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Abstract
Native Americans have some of the highest rates of marijuana and alcohol use and abuse, yet
neurobiological measures associated with dependence on these substances in this population remain
unknown. The present investigation evaluated the heritability of spectral characteristics of the
electroencephalogram (EEG) and their correlation with marijuana and alcohol dependence in an
American Indian community. Participants (n=626) were evaluated for marijuana (MJ) and alcohol
(ALC) dependence, as well as other psychiatric disorders. EEGs were collected from six cortical
sites and spectral power determined in five frequency bands (delta 1.0–4.0 Hz, theta 4.0–7.5 Hz,
alpha 7.5–12.0 Hz, low beta 12.0–20.0 Hz and high beta/gamma 20–50 Hz). The estimated
heritability (h2) of the EEG phenotypes was calculated using SOLAR, and ranged from 0.16 to 0.67.
Stepwise linear regression was used to detect correlations between MJ and ALC dependence and the
spectral characteristics of the EEG using a model that took into account: age, gender, Native
American Heritage (NAH) and a lifetime diagnosis of antisocial personality and/or conduct disorder
(ASPD/CD). Increases in spectral power in the delta frequency range, were significantly correlated
with gender (p<0.001) and marijuana dependence (p<0.003). Gender, age, NAH and ASPD/CD were
all significantly (p<0.001) correlated with theta, alpha and beta band power, whereas alcohol
dependence (p<0.01), gender (p<0.001), and ASPD/CD (p<0.001) were all correlated with high beta/
gamma band power. These data suggest that the traits of EEG delta and high beta /gamma activity
are correlated with MJ dependence and alcohol dependence, respectively, in this community sample
of Native Americans.

© 2009 Elsevier Ireland Ltd. All rights reserved.
*Corresponding Author: Dr. C.L Ehlers, The Scripps Research Institute, 10550 North Torrey Pines Road, SP30-1501, La Jolla, CA
92037, Telephone: (858) 784-7058, Fax: (858) 784-7409, cindye@scripps.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.
Contributors
Cindy Ehlers as the study PI, designed the study and interpreted the data. Evie Phillips is a registered EEG tech, and collected all study
data and analyzed all spectral characteristics of the EEG. Ian Gizer did the heritability analyses and their interpretation and wrote the
sections of the paper concerned those analyses. David Gilder did all best final diagnoses of all patients and wrote all clinical sections of
the paper. Kirk Wilhelmsen did all the analyses of family relationships for the heritability analyses and did all final editing of the paper.
All authors have given intellectual contributions to the study and the paper and have approved the final manuscript.
Conflict of Interest
The authors have no commercial affiliation or consultant role that could be construed as a conflict of interest.

NIH Public Access
Author Manuscript
Drug Alcohol Depend. Author manuscript; available in PMC 2011 January 15.

Published in final edited form as:
Drug Alcohol Depend. 2010 January 15; 106(2-3): 101. doi:10.1016/j.drugalcdep.2009.07.024.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Carolina Digital Repository

https://core.ac.uk/display/345207369?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Keywords
Drug dependence; EEGs; marijuana dependence; alcohol dependence; Native Americans; ASPD

1. Introduction
Although tribes differ with regard to the use of alcohol and drugs, the United States Indian
Health Service has cited substance abuse as one of the most urgent health problems facing
Native Americans (Burns 1995; United States Indian Health Service 1977, 1982, 1997). It has
been reported that several Native American communities have alcohol dependence rates that
are 4–5 times higher than the general U.S. population (Gilder et al., 2004; Kinzie et al.,
1992; Kunitz et al., 1999; Mitchell et al., 2003; Robin et al., 1998). Few studies have
investigated illicit substance use involvement in Native American adults (Mitchell et al.,
2003), however, some studies have investigated drug use in Native American adolescents.
Marijuana is the most widely used illicit substance, especially in young adults, and represents
a major public health concern (Grob and Dobkin de Rios, 1992; Stinson et al., 2005, 2006;
United States Congress, 1990). Several studies have demonstrated that the use of marijuana is
disproportionately higher among Native than non-Native Americans (Bachman et al., 1991;
Beauvais, 1992, 1996; Blum et al., 1992; Federman et al., 1997; Gfellner, 1994; Stinson et al.,
2006). The etiological factors responsible for the higher prevalence of marijuana use and use
disorders in Native Americans are largely unknown, however, both genetic and environmental
influences have been suggested to account for the variation in marijuana use in the general
population (Kendler and Prescott, 1998; Kendler et al., 2000; Lynskey et al., 2002; Tsuang et
al., 1996; van den Bree et al., 1998).

