and will be reported
elsewhere. Subjects received a washroom break after B1 hour inside the
MR scanner.

Magnetic Resonance Data Acquisition and Processing
(See Supplementary 1 for details) Imaging data were acquired with a
3T MR scanner (Magnetom Tim Trio, Siemens, Germany) equipped with a

12-channel head coil. Perfusion was measured using a pulsed ASL
sequence with a three-dimensional GRASE readout.21 Images at inflow
delays (TI) of 300 to 2600 milliseconds were acquired with an increment of
100 milliseconds allowing the estimation of perfusion as well as bolus
arrival time of the spin-labeled blood. In each voxel, the ASL signal as a
function of TI was fitted using a 1-compartment model22 with perfusion
CBF and bolus arrival time as free parameters. At the end of one scanning
session, T2- and T1-weighted images were acquired for spatial
normalization and tissue segmentation purposes. A gray and white
matter mask was generated to compute global perfusion.

Data Modeling and Statistical Tests
The CBF data matrix DCBF as a function of time (18 time points for both
sessions) was now modeled for each voxel or region of interest (ROI) and
subject using a general linear model with six basis functions X:

Thus, b6 represents the CBF baseline and b5 a potential offset of the
baseline for the alcohol session. b1 and b3 represent a linear increase
(ramp) of CFB as a function of BrAC. b2 and b4 represent the CBF increase
at the late measurement point D over the baseline. The group average of
b6 will be presented as a baseline perfusion map. Given our range of BrAC
values, the linear ramp model was appropriate. Use of a logistic
function, commonly applied in pharmacology, did not result in a stable
fit. A model comparison between a 4-parameter logistic function and the
linear model based on the Bayes Information Criterion also favoured the
linear ramp model. Such models would require much higher BrAC levels
unobtainable in human subjects to capture the tail end of the function or
more precise, technically challenging measurements of perfusion and BAC
with higher temporal resolution to capture the shape of the initial rise of
perfusion.

Relative effects of placebo/alcohol were computed about the substance-
specific baseline. Given that the targeted BrAC level was not reached
precisely, we used the BrAC-based estimate of BrAC at time point C
(BrAC_C; see Figure 1) to predict the placebo-controlled, relative alcohol
effect for 60 mg/dL:

DCBFalc�plac ¼
b3

b6þ b5
� b1

b6

� �
� 0:6 g=kg

BrAC C
ð2Þ

This quantity will be referred to as the ‘alcohol effect’ below.
On the group level, CBF values were subsequently analyzed voxel wise

for the whole brain (mean from individual grayþwhite matter masks—see
above) and for 26 ROIs covering the complete cerebrum (regional means).
Regions of interest were defined in Montreal Neurological Institute space
based on the automated anatomic labeling atlas23 for subcortical regions
and the Talairach Daemon database24,25 for lobar regions using the WFU-
Pickatlas tool.26

The alcohol effect was tested against null on the group level
(N¼ 48) using a 2-sided student’s t-test. Statistics were computed
using SPM8, and active regions were specified based on the Talairach
Daemon.24,25
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The effect sizes d are given for each ROI and were computed
following27 as

d DCBFalc�plac
� �

¼
b3

b6 þb5
� b1

b6

� �
� 0:6 g=kg

BrAC C

h i
i

n oD E
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b6 þ b5
� b1

b6

� �
�0:6 g=kg

BrAC C

h i
i

n o� �
þVar b1

b6

� �
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s
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where :h i represents the mean, Var :ð Þ the variance, and i 2 1; :::;Nf g the
subject index. Note that this formula estimates the effect size in
independent placebo/alcohol groups ignoring subject pairing. In 38
subjects and for each ROI, we also tested whether the late measurement
D for the alcohol condition (b4) was different from zero or different from
the predicted value at 60 mg/dL b1

b6
þDCBFalc�plac using a 2-sided t-test.

To investigate a possible gender effect, DCBFalc�plac in 17 women was
compared with the same quantity in 31 men using a 2-sample t-test with
different group variances.

RESULTS
To demonstrate that our perfusion measurements are physiolo-
gically reasonable, we generated a map of group average baseline
perfusion (see Figure 2A). As expected, gray matter regions show
stronger perfusion values than white matter regions. The global
baseline perfusion value of 54 mL blood per100 g tissue per
minute (see Table 3—first row and Figure 2B) is comparable in
magnitude to previous ASL studies.4,7,5 Note in Figure 2A that ASL
data was not acquired for the cerebellum.

