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Abstract

In alcohol-dependent individuals, synchronization of brain activity is different from that in non-alcohol-dependent individuals as reflected

by EEG differences at alpha and beta frequencies (8–30 Hz). These EEG differences may not only be related to long-term alcohol intake but

also to genetic factors that are associated with alcohol dependence. Thus, it is not known what the pure effect of long-term alcohol intake on

synchronization of brain activity is. Therefore, we investigated whether EEG synchronization differs between light (0.5–6 drinks per week),

moderate (7–20 drinks per week), and heavy (21–53 drinks per week) drinkers. All participants (49 males and 47 females) were free of a

personal and family history of alcohol dependence. Eyes-closed EEG was recorded at rest and during mental rehearsal of pictures. EEG

synchronization was determined by computing Synchronization Likelihood for six frequency bands (0.5–4 Hz, 4–8 Hz, 8–12 Hz, 12–20

Hz, 20–30 Hz, 30–45 Hz). Both male and female heavy drinkers displayed a loss of lateralization in alpha (8–12 Hz) and slow-beta (12–20

Hz) synchronization. In addition, moderately and heavily drinking males had lower fast-beta (20–30 Hz) synchronization than lightly

drinking males. It is concluded that both male and female drinkers who drink 21 alcoholic drinks per week or more have impaired

synchronization of brain activity during rest and mental rehearsal at alpha and beta frequencies as compared to individuals who drink less. As

individuals with a personal or family history of alcohol dependence were excluded, the confounding effects of genetic factors related to

alcohol dependence on synchronization of brain activity were minimized.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cognitive functioning is impaired in alcohol-dependent

individuals (Ciesielski et al., 1995; Horner et al., 1999; Ratti

et al., 2002). The impairments reported are non-specific and

range from basic processes, such as reduced perceptual and

motor speed, to complex processes, like diminished

cognitive flexibility (e.g. Di Sclafani et al., 1995; Parsons,

1994). Heavy drinkers (defined by Parsons, 1998 as people
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consuming 21 drinks per week or more who are not alcohol-

dependent) also have cognitive deficits as compared to light

and moderate drinkers (Parker and Noble, 1977; Parsons,

1998; Parsons and Nixon, 1998), but these deficits are

smaller than in alcoholics.

Complex cognitive tasks require coordination of activity

between different neural assemblies. This coordination is

achieved by synchronization of brain activity between

spatially remote neurophysiological events. This synchro-

nization, or Ffunctional connectivity_ is reflected by

temporal correlations between the electrical activities in

the different brain regions involved (Fingelkurts et al.,

2005; Lee et al., 2003). Even basic cognitive processes,
ysiology 60 (2006) 304 – 314
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such as random episodic silent thought during rest

(Andreasen et al., 1995), involve synchronization of brain

activity characterized by temporal correlations between

spatially remote events in complex brain networks

(Greicius et al., 2003).

The finding that alcohol-dependent individuals have

cognitive deficits suggests that functional brain activity,

which underlies cognition, is also different in alcohol-

dependent patients. A good technique to study functional

brain activity is electroencephalography (EEG), having a

high time resolution and an extensive theoretical foundation

regarding the underlying processes (Salek-Haddadi et al.,

2003). Theta activity (4–8 Hz), for example, is associated

with encoding of new information in memory (Basar et al.,

2001; Klimesch, 1999). Alpha activity (8–12 Hz) plays a

role in retrieving information from memory, and in attention

(Basar et al., 1997; Klimesch, 1999). Beta activity (12–30

Hz) and gamma activity (30–45 Hz) are associated with

perception, attention, and learning (Engel and Singer, 2001;

Fell et al., 2003; Neuper and Pfurtscheller, 2001).

Alcohol-dependent individuals have different synchroni-

zation of brain activity than light drinkers as reflected by

differences in resting EEG coherence (Kaplan et al., 1985;

Michael et al., 1993; Winterer et al., 2003a) and power (e.g.,

Bauer, 2001; Enoch et al., 2002; Rangaswamy et al., 2002;

Saletu-Zyhlarz et al., 2004). Most differences in EEG

coherence and power are found at alpha (8–12 Hz), slow-

beta (12–20 Hz), and fast-beta (20–30 Hz) frequencies.

Relatives of alcohol-dependent individuals, who are not

alcohol-dependent themselves, also have EEG differences in

alpha and beta coherence (Michael et al., 1993) and power

(Bauer and Hesselbrock, 2002; Ehlers and Schuckit, 1991;

Finn and Justus, 1999; Rangaswamy et al., 2004) as

compared to light drinkers without alcohol-dependent

relatives. This indicates that differences in functional brain

activity as measured with EEG in alcohol-dependent

patients not only relate to the impact of long-term alcohol

intake, but possibly also to genetic factors related to alcohol

dependence.