Some psychosocial factors have been suggested to account for increased prevalence of
substance use in Native American adolescents, such as: life stress (King and Thayer, 1993),
lower grades in school, antisocial behavior, the use of alcohol and other illicit substances
(Novins and Mitchell, 1998). These factors may be a result of substance use and not necessarily
pre-disposing factors. Beauvais and colleagues have emphasized that Indian culture or
traditions do not appear to be causative in promoting the use of drugs or influencing the
development of drug dependence (see Bates et al., 1997; Beauvais, 1992; Beauvais et al.,
1985; Oetting et al., 1989).

In a population of SWC (Southwest California /Mission Indians) adults, consistent with the
literature in populations of non-Indians, several risk factors have been found to be associated
with alcohol and marijuana use disorders. Early age of onset of trying the drug, being male,
and having an externalizing diagnosis (conduct disorder or antisocial personality disorder) are
associated with both alcohol and marijuana dependence (Ehlers et al., 2006, 2007a). Whereas
having an internalizing diagnosis (any affective or anxiety disorder) was not found to be
associated with alcohol or marijuana abuse or dependence in SWC Indians (Gilder et al.,
2004, 2006). Although substance dependence has been found to have a heritable component
in SWC Indians, specific genetic factors and the genes that encode for them are as yet fully
identified (Ehlers and Wilhelmsen, 2005, 2006; Ehlers et al., 2004b, 2007b, 2008a, 2008b;
Wilhelmsen and Ehlers, 2005).

Electrophysiological measures are highly heritable phenotypes that may aid in linking brain
function to the processes involved in the development of substance dependence in the general
population (see Begleiter and Porjesz, 1999; Porjesz et al., 1998, 2005), as well as in SWC
Indians (Criado and Ehlers, 2007; Ehlers et al., 2008a). Several features of the resting EEG
have been shown to be genetically influenced, and EEG phenotypes based on frequency and
amplitude characteristics that may be useful in genetic analyses have been suggested
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(Rangaswamy et al., 2002, 2004; Vogel, 1962). Evidence from twin studies confirm that a
significant proportion of the variance in the EEG is genetically determined (Christian et al.,
1996; Juel-Nielson and Harvald, 1958; Lykken et al., 1982; Stassen et al., 1987; van
Beijsterveldt and Boomsma, 1994; Vogel, 1962). EEG patterns appear to remain highly stable
over most of an adult’s lifespan (Vogel, 1970), with variation within an individual studied on
two different occasions being not greater than that observed between monozygotic twins
(Lykken et al., 1982).

Several important studies have begun to identify genes associated with certain EEG
phenotypes. Low voltage alpha, in females, has been reported to be associated with a genetic
variant that leads to low activity of the enzyme that metabolizes dopamine and norepinephrine,
catechol-o-methyltransferase (COMT) (Enoch et al., 2003). Low voltage alpha has also been
reported to be linked to the GABAergic system, as an association has been found between the
exon 7 variant of the GABAB receptor gene and alpha voltage (Winterer et al., 2003a,
2003b). In particular, several genetic studies have demonstrated that bipolar EEG measures
are highly heritable (Tang et al., 2007), and may be particularly useful endophenotypes for
substance dependence. Porjesz and colleagues (2002) have also found significant associations
between and the GABAergic system and bipolar measures of the human EEG. They found
significant genetic linkage between the beta frequency of the EEG and a cluster of GABAA
receptors genes on chromosome 4P. Additionally, this same GABAA receptor gene was found
to be associated with a DSM-IV diagnosis of alcohol dependence (Edenberg et al., 2004). These
genetic findings provide evidence that EEG measures are promising endophenotypes in the
search for genes involved in alcohol dependence.