As displayed in Figure 2B, global perfusion increases under
alcohol from B54 mL/100 g per minute to 59 mL/100 g per minute
and follows BrAC immediately. The relative change of 7.6%
globally when extrapolated to 0.6 g/kg is highly significant (see
Table 3—first row).

The results of the voxel-wise analysis of the regional alcohol
effect are shown in Figure 2C with statistics in Table 2 for clusters
with more than 25 voxels. A decrease in perfusion could not be
observed in any voxel even at a liberal threshold of Po0.001
uncorrected. Results of the statistical analysis of the ROI data

indicate substantial perfusion increases (Cohen’s dX0.5) in all
brain regions except the left and right amygdala and the right
occipital lobe (cf. Table 3; first row refers to global data).

Regarding a potential gender effect, our global data (first row of
Table 3) show a significantly stronger increase of perfusion in
women than in men (P¼ 0.049). As the numbers of female and
male participants were unequal, we used bootstrapping to confirm
the significance of the finding by computing 95% confidence
intervals for the ramp difference between men and women in 500
sets of 16 female subjects and 16 FHA-matched male subjects (for
one female subject, the FHA status was unknown). For all regions
including the global value with Pp0.05, the 95% confidence
interval for the gender difference does not include zero, which
confirms our finding. However, the effect is not significant in any
ROI when correcting conservatively for multiple comparisons.

Late perfusion measurements obtained 110 minutes after
alcohol administration began are summarized in the last four
columns of Table 3 and Figure 2D. Although alcohol effects on
perfusion seem to change over time in the maps (Figures 2C, 2D),
statistical testing revealed that perfusion at 110 minutes did
neither change significantly globally nor in the ROIs compared
with perfusion measured B90 minutes earlier when initially
reaching the target BrAC level (perfusion value predicted for an
BrAC of 0.6 g/kg; see Materials and Methods).

A few additional insights from the global perfusion data are not
included in Table 3. There is no significant effect of substance
(P¼ 0.49) or gender (P¼ 0.13) on baseline perfusion. The placebo
ramp is significantly positive (P¼ 0.01) overall but not significant in
women (P¼ 0.51); the effect is driven by males (P¼ 0.01). The late
perfusion measurement (D) in the placebo condition is not
significantly different from the baseline (P¼ 0.40), but is highly
significant for the alcohol condition (see Table 3). However, there is
no significant gender effect (P¼ 0.97) for the late measurement
(D). The late measurement is not significantly different (P¼ 0.48)
from the value predicted by the initial ramp response (see
equation (2)). All the nonsignificant findings above are also true for
all 26 ROIs when correcting for multiple comparisons (a¼ 0.05/26).

Parameters additional to perfusion are not the focus of this
paper. However, we did investigate a potential linear decrease of
bolus arrival time under alcohol but could not observe such an
effect.

DISCUSSION
Time Course, Dependence on Brain Exposure, and Spatial
Distribution of Perfusion
The observed increase in global perfusion of 7% with respect to
the placebo condition for an BrAC value of 0.6 g/kg is in
approximate agreement with previous studies cited in Table 1.
Figure 2B demonstrates that this increase follows BrAC without an
obvious delay at a time scale of minutes. Although a small,
significant increase of global perfusion of 1.7% in the placebo
condition was observed (see Table 3), the alcohol effect is
dominated by the alcohol ramp. Globally, and in all 26 ROIs, no
significant acute tolerance or sensitization (change in perfusion
over the course of almost 2 hours of steady exposure) could be
detected (see the last 2 columns of Table 3). However, the voxel-
wise perfusion analysis in Figure 2C, using the early ramp data in
48 subjects compared with late measurements after 110 minutes
of alcohol infusion in 38 subjects, suggests some regional
differences (see Figure 2D). For example, the thalamus and the
right temporoparietal regions are missing in the late measurement
maps. Frontal activations are focused more medially. In addition,
the effect seems to be stronger in the left hemisphere in the late
data whereas it appears stronger in the right hemisphere in the
early data. Overall, the late perfusion changes are larger in
magnitude, but the s.e.m. is also larger (see Table 3). The
comparison of Figures 2C, 2D is an illustration of the common
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subjective perception of alcohol, which will be reported elsewhere.
aBAC, arterial blood alcohol concentration; ASL, arterial spin
labeling; fMRI, functional magnetic resonance imaging; MRI,
magnetic resonance imaging.
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problem that statistically thresholded functional brain maps may
appear very different despite the fact that no statistically
significant differences exist between the two conditions.