Both alcohol dependence (Enoch, 2003; Schuckit, 2000)

and EEG patterns (Van Beijsterveldt and Van Baal, 2002)

are highly heritable. In addition, some genes coding for

GABA receptors in the brain, which mediate the effects of

alcohol, are related to certain EEG patterns (e.g., Porjesz et

al., 2002; Winterer et al., 2003c). Moreover, some GABA-

receptor genes that are related to EEG patterns are also

associated with the risk to develop alcohol dependence. For

example, genes that code for the receptor GABAAR2 are

strongly associated with alcohol dependence as well as with

EEG oscillations in the beta range (Edenberg et al., 2004).

Furthermore, genes coding for the receptor GABABR1 are

associated with alpha amplitude in healthy participants, but

not in alcohol-dependent individuals (Winterer et al.,

2003b). These associations again suggest that genetic

factors play a major role in the EEG differences associated

with alcohol dependence.
To investigate the pure effects of alcohol intake on

synchronization of brain activity, while minimizing the

confounding influence of genetic factors related to alcohol

dependence, different groups of drinkers who are not

alcohol-dependent, and who do not have alcohol-depend-

ent relatives either, can be compared. Ehlers et al. (1989)

contrasted lightly drinking students (1 to 8 drinks per

week) with moderately drinking students (10 to 18 drinks

per week), all with a negative family history of alcohol

dependence. Moderate drinkers had higher slow-beta

power (12–20 Hz) than light drinkers did; theta (4–7

Hz) and alpha (7.5–12 Hz) power were not affected. In

another study, heavily drinking students (on average, 54

drinks per week) with a negative family history, had

stronger EEG synchronization at theta (4–8 Hz) and

gamma (30–45 Hz) frequencies than lightly drinking

students (21 drinks per week) with a negative family

history (De Bruin et al., 2004). These studies suggest that,

in students, heavy alcohol intake has an impact on

functional brain activity, even in the absence of genetic

factors related to alcohol dependence. It remains to be

investigated whether these effects of alcohol intake on

synchronization of brain activity persist in older adults

with a longer drinking history.

In alcohol research, EEG is commonly analyzed with

linear measures such as power or coherence. However, there

is increasing evidence that non-linear components are also

relevant to the interpretation of EEG. For example, a study

on Alzheimer’s disease showed that patients have lower

EEG and MEG synchronization in the alpha, beta, and

gamma band than control subjects, while EEG coherence

did not differ between the groups (Stam et al., 2002b). For

this reason, methods that describe both linear and non-linear

parts of EEG, such as Synchronization Likelihood (Stam

and Van Dijk, 2002), are preferred (David et al., 2003;

Fingelkurts et al., 2005).

Two other advantages of Synchronization Likelihood

over power and coherence methods are its sensitivity to

changes in synchronization in the absence of amplitude

changes, and its insensitivity to changes in signal amplitude

that are not related to changes in synchronization (Stam and

De Bruin, 2004). Synchronization Likelihood can measure

differences between patient groups (Babiloni et al., 2004;

Ferri et al., 2001; Pijnenburg et al., 2004) but is also able to

pick up subtle task effects in healthy participants (Michel-

oyannis et al., 2003, 2005; Stam et al., 2002a, 2003). For

example, with Synchronization Likelihood, it was repeat-

edly shown that theta synchronization is higher during

mental rehearsal of pictures than during rest (e.g. Stam et al.,

2002a).

Alcohol intake is highly associated with smoking

(Romberger and Grant, 2004). Smokers have smaller

volumes and lower densities of gray matter in the brain

than non-smokers (Brody et al., 2004). Although some in

vitro animal studies suggest that nicotine protects the brain

against alcohol-induced damage (e.g. Tizabi et al., 2003), a
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human study measuring brain metabolism in alcohol-

dependent individuals in vivo concluded that smoking

exacerbates alcohol-induced brain damage (Durazzo et al.,

2004). To investigate the possible influence of smoking in

non-alcohol-dependent individuals in the current study,

smoking habits were included in the statistical analyses.

In the present study, we investigated whether alcohol

intake is associated with differences in synchronization of

brain activity in light, moderate, and heavy male and female

older adult drinkers with a negative personal and family

history of alcoholism. Multi-channel EEG was recorded

with eyes closed, both while at rest and during mental

rehearsal of pictures. EEG synchronization was assessed

with Synchronization Likelihood (Stam and Van Dijk,

2002). Main effects of group (light, moderate, and heavy

drinkers), and interactions with gender, condition, and/or

area were investigated in the alpha (8–12 Hz), slow-beta

(12–20 Hz), and fast-beta (20–30 Hz) band. In addition, in

extension of the findings in heavily drinking students by De

Bruin et al. (2004), specific hypotheses regarding group

effects in the theta (4–8 Hz) and gamma bands (30–45 Hz)

were tested.
2. Methods

2.1. Participants

Participants were recruited via newspaper advertise-

ments, and were paid for their participation. After written

and oral explanation of the study, they signed the informed

consent and filled out an extensive questionnaire on

physical and mental health. Eligible subjects were invited

for a 3-h screening consisting of a physical check-up and a

structured interview (the Composite International Diagnos-

tic Interview; Robins et al., 1988) assessing for the presence

of psychopathological symptoms based on the Diagnostic

and Statistical Manual of Mental Disorders (DSM-IV).