This report is part of a larger study exploring risk factors for substance dependence in an
American Indian community (collectively called Mission Indians/ SWC Indians) (see Ehlers
and Wilhelmsen, 2005, 2007; Ehlers et al., 2004a, 2004b, 2006, 2007a, 2007b, 2007c; Garcia-
Andrade et al., 1996, 1997; Gilder et al., 2004; Wall et al., 2003). In this study, the Semi-
Structured Assessment for the Genetics of Alcoholism (SSAGA) was employed to evaluate a
sample of 626 reservation-dwelling Indians from eight contiguous reservations. The specific
goal of this report was to examine the heritability of bipolar EEG spectral phenotypes and to
determine their associations with marijuana and alcohol dependence taking into consideration
factors such as age, gender, Native American Heritage (NAH), and antisocial personality
disorder and/or conduct disorder (ASPD/CD) in this Indian community.

2. Materials and Methods
2.1 Participants

Participants were recruited from eight geographically contiguous reservations, with a total
population of about 3,000 individuals, using a combination of a venue-based method for
sampling hard-to-reach populations (Kalton and Anderson, 1986; Muhib et al., 2001), as well
as a respondent-driven procedure (Heckathorn, 1997) as previously described (Ehlers et al.,
2004b; Gilder et al., 2004). The venues for recruitment included: tribal halls and culture centers,
health clinics, tribal libraries, and stores on the reservations. A 10–25% rate of refusal was
found depending on venue. Refusal rates were higher at tribal libraries and stores than health
clinics and tribal halls/culture centers. Transportation from their home to The Scripps Research
Institute was provided by the study.

To be included in the study, participants had to be an Indian indigenous to the catchment area,
at least 1/16th Native American Heritage (NAH), between the age of 18 and 70 years, and be
mobile enough to be transported from his or her home to The Scripps Research Institute (TSRI).
Participants were excluded from electrophysiological analyses if they had a history of head
trauma or were currently using medications that could bias the EEG recording. The protocol
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for the study was approved by the Institutional Review Board (IRB) of TSRI, and the Indian
Health Council, a tribal review group overseeing health issues for the reservations where
recruitment was undertaken.

2.2 Measures
Potential participants first met individually with research staff to have the study explained and
give written informed consent. During a screening period, participants had blood pressure and
pulse taken, and completed a questionnaire that was used to gather information on
demographics, personal medical history, ethnicity, and drinking history (Schuckit, 1985).
Participants were asked to refrain from alcohol and drug usage for 24 hours prior to the testing.
No individuals with detectable breath alcohol levels were included in the study dataset (n=3).
During the screening period, the study coordinator also noted whether the participant was
agitated, tremulous, or diaphoretic and their data were eliminated from subsequent analyses.
Each participant also completed an interview with the Semi-Structured Assessment for the
Genetics of Alcoholism (SSAGA) and the family history assessment module (FHAM)
(Bucholz et al., 1994), which was used to make substance use disorder and psychiatric disorder
diagnoses according to Diagnostic and Statistical Manual (DSM-III-R, American Psychiatric
Association, 1987) criteria in the probands and their family members (American Psychiatric
Association, 1987). The SSAGA is a semi- structured, poly-diagnostic psychiatric interview
that has undergone both reliability and validity testing (Bucholz et al., 1994; Hesselbrock et
al., 1999). It has been used in another Native American sample (Hesselbrock et al., 2000,
2003). Personnel from the Collaborative Study on the Genetics of Alcoholism (COGA) trained
all interviewers. The SSAGA interview includes retrospective lifetime assessments of
marijuana and alcohol use, abuse, and dependence. A research psychiatrist/addiction specialist
made all best final diagnoses.