Both early and late maps of the perfusion increase show large
regions with no significant alcohol effect. A known issue with the
voxel-wise analysis is the high potential for false-negative findings.
In anticipation of such a bias, we conducted the ROI analysis,
which demonstrates that most regions of the brain show a highly
significant alcohol effect (after correcting for multiple compar-
isons). Effect sizes are medium to large, ranging from 0.6 to 1.2
(Cohen’s d). The occipital lobes and the amygdalae are exceptions.
Such effects still indicate a substantial amount of inter-subject
variability despite the employed CAIS infusion approach. Unfortu-
nately, a comparison of effect size with previous studies is not
sensible in this context, as the available sample sizes are too small.

Similar significant changes are found 110 minutes after the start of
the infusion. Even for the occipital lobe, the late changes are
significant. Differences between the early and late measurement are
far from significance. Amygdala data should be interpreted with
caution because the regions are small, partially cut off by our field of
vision, and at the bottom of the ASL data slab where ASL data
quality is limited. The relatively low increase in perfusion in the
occipital lobe is in agreement with the FDG–PET finding that glucose
uptake relative to the whole-brain uptake is decreased in the
occipital lobe (and the cerebellum), whereas other brain regions
show a relative increase in uptake.28 This observation indicates that
the alcohol effect on perfusion might not be completely
independent of the metabolic effect, which would be the case if

direct vasodilatory effects of alcohol19 would dominate the
perfusion effect. However, the correlation of perfusion and brain
metabolism is complicated. Whereas glucose metabolism is known
to decrease with alcohol administration,29 acetate, which also can be
metabolized, exhibits an increased uptake in response to alcohol.30

We shall discuss briefly the unexpected observation that
perfusion appears to drop immediately after the BrAC curve
changes from linear increase to a constant level (point BrAC_C at
18 minutes in Figure 1). Because the effect is only a trend when
testing measurement C against B6 using a 2-sided paired t-test
(P¼ 0.09), we did not pursue the effect in great detail. Given that
the effect is not observed in the placebo experiment, we consider
a measurement error unlikely. We can think of two explanations
for this effect: (a) perfusion might immediately respond to the
leveling off of BrAC; (b) the effect might be an unwanted artifact
of our infusion method. As shown in Figure 1, the actual BrAC
reading at 21 minutes is below the target of 0.6 g/kg. Computer-
assisted infusion of ethanol system software uses real-time
feedback of actual BrAC measurements to compute adjustments
to the infusion rate to maintain fidelity to the prescribed
trajectory. However, we could only obtain BrAC readings starting
21 minutes after the start of the infusion to avoid an interference
with MR data acquisition. After 15 minutes, the ascending limb
BrAC should ideally have turned sharply into a constant time
course. However, the CAIS software first received feedback about
the low BrACs only at 21 minutes. Based on other studies using
CAIS, it is probable that the uncorrected trajectory of BrAC
included a transient drop during the interval from B15 to
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23 minutes. In either case, the correspondingly dropping perfusion
value appears to indicate a very tight coupling between BrAC and
perfusion.

Gender Effect
We were not able to replicate the findings by Rickenbacher et al7 in
nine women and 10 men, that only men show an increase of brain
perfusion after alcohol administration. Our global data show even a
significantly stronger acute effect of alcohol on brain perfusion in
women. The average global perfusion increase in women of 11%
was almost double than that of men right after the BrAC ramp (see
Table 3). However, the inter-subject variability is large and requires
additional studies with more subjects to confirm our findings. At
the late measurement point (D), the increase in both groups was
B10% and no significant gender difference could be found. Larger
group studies on the gender effect are encouraged and should pay
particular attention to potential effects of gender on the time
course of the perfusion response.

Methodological Issues
Acquiring ASL data at multiple inflow times in combination with
the employed 2-parameter model offers the advantage of more
accurate perfusion data in large regions of the brain owing to the
additional information of voxel-wise bolus arrival time. However,
in other regions of the brain, perfusion estimates may be biased
by arterial transit flow, that contributes to the ASL signal but not
to perfusion of local tissue. We have addressed this concern by
employing two additional models to our data: (1) a conventional
one-compartment model with an assumed bolus arrival time
equals 0.8 seconds, which was only applied to the tail of the inflow
curve with inflow times of 2 seconds and above. In this range of
inflow times, the arterial component should not be present any
more. (2) A two-compartment, four-parameter model that also
includes arterial blood volume and arterial bolus arrival time as
additional parameters.31 However, these alternative models had
only a minor influence on our results, e.g., the global alcohol effect
on perfusion is 7.7±1.5% increase for model 2 versus 7.4±1.2%
presented in Table 3, and do not change our general conclusions.