From about 1500 applications, 96 non-alcohol-dependent

drinkers (49 men, 47 women) drinking from one standard

drink (i.e. 100 cm3 wine, 250 cm3 beer, or 30 cm3 spirits,
Table 1

Demographics (mean, standard deviation in brackets)

Light

Males Females

n 13 16

Age (years) 46.4 (9.6) 49.5 (7.8)

IQ 107.5 (9.2) 106.5 (7.8)

Smoking (# cigarettes smoked per day) 0.0 (0.0) 0.4 (1.1)

Body mass index (kg/m2) 24.1 (3.2) 25.0 (2.9)

Lifetime alcohol intake (kg) 67.9 (71.0) 48.7 (34.7

Duration of drinking history (year) 29.9 (8.3) 32.1 (8.1)

Mean lifetime alcohol intake (kg/year) 2.2 (2.1) 1.5 (1.0)

Mean lifetime alcohol intake (units per week)a 3.5 (3.3) 2.4 (1.6)

Current alcohol intake (units per week)a 3.2 (1.6) 3.6 (1.5)

a Number of standard drinks per week; a standard drink contains about 12 g of
equivalent to 12 g of alcohol per drink) per 2 weeks up to 53

standard drinks per week were selected to participate in the

study.

Each participant was right-handed as determined with the

Edinburgh Handedness Inventory, had normal hearing and

(corrected-to-) normal sight, was not colour-blind, and had a

blood pressure, body mass index, and resting heart rate

within normal limits. The electrocardiogram, hematology

and blood chemistry were screened for abnormalities by a

medical specialist. Premorbid IQ was estimated with the

Dutch Adult Reading Test (Nederlandse Leestest voor

Volwassenen, the Dutch version of the National Adult

Reading Test; Schmand et al., 2003). The participants were

matched on age, gender, Mini Mental State Examination

(MMSE) score, and body mass index. The participants had

no (history of) chronic somatic or neurological disease, head

trauma or loss of consciousness for more than 10 min.

Neither did they have a psychiatric disease (including

alcohol dependence) at any time in life. Other exclusion

criteria were: use of psychoactive medication within the past

month, drug use (besides alcohol or cigarettes) for more

than three times in life, total alcohol abstinence, and first- or

second-degree relatives with neurological or psychiatric

deficits. Every effort was made to ensure via the question-

naire and the interview that all participants had a negative

family history of alcohol dependence up to the second

degree.

Lifetime alcohol intake (cumulative alcohol intake in kg)

and duration of the drinking history (in years) were assessed

by a questionnaire in Dutch, based on the Lifetime Drinking

History interview (Lemmens et al., 1997; Skinner and Sheu,

1982). To estimate current alcohol intake, subjects filled out

a diary during a 2-week period in which they recorded the

number of alcoholic drinks and the type of glass, bottle, or

can on a daily basis. Reported alcohol intake was converted

into number of standard drinks (i.e. units containing 12 g of

alcohol) per week. The following groups were defined: light

drinkers (0.5–6 drinks per week; 13 men, 16 women),

moderate drinkers (7–20 drinks per week; 17 men, 16

women), and heavy drinkers (21–60 alcoholic drinks per

week; 19 men, 15 women). The cut-off between the
Moderate Heavy

Males Females Males Females

17 16 19 15

49.3 (8.5) 50.8 (7.6) 51.9 (8.0) 48.1 (5.5)

105.0 (7.0) 101.7 (10.1) 110.3 (5.2) 102.1 (9.8)

1.2 (4.9) 4.0 (6.6) 4.6 (9.7) 0.3 (0.8)

24.7 (1.6) 24.7 (3.6) 26.0 (2.7) 24.8 (3.5)

) 195.6 (142.7) 131.3 (89.5) 398.9 (179.5) 324.4 (141.1)

32.8 (7.7) 33.5 (7.2) 35.8 (7.4) 31.2 (6.6)

5.8 (3.7) 3.8 (2.1) 11.4 (5.1) 10.1 (3.0)

9.3 (5.9) 6.1 (3.4) 18.2 (8.1) 16.2 (4.9)

14.6 (4.1) 10.3 (3.8) 36.9 (8.7) 33.4 (8.7)

pure alcohol.
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Fig. 1. Current alcohol intake in the light, moderate and heavy drinkers. The

circles and squares represent the individual current alcohol intake (in

standard units per week) in females and males, respectively; the gray dashes

illustrate the mean current alcohol intake per group and per gender.
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Fig. 2. Lifetime alcohol intake in the light, moderate and heavy drinkers.