2.3 EEG Collection and Analyses
Six channels of bipolar EEG (F3-C3, C3-P3, P3-01 and F4-C4, C4-P4, P4-02, international
10–20 system) were obtained using an electrode cap (impedance < 5K ohms), as described.
Bipolar recordings were obtained for comparison to previous studies in a wide range of ethnic
groups (see Ehlers and Schuckit, 1990, 1991; Ehlers et al., 1999; Wall et al., 1993). A forehead
ground electrode was used. An electrode placed left lateral infra-orbitally and referenced to
the left earlobe was used to monitor both horizontal and vertical eye movement. Resting EEG
was recorded in a temperature and noise controlled room while a participant was comfortably
sitting on a chair. Participants were instructed to relax and keep their eyes closed, but to remain
awake throughout the EEG recording. Ten to 15 minutes of EEG was collected on paper (Nihon
Kohden, high-low pass filters 1–70 Hz) and also digitized for subsequent analyses. EEG
records were monitored during all recordings for signs of drowsiness or artifact. Ten minutes
of artifact-free, drowsiness-free EEG, as defined by Daly and Pedley (1990), was computer
analyzed for each channel. Muscle and movement artifact are identified by a computer driven
algorithm and verified by the user and epochs containing artifact are removed prior to
processing. Time of recording with respect to the menstrual cycle was not controlled, as
previous studies have demonstrated that the EEG variables under study are not sensitive to
time during the cycle (see Ehlers et al., 1996).

Records were digitized at 128 Hz. The Fourier transform of consecutive four-second epochs
was calculated and the power spectrum produced using an IBM compatible PC with software
developed by Ehlers and Havstad (1982). Power density is calculated in microvolts squared
per octave, a transformation that expands amplitudes at high frequencies and reduces them at
low frequencies, producing a spectrum with less 1/f characteristics (Ehlers et al., 1989). A
rectangular window is used. The transformed data were compressed into five frequency bands.
Mean spectral power density (microvolts squared /octave) in the: delta 1.0–4.0 Hz, theta 4.0–
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7.5 Hz, alpha 7.5–12.0 Hz, low beta 12.0–20.0, and high beta/gamma 20–50 Hz frequency
bands were calculated by summing the raw power spectral values within the band, multiplying
by a scale factor derived from the calibration signal to produce the total power in the band in
microvolts squared, and dividing by the width of the band in octaves. This width is the logarithm
of the ratio of the maximum and minimum frequencies in the band, divided by the log of two.
The details of the spectral analysis procedures have been previously described (Ehlers and
Havstad, 1982; Ehlers et al., 1989).

2.4 Data Analyses
The data analyses were based on the overall aim that was to determine whether associations
existed between heritable spectral characteristics of the EEG and MJ and ALC dependence.
The focus was on five frequency bands (delta, theta, alpha, low beta, high beta/gamma). To
reduce the number of dependent variables in our statistical model, a principal component
analysis (PCA) was performed over the six bipolar electrode locations for each of the five
frequency bands. For the delta and high beta/gamma bands, varimax rotation yielded three
components (eigenvalues > 1, range 1.5–2.1). The electrode sites loading on the first factor
were the two more posterior leads (P3-O1, P4-O2). The electrode sites loading on the second
factor were the two left fronto-central-parietal leads (F3-C3, C3-P3) and the third factor was
the two right fronto-central-parietal leads (F4-C4, C4-P4) (loadings ranged from 0.67 to 0.91).
The three orthogonal factors explained 87% of the variance for each band. For the theta and
low beta bands, varimax rotation yielded two components (eigenvalues > 1, range 2.4–2.6).
The electrode sites loading on the first factor were the four fronto-central-parietal leads (F3-
C3, F4-C4, C3-P3, C4-P4) and the electrode sites loading on the second factor were the two
more posterior leads (P3-O1, P4-O2) (loadings ranged from 0.65 to 0.90). The two orthogonal
factors explained between 85 to 91% of the variance. For the alpha band, varimax rotation also
yielded two components (eigenvalues > 1, range 2.64–2.67). The electrode sites loading on the
first factor were the two fronto-central leads (F3-C3, F4-C4) and the electrode sites loading on
the second factor were the four more posterior leads (C3-P3, C4-P4, P3-O1, P4-O2) (loadings
ranged from 0.64 to 0.93). The two orthogonal factors explained 87% of the variance. Mean
power in each band was averaged across the electrode sites within each of the identified
components generating a value for mean power (microvolts squared/octave) for each of the
five bands (delta, theta, alpha, low beta, high beta/gamma) for each of the regions identified
by the PCA for each participant. These values were the dependent variables in the statistical
analyses.