Table 2. Cluster statistics for P40.05 (FWE) for clusters with more than 25 3mm isotropic voxels

Peak level

Number of voxels
per cluster P (FWE-corr) T P (uncorr) MNI coordinates (mm) Region

8025 0.000 8.52 0.000 � 21 17 � 14 L Inferior frontal gyrus BA 47
0.000 8.08 0.000 12 17 � 11 R Caudate head
0.000 7.86 0.000 66 � 34 31 R Inferior parietal lobule BA 40
0.000 7.86 0.000 � 12 38 � 2 L Medial frontal gyrus BA 10
0.000 7.83 0.000 9 17 22 R Anterior cingulate BA 33
0.000 7.82 0.000 63 � 37 � 5 R Middle temporal gyrus BA 21
0.000 7.77 0.000 24 26 � 11 R Inferior frontal gyrus BA 47
0.000 7.69 0.000 54 � 43 34 R Supramarginal gyrus BA 40
0.000 7.61 0.000 51 � 37 22 R Insula BA 13
0.000 7.59 0.000 6 14 � 20 R Medial frontal gyrus BA 25
0.000 7.51 0.000 21 17 � 14 R Subcallosal gyrus BA 47
0.000 7.41 0.000 6 41 � 2 R Anterior cingulate BA 32
0.000 7.30 0.000 9 35 � 5 R Anterior cingulate BA 32
0.000 7.29 0.000 9 20 10 R Caudate body
0.000 7.26 0.000 � 12 32 16 L Anterior cingulate BA 32
0.000 7.23 0.000 36 � 7 25 R Insula BA 13

1087 0.000 7.80 0.000 9 � 10 16 R Thalamus
0.000 7.74 0.000 15 � 19 16 R Thalamus lateral posterior nucleus
0.000 7.24 0.000 � 15 � 25 4 L Thalamus pulvinar
0.000 7.01 0.000 � 6 � 22 16 L Thalamus
0.000 6.97 0.000 � 3 � 13 10 L Thalamus
0.005 5.69 0.000 � 24 � 40 4 L Parahippocampal gyrus BA 30
0.024 5.14 0.000 24 � 16 25 R Caudate body

557 0.000 6.68 0.000 � 42 � 37 22 L Insula BA 13
0.001 6.45 0.000 � 54 � 43 31 L Supramarginal gyrus BA 40
0.001 6.41 0.000 � 57 � 40 22 L Superior temporal gyrus BA 13
0.005 5.70 0.000 � 36 � 25 34 L Postcentral gyrus BA 2
0.011 5.42 0.000 � 30 � 13 37 L Frontal subgyral white matter
0.012 5.38 0.000 � 33 � 34 34 L Inferior parietal lobule BA 40
0.014 5.34 0.000 � 33 � 31 40 L Postcentral gyrus BA 2
0.018 5.25 0.000 � 48 � 52 22 L Supramarginal gyrus BA 40
0.025 5.13 0.000 � 39 � 49 37 L Supramarginal gyrus BA 40
0.030 5.07 0.000 � 51 � 31 40 L Postcentral gyrus BA 2
0.030 5.07 0.000 � 45 � 55 34 L Inferior parietal lobule BA 40

72 0.001 6.21 0.000 15 � 25 67 R Precentral gyrus BA 4
0.014 5.33 0.000 9 � 16 67 R Medial frontal gyrus BA 6
0.022 5.18 0.000 12 � 19 64 R Superior frontal gyrus BA 6
0.039 4.98 0.000 15 � 13 61 R Medial frontal gyrus BA 6

58 0.004 5.80 0.000 � 63 � 49 � 11 L Inferior temporal gyrus BA 37
0.006 5.62 0.000 � 54 � 49 � 14 L Inferior temporal gyrus BA 20

55 0.004 5.78 0.000 � 15 � 40 40 L Cingulate gyrus BA 31
0.004 5.73 0.000 � 12 � 43 43 L Cingulate gyrus BA 31
0.036 5.00 0.000 � 15 � 34 31 L Cingulate gyrus white matter

68 0.005 5.72 0.000 � 51 � 7 16 L Postcentral gyrus BA 43
0.016 5.28 0.000 � 66 � 10 22 L Postcentral gyrus BA 43
0.023 5.16 0.000 � 57 � 4 22 L Precentral gyrus BA 4
0.024 5.15 0.000 � 66 � 13 28 L Postcentral gyrus BA 3