The circles and squares represent the individual lifetime alcohol intake (in

kg) in females and males, respectively; the gray dashes illustrate the mean

lifetime alcohol intake per group and per gender.
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moderate and heavy drinkers was based on the results of the

meta-analysis of neuropsychological studies by Parsons

(1998). For a summary of the demographics, see Table 1.

See Figs. 1 and 2 for an illustration of current and lifetime

alcohol intake in the three groups.

This study was approved by the Utrecht University

medical ethics committee, and all participants were

treated in accordance with the Helsinki Declaration and

amendments.

2.2. Procedure

On arrival at the lab, the participants performed a breath

test for alcohol (Alcotest, Dräger Medical, Lübeck,

Germany) and a urine test for tetrahydrocannabinol,

cocaine, barbiturates, benzodiazepines and morphine

(Rapid Drug Testing Services, Inc., Key Largo, USA) to

confirm abstinence of these drugs. After that, the partic-

ipants were prepared for EEG recording, and seated in a

comfortable chair in a sound-attenuated and electrically

shielded testing chamber with a monitor in front of them at

a distance of 1 m. EEG with eyes closed was recorded

continuously during two conditions: at rest and during

mental rehearsal of a set of pictures. In the rest condition,

subjects were instructed to keep their eyes closed and to

remain in a relaxed and awake state. After this, the subjects

were asked to open their eyes, and were presented with

twelve pictures of common neutral animate and inanimate

objects (e.g., a car, a book, a hot drink) that were displayed

simultaneously on the monitor for 10 s (see De Bruin et al.,

2004; Pijnenburg et al., 2004; Stam et al., 2002a for more

examples; see Stam et al., 2002a for an analysis of the

effects of mental rehearsal on EEG synchronization in

healthy volunteers). Next, they were instructed to close

their eyes and mentally rehearse the pictures that had been

presented (mental-rehearsal condition). After 1 min, they

were asked to open their eyes and verbally recall as many

pictures as possible.
2.3. EEG recording and analysis

The EEG was recorded from 62 tin electrodes placed

according to the international 10–10 system with the left

mastoid as a reference (QuikCap, Neurosoft, El Paso, USA).

Vertical and horizontal EOG were recorded bipolarly to

monitor eye-movement artifacts. A maximum electrode

impedance of 10 kV was allowed. Filters were set at 0.15

and 70 Hz, and signals were digitized at a rate of 500 Hz

and a gain of 2500. SynAmps amplifiers with 16-bit A/D

resolution (0.033 AV/bit), 10 MV input impedance, and 100

dB common mode rejection were used for acquisition with

Neuroscan software version 4.1 (Neurosoft, El Paso, USA).

Two consecutive artifact-free epochs of 16.4 s (each

containing 4096 samples after down sampling to 250 Hz)

were selected at the start of each condition for every subject.

Artifacts were defined as epochs containing EEG with a

peak-to-peak amplitude of more than 75 AV. Synchroniza-
tion Likelihood was calculated with an average reference

including all electrodes except the midline (i.e. 54 electro-

des) in the following frequency bands: delta: 0.5–4 Hz,

theta: 4–8 Hz, alpha: 8–12 Hz, slow-beta: 12–20 Hz, fast-

beta: 20–30 Hz, and gamma: 30–45 Hz. SL was averaged

over two epochs (covering 32.8 s of EEG) and six areas (see

Fig. 3 for the division of the 54 channels into six areas). As

some studies conclude that heavy alcohol intake impairs

cognitive functioning particularly in the frontal regions

(Dao-Castellana et al., 1998; Di Sclafani et al., 1995; Ratti

et al., 2002), whereas other studies report evidence for a

selective right-side impairment (Ellis and Oscar-Berman,

1989), the electrodes were grouped in such a way that both

hypotheses could be tested.

The Synchronization Likelihood (SL) is a general

measure of the correlation between two time series, for

instance two EEG signals. In the SL estimation, two

dynamic systems, X and Y, are considered. These systems

can be conceived of as representations of neural networks

that give rise to EEG signals. The dynamic systems X and Y



Fig. 4. Lack of lateralization of alpha (8–12Hz) Synchronization Likelihood

during rest in heavy drinkers. Diamonds represent mean SL; error bars denote

standard errors; asterisks indicate the level of significance in post hoc

Bonferroni-corrected t-tests: *p <0.05, **p�0.01, ***p <0.001.

Fig. 3. Division of the 54 channels into six areas.

E.A. de Bruin et al. / International Journal of Psychophysiology 60 (2006) 304–314308
are represented by the vectors Xi and Yi in their respective

state spaces, which are obtained from the time series by

time-delay embedding. SL is the possibility (likelihood)

that, when system X is in a particular state at two different

times i and j, system Y will be in the same state at those

times. ‘‘Being in the same state’’ is operationalized by

computing the distance between the vectors Xi and Xj. SL is

then averaged over all times i, resulting in a description of

the resemblance of a particular time series to another time

series in a particular epoch (Stam and De Bruin, 2004; Stam

and Van Dijk, 2002). For each channel, one SL value was

computed by calculating the mean SL of the time series of

that channel compared with the time series of all other 53

channels (i.e. the mean of 53 pair-wise comparisons). For an

explanation of the mathematical background of SL, see the

Appendix.