The first aim of the study was to determine whether the EEG measures of interest, as described
above, were heritable. To accomplish this aim the total additive genetic variance (heritability,
h2) and its standard error were estimated for the EEG phenotypes using SOLAR
http://solar.sfbrgenetics.org/ (Almasy and Blangero, 1998). SOLAR estimates heritability by
parsing the observed variation in a trait into additive genetic and non-shared environmental
influences. The total additive genetic heritability (h2) and its standard error were estimated,
and the probability that h2 was greater than zero was determined using a Student's t-test. This
was accomplished for each frequency band for each electrode location identified in the PCA
and this information is provided in table 2. Participants’ age and sex were included as potential
covariates and retained if they accounted for a significant proportion of the total variance.

One hundred and eighty-one pedigrees containing 1600 individuals were used in the heritability
analyses. Of these, 416 individuals have both genotype and phenotype data and 236 additional
individuals have only phenotypic data. Sixty-six families have only a single individual with
phenotype data. These individuals were included within some analyses to the extent that they
contribute information about trait means and variance and the impact of covariates. The family
sizes for the remaining families ranged between 4 and 41 subjects (average 12.19±8.19).

Ehlers et al. Page 5

Drug Alcohol Depend. Author manuscript; available in PMC 2011 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://solar.sfbrgenetics.org/


Eighty-one families were genetically informative. The data includes 142 parent-child, 260
sibling, 53 half sibling, 11 grandparent-grandchild, 235 avuncular, and 240 cousin relative
pairs. Only sibling, half-sibling, avuncular and cousin pairs were included as being potentially
genetically informative. Many individuals can be linked to a few large extended pedigrees with
many founders and complex “loop” structures, which were “broken” to simplify the analysis.

The second aim of the study was to test for associations between marijuana and alcohol
dependence and the identified EEG variables taking into account: age, gender, alcohol
dependence, Native American Heritage (NAH) and a diagnosis of antisocial personality
disorder and/or conduct (ASPD/CD) disorder in the analyses. This was accomplished by
entering all the independent variables: Marijuana dependence, age, gender, alcohol
dependence, NAH, ASPD/CD into a stepwise regression against the EEG dependent variables.
In these analyses, the computer selected the order in which the independent variables were
entered into the model.

Potential significant differences in demographic and length of abstinence variables between
the MJ dependent and no MJ dependent groups and the ALC dependent and no ALC dependent
groups were tested using Fisher's exact test for the dichotomous variables and analysis of
variance (ANOVA) or analysis of co-variance (ANCOVA) for the continuous variables.
Statistical significance was set at the 0.01 probability level. Statistical analyses were computed
using SPSS version 11 (SPSS, Inc., Chicago, IL).

3. Results
Six hundred and twenty-six participants' records were available for these analyses. Two
hundred four (204) (33%) of the participants met criteria for MJ dependence, 369 (60%) met
criteria for Alcohol dependence, 224 (36%) had neither diagnosis, and 174 (28%) had dual
diagnoses. An overall significant difference between participants with marijuana dependence
and those without a marijuana dependence diagnosis was found for age, gender, education as
seen in table 1. Those participants with a lifetime history of marijuana dependence were
significantly (p<0.01) more likely to be younger, male, have one-third of one year less
education, have a greater than 50% Native American Heritage, and to have a diagnosis of
ASPD/CD. The participants with marijuana dependence did not differ from those without the
diagnosis on employment, economic status, and marriage (see table 1). Those participants with
a lifetime history of alcohol dependence were significantly (p<0.01) more likely to be male,
have one-half of one year less education, have a greater than 50% Native American Heritage,
and to have a diagnosis of ASPD/CD. The participants with alcohol dependence did not differ
from those without the diagnosis on employment, economic status or marriage (see table 1).

Table 2 presents the heritability data for the EEG phenotypes used in the present study. All
EEG phenotypes were significantly heritable (p<0.01) except delta in the left fronto-central-
parietal and bilateral parieto-occipital regions and high beta/gamma in the left fronto-central-
parietal lead. Heritability estimates ranged from 0.16– 0.67. The highest heritability was found
for alpha activity in posterior regions.