31 0.007 5.57 0.000 � 54 � 13 � 14 L Middle temporal gyrus BA 21

FWE, family-wise error; MNI, Montreal Neurological Institute; L, left; R, right.
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Table 3. Quantitative results for global and regional CBF values

Early BrAC ramp Gender effect Late measurement

ROI-hemisphere

ROI
volume

(ml)

Measured
ROI
volume
(ml)

Baseline
CBF (mL/
100 g per
minute)

Relative
placebo
ramp (%) P–value

Relative
alcohol

ramp (%) P–value
DCBFalc–

plac (%) P–value
Effect
size d

DCBFalc–plac

(women) (%)

DCBFalc–

plac (men)
(%)

P–value
gender
effect CBFD (%) P–value

CBFD–
predicted

(%) P–value

Global NaN 1259.3 54±2 1.7±0.6 0.013 7.6±0.8 o0.001 7.4±1.2 o0.001 1.2 10.7±1.9 5.6±1.5 0.049 10.4±1.6 o0.001 1.3±1.9 0.480
Frontal L 277.8 244.1 55±2 1.3±0.7 0.084 7.6±0.9 o0.001 8.0±1.4 o0.001 1.1 10.0±2.2 6.9±1.8 0.287 11.2±1.7 o0.001 1.9±2.0 0.333

R 284.6 253.9 49±2 1.9±0.8 0.015 9.2±1.0 o0.001 8.9±1.4 o0.001 1.2 12.3±2.4 7.1±1.5 0.078 12.8±2.0 o0.001 2.0±2.2 0.377
Occipital L 81.9 57.7 58±2 2.8±0.9 0.004 6.7±1.0 o0.001 4.7±1.8 0.013 0.5 8.7±2.8 2.5±2.3 0.101 9.1±2.4 o0.001 2.0±2.8 0.470

R 83.9 54.6 53±2 3.9±0.9 o0.001 6.8±1.0 o0.001 3.4±1.8 0.067 0.4 8.4±2.6 0.7±2.3 0.030 9.4±2.4 o0.001 2.1±2.8 0.461
Parietal L 106.6 103.7 63±2 2.9±0.8 o0.001 8.8±0.9 o0.001 7.4±1.5 o0.001 1.0 9.5±2.3 6.3±1.9 0.304 12.8±1.9 o0.001 2.5±2.3 0.297

R 107.3 102.4 65±2 3.0±0.8 o0.001 9.9±0.9 o0.001 8.5±1.4 o0.001 1.2 12.9±2.2 6.1±1.7 0.023 11.2±2.1 o0.001 –0.4±2.3 0.878
Temporal L 133.2 94.1 56±1 –0.9±0.6 0.160 4.1±0.7 o0.001 6.3±1.2 o0.001 1.1 8.7±2.0 5.0±1.5 0.162 7.0±1.3 o0.001 1.8±1.6 0.272

R 133.2 94.7 56±2 –0.3±0.6 0.596 5.8±0.8 o0.001 7.7±1.3 o0.001 1.2 11.3±2.0 5.7±1.7 0.041 8.6±1.8 o0.001 1.1±2.0 0.588
Thalamus L 8.8 8.8 45±2 4.2±0.8 o0.001 12.5±0.9 o0.001 10.4±1.6 o0.001 1.4 12.9±1.8 9.1±2.2 0.191 14.6±2.3 o0.001 0.1±2.1 0.956

R 8.2 8.2 43±2 4.8±0.9 o0.001 14.1±1.1 o0.001 11.6±1.9 o0.001 1.3 14.4±1.8 10.1±2.7 0.196 15.4±2.8 o0.001 –0.6±2.7 0.842
Midbrain L 8.1 7.7 26±1 4.5±0.9 o0.001 9.6±1.0 o0.001 6.7±1.9 o0.001 0.8 11.7±1.9 4.0±2.6 0.024 11.8±3.0 o0.001 –0.1±2.7 0.978

R 8.6 8.4 24±1 5.1±0.9 o0.001 10.2±1.0 o0.001 6.6±1.9 0.001 0.8 12.0±2.2 3.6±2.5 0.016 14.8±3.4 o0.001 3.3±3.4 0.344
Cingulum_ant L 11.7 11.7 89±3 –2.0±0.8 0.022 5.4±1.2 o0.001 9.5±1.6 o0.001 1.0 14.2±2.1 6.8±2.0 0.014 6.5±1.4 o0.001 –1.2±2.1 0.576