2.4. Statistical analyses

Possible group differences in demographics and mem-

ory performance were analyzed with multiple univariate

analyses of variance (ANOVAs) with Group (3 levels:

light, moderate, and heavy) and Gender (2 levels: male,

female) as between-subjects factors. Alpha, slow-beta and

fast-beta SL were analyzed with omnibus ANOVAs

containing the between-subjects factors Group and Gender,

and Condition (2 levels: rest versus mental rehearsal),

Frontality (3 levels: anterior, central, posterior), and

Lateralization (2 levels: left, right) as within-subjects

factors. F-tests were Greenhouse–Geisser-corrected. Sig-

nificant effects involving the factor Group were analyzed

with post hoc Bonferroni-corrected t-tests. In addition, pre-

planned Bonferroni-corrected Group comparisons of theta

and gamma SL were carried out.

To examine the possible effects of smoking, Pearson’s

Chi-square tests were carried out to check whether the
number of smokers was similar across groups. In addition,

the number of cigarettes smoked per day was added as a

covariate to the ANOVAs. Statistical analyses were per-

formed with SPSS 11.0.1 for Windows.
3. Results

The participants remembered on average 7.0T .2 items

(range from 3 to 11) correctly from the 12 pictures

presented. The number of smokers was similar across

groups (Pearson’s v2=5.22, n.s.) and gender (Pearson’s

v2=0.39, n.s.). Moderately drinking females smoked more

cigarettes per day than lightly and heavily drinking females

(Group�Gender interaction: F2,90=3.59, p =.032; post hoc

Bonferroni-corrected t-tests: moderately vs. lightly drinking

females: t1=2.57, p =.040; moderately vs. heavily drinking

females: t1=2.60, p =.038; all other t-tests n.s.). There were

no Group or Group�Gender effects on other demographic

variables or memory performance.

In the alpha band (8–12 Hz), a significant Group -

�Condition�Lateralization interaction effect was found

(F2,90=3.34, p =.040). Post hoc Bonferroni-corrected t-tests

revealed that heavy drinkers did not show the lateralization

in alpha SL (left> right) during rest (t1=1.10, n.s.) that was

present in the light (t1=2.77, p = .010) and moderate

(t1=6.46, p <.001) drinkers, and in all groups during mental

rehearsal (light: t1=5.02, p < .001; moderate: t1=2.53,

p = .017; heavy: t1=2.73, p = .010), because the heavy

drinkers had relatively low SL in the left hemisphere (see

Fig. 4).

In the slow-beta band (12–20 Hz), a significant Group -

�Lateralization interaction effect was found (F2,90=4.83,

p = .010). Post hoc Bonferroni-corrected t-test showed a lack

of lateralization in slow-beta SL (left> right) during rest

(t1=0.44, n.s.) and mental rehearsal (t1=0.47, n.s.) in the

heavy drinkers, and during mental rehearsal in the moderate

drinkers (t1=1.65, n.s.). This contrasted with the hemi-

spheric asymmetry in SL in the light drinkers during rest



Fig. 5. Lack of lateralization of slow-beta (12–20 Hz) Synchronization

Likelihood in heavy drinkers during both rest and mental rehearsal and in

moderate drinkers during mental rehearsal only. Diamonds represent mean

SL; error bars denote standard errors; asterisks indicate the level of

significance in post hoc Bonferroni-corrected t-tests: *p <0.05, **p <0.01,

***p =0.001.
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(t1=2.34, p =.027) and mental rehearsal (t1=3.72, p= .001),

and during rest in the moderate drinkers (t1=2.84, p = .008).

The lack of lateralization was due to a relatively low SL in

the left hemisphere in the heavy drinkers in both conditions,

and in the moderate drinkers during mental rehearsal only

(see Fig. 5).

In the fast-beta band (20–30 Hz), moderate and heavy

male drinkers had lower SL than light male drinkers

(Group�Gender interaction effect: F2,90=5.35, p =.006;

post hoc Bonferroni-corrected t-tests: light male drinkers vs.

moderate male drinkers: t2=2.81, p = .022; light male

drinkers vs. heavy male drinkers: t2 =2.97, p = .014,

moderate male drinkers vs. heavy male drinkers: t2=0.09,

n.s.), whereas the female drinkers did not differ across

groups (all |t|�1.35; n.s.; see Fig. 6). See Table 2 for an

overview of the group differences in Synchronization

Likelihood in the alpha and beta bands.

There were no interactions between the factor Group and

the factor Frontality. Unlike the study with student drinkers,

no main Group effects in the theta band (4–8 Hz:

F2,90=0.01, n.s.) or gamma band (30–45 Hz: F2,90=1.02,

n.s.) were found. Additional exploratory omnibus ANOVAs

in the delta, theta and gamma bands did not demonstrate any

main or interaction effect involving the factor Group.

Adding the number of cigarettes smoked per day as a

covariate marginally lowered the significance of the

interactions (alpha: F2,89 = 3.03, p = .054; slow-beta:

F2,89=4.50, p =.014; fast-beta: F2,89=5.18, p =.007).
Fig. 6. Lower fast-beta (20–30 Hz) Synchronization Likelihood in

moderate and heavy male drinkers but not in female drinkers. Diamonds

represent mean SL; error bars denote standard errors; asterisks indicate the

level of significance in post hoc Bonferroni-corrected t-tests: *p <0.05.
4. Discussion

In the present study, heavy alcohol intake of 21 alcoholic

drinks per week or more was associated with differences in

synchronization of brain activity in healthy individuals who

are not alcohol-dependent. Both male and female heavy

drinkers displayed a loss of lateralization in the alpha (8–12

Hz) and slow-beta (12–20 Hz) band. In addition, males
consuming 7 drinks per week or more showed lower

synchronization in the fast-beta band (20–30 Hz) as

compared to males who drink less, while in the females,

this effect was not found. As individuals with a personal or

family history of alcohol dependence were excluded, the

confounding effects of genetic factors related to alcohol

dependence on EEG synchronization were minimized.

Light and moderate drinkers showed lateralization of

alpha and slow-beta synchronization, but heavy drinkers did

not display this hemispheric asymmetry. In both frequency

bands, this lack of lateralization was due to relatively low

synchronization in the left hemisphere of heavy drinkers.

Local alpha and beta synchronization are thought to reflect

dynamic integrative processes regulating cortical activation

and deactivation (Basar et al., 1997; Klimesch, 1996; Neuper

and Pfurtscheller, 2001). Possibly, the relatively low alpha

and slow-beta synchronization in the left hemisphere in male

and female heavy drinkers may be a sign of weaker coupling

in different networks implicated in these rhythms.

Only one study investigated the relationship between risk

factors for alcohol dependence and EEG asymmetry (Ehlers

et al., 2001). In this study, parental history of alcohol

dependence was unrelated to alpha asymmetry in children of

native Americans. In addition, a higher degree of native-

American heritage (which is associated with a higher

prevalence of a positive family history of alcohol depend-

ence) was associated with greater alpha asymmetry. The fact

that risk factors for alcohol dependence such as a family

history of alcohol dependence or degree of native-American

heritage were either unrelated to, or associated with greater

alpha asymmetry, whereas our family history negative

heavy drinkers had a lower alpha asymmetry, supports the

hypothesis that the differences in alpha EEG activity in our

sample of heavy drinkers are relatively unrelated to genetic

factors.

The finding of concurrent differences in the alpha and

slow-beta band are in agreement with the results of studies

on the effects of alcohol dependence on EEG coherence.

Kaplan et al. (1985) reported lower frontal alpha and slow-

beta coherence in alcohol-dependent males and females.



Table 2

Group differences in Synchronization Likelihood

df a Alpha (8–12 Hz) Slow-beta (12–20 Hz) Fast-beta (20–30 Hz)

F p F p F p

Group 2,90 0.04 0.965 1.55 0.217 1.37 0.259

Group�Frontality 4,180 0.09 0.953 0.91 0.452 2.14 0.082

Group�Gender 2,90 0.30 0.739 1.13 0.327 5.35 0.006

Group�Condition 2,90 0.38 0.687 0.04 0.964 0.06 0.940

Group�Lateralization 2,90 1.79 0.174 4.83 0.010 2.56 0.083

Group�Gender�Lateralization 2,90 0.70 0.501 0.79 0.455 1.49 0.231

Group�Condition�Lateralization 2,90 3.34 0.040 0.97 0.383 1.17 0.315

Significant effects involving the factor Group are highlighted in boldface.
a Uncorrected degrees of freedom.
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Michael et al. (1993) found higher central alpha and slow-

beta coherence, but lower parietal alpha and slow-beta

coherence in males with alcohol dependence. Winterer et al.

(2003a,b,c) described higher left-temporal alpha and slow-

beta coherence and higher slow-beta coherence at right-

temporal and frontal electrode pairs in alcohol-dependent

males and females.