R 10.1 10.1 57±2 0.2±0.9 0.820 9.0±1.3 o0.001 10.8±1.6 o0.001 1.1 15.4±2.4 8.3±2.0 0.031 12.5±1.8 o0.001 1.8±2.4 0.460
Cingulum_mid L 15.5 15.5 82±2 1.2±0.7 0.072 6.6±0.8 o0.001 6.8±1.3 o0.001 1.1 10.4±2.5 4.8±1.4 0.058 9.6±1.6 o0.001 1.3±1.8 0.487

R 17 17 68±2 1.6±0.7 0.026 8.3±1.1 o0.001 8.1±1.4 o0.001 1.1 12.3±2.7 5.8±1.5 0.047 10.9±1.7 o0.001 0.9±1.9 0.635
Cingulum_post L 3.7 3.7 80±3 3.5±0.8 o0.001 8.4±1.1 o0.001 6.0±1.8 0.002 0.7 7.8±2.5 4.9±2.4 0.406 10.5±2.0 o0.001 1.6±2.2 0.473

R 2.7 2.7 66±3 3.5±0.8 o0.001 8.9±1.2 o0.001 6.4±1.9 0.002 0.7 8.7±2.7 5.2±2.5 0.350 10.0±2.0 o0.001 1.1±2.2 0.633
Amygdala L 1.9 1.4 36±1 –0.1±0.9 0.896 2.0±1.2 0.089 3.1±1.8 0.084 0.3 9.4±2.5 –0.4±2.1 0.005 2.0±2.3 0.384 –2.2±2.3 0.352

R 2.1 1.7 28±1 1.9±1.2 0.116 3.6±1.2 0.003 2.7±2.1 0.200 0.3 9.7±3.3 –1.1±2.4 0.013 6.3±2.2 0.007 1.5±2.0 0.470
Caudate L 8 8 47±1 0.7±0.7 0.320 5.8±0.9 o0.001 6.6±1.5 o0.001 0.9 10.9±1.4 4.3±2.1 0.011 4.3±1.5 0.006 –3.5±1.5 0.031

R 7.8 7.8 38±1 2.5±0.7 o0.001 9.5±0.9 o0.001 8.8±1.3 o0.001 1.3 11.6±1.8 7.3±1.7 0.081 10.3±1.9 o0.001 –1.0±1.9 0.597
Pallidum L 2.4 2.4 39±1 1.8±0.8 0.020 5.9±1.1 o0.001 5.3±1.5 o0.001 0.7 8.1±1.7 3.8±2.1 0.114 5.2±1.7 0.004 –2.5±1.8 0.162

R 2.5 2.5 36±1 3.2±0.7 o0.001 5.9±0.9 o0.001 3.7±1.5 0.015 0.6 7.5±2.1 1.6±1.9 0.043 8.1±2.2 o0.001 0.9±2.1 0.691
Putamen L 8.4 8.4 49±1 1.6±0.7 0.032 7.0±1.1 o0.001 7.0±1.4 o0.001 0.9 10.8±1.5 4.9±1.8 0.017 6.4±1.5 o0.001 –3.0±1.6 0.075

R 8.1 8.1 42±1 2.8±0.7 o0.001 8.2±0.9 o0.001 6.8±1.5 o0.001 1.0 10.9±2.3 4.5±1.8 0.034 10.4±2.1 o0.001 0.4±2.1 0.862

ant, anterior; BrAC, breath alcohol concentration; CBF, cerebral blood flow; L, left; mid, middle; R, right; ROI, region of interest. P values refer to the column to their left and are not corrected for multiple
comparisons. Error values are always s.e.m. Data unspecific in gender are based on 48 subjects, except columns on the right referring to late measurements and the baseline CBF column, which are based on
N¼ 38. Female data are based on N¼ 17, male on N¼ 31.
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Conclusion
Our study demonstrates not only that moderate levels of BrAC
increased brain perfusion but also that the effect follows the
increase of BrAC immediately and persists for 2 hours of constant
BrAC. We have further demonstrated that the effect is present
throughout the brain with the potential exception of the occipital
lobe and the amygdala. We could not replicate a report that
women do not show such an effect, finding rather that the effect
is stronger in women compared with men. The strong inter-
subject variability is of interest, and larger studies are needed to
address correlates of the alcohol effect on perfusion. Correlates of
interest include age, gender, metabolic responses, recent or family
history of drinking habits, other results of concomitant functional
imaging studies, and behavioral measures.
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