On the other hand, the present results do not support

hypotheses from cognitive research that alcohol intake

particularly affects the frontal regions of the brain (Dao-

Castellana et al., 1998; Di Sclafani et al., 1995; Ratti et al.,

2002). No interactions between alcohol intake and brain

activity measured along the front-to-back axis (i.e. the

factor Frontality) were found. Neither did the results

support that the right hemisphere was particularly affected

as suggested by Bertera and Parsons (1978) and Miglioli et

al. (1979), as the present results suggest that the lack of

lateralization in heavy drinkers was due to relatively low

synchronization in the left hemisphere. In addition, adding

the number of cigarettes smoked per day as a covariate

reduced the statistical significance of the interactions only

marginally. This suggests that, in contrast to the findings

of Durazzo et al. (2004) in alcoholics, in non-alcohol-

dependent drinkers, the additive effect of smoking is

negligible as compared to that of alcohol intake alone. The

discrepancies between our findings and those reported in

the literature may be related to the absence of the

confounding effects of genetic factors related to alcohol

dependence in the present study.

Moderate and heavy male drinkers additionally displayed

low fast-beta synchronization as compared to light male

drinkers. The interaction between group and gender,

illustrated in Fig. 6, can be interpreted in two ways. One

interpretation is that women are more susceptible to the

effects of alcohol, and that, despite the slightly lower

alcohol intake in females, alcohol intake affects fast-beta

synchronization even in light female drinkers. Alternatively,

females may have a generally lower fast-beta synchroniza-

tion than males regardless of alcohol intake, suggesting that

male moderate and heavy drinkers are particularly affected.

To our knowledge, there are no publications about gender

differences in lateralization of fast-beta synchronization.
Additional support for the latter hypothesis that male

drinkers are more vulnerable for the negative effects of

alcohol than the females comes from brain MRI scans

made in the same sample of non-alcohol-dependent

drinkers. These scans revealed that alcohol intake only

affected brain structure in the male and not in the female

drinkers (De Bruin et al., 2005a,b). In the males, a higher

alcohol intake was associated with a decrease in gray

matter, whereas in the females, no relationship between

alcohol intake and gray or white matter was found (De

Bruin et al., 2005b). Furthermore, behavioral studies show

that light and moderate alcohol intake have a more

beneficial effect on cognition in females than in males

(Britton et al., 2004; Dufouil et al., 2001). Possible

mechanisms behind these gender differences are different

drinking patterns (Green et al., 2004), different alcohol

metabolism (Mumenthaler et al., 1999), lower sensitivity

of brain metabolism to acute alcohol effects in females

(Wang et al., 2003), or a possible neuroprotective effect of

estrogen against alcohol toxicity in the brain (Singer et al.,

1996).

In the present study, participants were rigorously

screened to exclude people with (a history of) alcohol

dependence, or with first- or second-degree relatives who

were alcohol-dependent. Nevertheless, the EEG differences

in heavy drinkers were found in the same frequency bands

as in previous studies in alcohol-dependent individuals (e.g.,

Kaplan et al., 1985; Michael et al., 1993; Winterer et al.,

2003a), although in those studies synchronization was

assessed with amplitude measures instead of the currently

employed Synchronization Likelihood analysis.

Synchronization Likelihood assesses the similarity

between system states reconstructed from EEG time series

by calculating temporal correlations (Stam and Van Dijk,

2002). In this way, temporal correlations between spatially

remote neurophysiological events, or Ffunctional con-

nectivity_ (Friston, 2000; Lee et al., 2003), can be

determined. Functional connectivity reflects the coordina-

tion of activity between different neural assemblies that are

needed to achieve a perceptual process or cognitive task

(Fingelkurts et al., 2005). In contrast to effective connec-

tivity, the characterization of brain activity in terms of
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functional connectivity is essentially model-free and does

not involve topographical qualifications (Ramnani et al.,

2002).

Studies in lightly drinking relatives of alcohol-dependent

individuals reporting similar EEG differences as in alco-

holics (Bauer and Hesselbrock, 2002; Ehlers and Schuckit,

1991; Finn and Justus, 1999; Michael et al., 1993;

Rangaswamy et al., 2004) suggested that these EEG

differences were related to genetic factors involved in

alcohol dependence. However, in the present study, again

the same frequencies were affected in participants without

alcohol dependence and without alcohol-dependent rela-

tives, indicating that alcohol intake has a pure effect on

brain activity, also in the absence of those genetic factors.

Thus, in alcohol-dependent patients, EEG differences may

reflect a combination of the influence of genetic factors

related to alcohol dependence and the pure effects of long-

term alcohol intake. To verify that these EEG differences are

indeed the result of heavy alcohol intake, and not a

reflection of pre-existing differences in brain activity, a

longitudinal study should be performed.

A positive family history of alcohol dependence is

associated with a lower level of response to alcohol as

measured by self-reported feelings of intoxication after an

acute alcohol challenge (Schuckit, 1994). The level of

response to alcohol may contribute to a transition from

lighter to heavier drinking in individuals in a relatively

heavy-drinking environment (Schuckit et al., 2004). In an

initial 8-year follow-up study of males with a positive or

negative family history of alcohol dependence (Schuckit

and Smith, 1996), the level of response to alcohol was

associated with alcohol dependence independently of family

history, although a mediating role could not be ruled out.

However, the subsequent 20-year follow-up of the same

sample demonstrated that the level of response rather acted

as an intermediate phenotype of the association between a

family history of alcohol dependence and alcohol use

disorders (Schuckit et al., 2004).

Similar to the previous study in student drinkers (De

Bruin et al., 2004), the groups did not differ in performance

on the mental-rehearsal task, but only in EEG synchroniza-

tion. Combined with the observation of Parsons (1998) that

the effects of heavy drinking on neuropsychological test

results are subtle, this suggests that EEG synchronization is

a more sensitive measure of brain dysfunction. In contrast to

the previous study, no evidence of stronger theta and gamma

synchronization in heavy drinkers was found. This may be

related to differences in age, which is strongly related to

EEG coherence (Duffy et al., 1996), which may also be the

case for Synchronization Likelihood. Furthermore, the

students had a higher alcohol intake than the older adults,

and started to drink at an earlier age. There are indications

that the brains of adolescents are more vulnerable to the

long-term effects of alcohol than the brains of older adults,

particularly during the development of the memory system

involving the hippocampus (Hill, 2004; White and Swartz-
welder, 2004). This hypothesis is supported by the fact that

the frequencies affected in the heavy student drinkers were

theta and gamma, which are associated with hippocampal–

neocortical activity during memory formation (Buzsáki,

1996).

In conclusion, moderate-to-heavy alcohol consumption

is associated with differences in synchronization of brain

activity during rest and mental rehearsal. Both male and

female heavy drinkers displayed a loss of hemispheric

asymmetry of EEG synchronization in the alpha and slow-

beta band. Moderately and heavily drinking males addi-

tionally showed lower fast-beta band synchronization.

These findings may reflect altered coupling between

different networks implicated in the resting state of the

brain and during mental rehearsal in relation to heavy

drinking. The presently reported differences in functional

brain activity are probably relatively purely associated with

alcohol intake. The confounding effects of genetic factors

related to alcohol dependence were minimized by selecting

participants who were not alcohol-dependent and had a

negative family history of alcohol dependence up to the

second degree. We agree with Parsons (1998) that drinking

21 or more alcoholic drinks per week may affect brain

functioning.
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Appendix A

Synchronization Likelihood (SL) is a measure of the

generalized synchronization between two dynamical sys-

tems X and Y (Stam and Van Dijk, 2002; Posthuma et al., in

press). Generalized synchronization (Rulkov et al., 1995),

that exists between X and Y of the state of the response

system, is a function of the driver system: Y=F(X). The

first step in the computation of SL is to convert the time

series xi and yi recorded from X and Y as a series of state

space vectors using the method of time delay embedding

(Takens, 1981):

Xi ¼ xi; xiþL; xiþ2�L; xiþ3�L; . . . ; xiþ m�1ð Þ�L
��
; ð1Þ

where L is the time lag, and m the embedding dimension.

From a time series of N samples, N� (m�L) vectors can be

reconstructed. State space vectors Yi are reconstructed in the

same way.

Synchronization Likelihood is defined as the conditional

likelihood that the distance between Yi and Yj will be

smaller than a cutoff distance ry, given that the distance
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between Xi and Xj is smaller than a cutoff distance rx. In the

case of maximal synchronization, this likelihood is 1; in the

case of independent systems, it is a small but nonzero

number, namely Pref. This small number is the likelihood

that two randomly chosen vectors Y (or X) will be closer

than the cut-off distance r. In practice, the cut-off distance is

chosen such that the likelihood of random vectors being

close is fixed at Pref, which is chosen the same for X and for

Y. To understand how Pref is used to fix rx and ry we first

consider the correlation integral:

Cr ¼
2

N N � wð Þ
XN

i¼1

XN�w

j¼iþw
h r � jXi � Xjj

��
: ð2Þ

Here, the correlation integral Cr is the likelihood that two

randomly chosen vectors X will be closer than r. The

vertical bars represent the Euclidean distance between the

vectors. N is the number of vectors, which is the Theiler

correction for autocorrelation (Theiler, 1986), and h is the

Heaviside function: h(X)=0 if X�0 and h(X)=1 if X <0.

Now, rx is chosen such that Crx =Pref and ry is chosen such

that Cry =Pref. The SL between X and Y can now be

formally defined as:

SL ¼ 2

N N � wð ÞPref

�
XN

i¼1

XN�w

j¼iþw
h rx � jXi � Xjj

��
h ry � jYi � Yjj

��
: ð3Þ

Synchronization Likelihood is a symmetric measure of

the strength of synchronization between X and Y (SLXY=

SLYX). In Eq. (3), the averaging is done over all i and j; by

doing the averaging only over j SL can be computer as a

function of time i. Furthermore, from (3) it can be seen that

in the case of complete synchronization, SL=1; in the case

of complete independence, SL=P ref. In the case of

intermediate levels of synchronization Pref<SL<1.
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