Stepwise linear regression revealed several significant correlations between the identified EEG
variables and MJ dependence and ALC dependence as outlined in table 3. Marijuana
dependence was found to be positively (p<0.01) correlated with power the delta frequency
range (1–4 Hz) at the right and left fronto-central-parietal leads. In order to see whether length
of abstinence was responsible for this EEG finding, participants with MJ dependence who
reported not smoking during the month before the EEG evaluation were compared to those
participants with MJ dependence who had smoked. Analysis of covariance (co-varying for age
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and gender) was used to compare the two groups on EEG delta activity and no significant
differences were found between the groups.

Alcohol dependence was found to have a different spectral profile than MJ dependence. ALC
dependence was found to be positively (p<0.01) correlated with power in high beta/gamma
(20–40 Hz) activity in the left fronto-central-parietal lead as seen in figure 1. The other variables
that accounted for a significant part of the variance in our model were: age, gender, Native
American Heritage (NAH) and a diagnosis of antisocial personality disorder and/or conduct
(ASPD/CD) disorder. Being female was positively correlated with (p<0.01) spectral power in
all frequency bands except delta in the right fronto-central-parietal leads. Age was negatively
correlated with power in: theta, alpha, low beta, and high beta/gamma bands in all leads except
bilateral fronto-central (low beta) and right fronto-central- parietal (high beta/gamma) regions.
Having greater than 50% NAH was negatively correlated with (p<.01) spectral power in the
delta, theta, alpha, low beta, and high beta/gamma frequency ranges except in the right fronto-
central-parietal and bilateral parieto-occipital areas for high beta/gamma activity. ASPD/CD
was positively correlated with (p<0.01) spectral power in theta, alpha, low beta, and high beta/
gamma frequency bands except high beta/gamma activity in the right fronto-central-parietal
lead (see table 3).

4. Discussion
Identifying biomarkers of marijuana and alcohol dependence in Native American populations
is important because of the high burden of morbidity and mortality that substance use disorders
pose to some Native American groups. As reported previously, Indians in this sample have
high rates of marijuana dependence (44% in men and 25% in women) and alcohol dependence
(65% in men 54% in women) (Ehlers et al., 2004b, 2007a, 2007b; Gilder et al., 2006, 2007).
Our finding of high rates of DSM-III-R cannabis dependence is consistent with the findings
of Mitchell et al., (2003) and Hesselbrock and colleagues (Hesselbrock et al., 2003, Malcolm
et al., 2006) from two American Indian samples and one Alaska Native sample, respectively,
as well as high rates of alcohol dependence noted in several other native communities (Kinzie
et al., 1992; Kunitz et al., 1999; Mitchell et al., 2003; Robin et al., 1998). The identification of
biomarkers that may represent endophenotypes in Indian populations may aid in genetic studies
seeking to identify inherited factors that may contribute to the high rates of substance
dependence in these populations.

One set of endophenotypes that may be particularly informative for the genetic analysis of
substance dependence and other psychiatric disorders are human electrophysiological
measures [e.g. EEG, event-related potentials (ERPs), event-related oscillations (EROs)] (see
Begleiter and Porjesz, 2006). The EEG is a highly heritable, quantitative, biological measure
that is less complex and presumably closer to gene function than diagnostic and psychological
measures of substance dependence. Twin studies estimating the heritability of the spectral
characteristics of the EEG have reported the average heritability for delta, theta, alpha and beta
frequencies at 76%, 89%, 89% and 86% respectively (van Beijsterveldt et al., 1996). There
have been several studies including a meta-analysis suggesting that heritability for the alpha
band may be the highest (Smit et al 2005, 2006; van Beijsterveldt and van Baal, 2002; Zietsch
et al., 2007).

In order for a phenotype to be useful in genetic analysis within a specific population it must
be demonstrated to be heritable in the population of study. In a recent study, it has been
demonstrated using a large data set of 1598 participants from 442 sibships from the
Collaborative Study on the Genetics of Alcoholism (COGA), consisting of primarily Caucasian
participants, that bipolar EEG power measures are highly heritable and may be particularly
good endophenotypes to evaluate in relation to substance dependence (see Tang et al., 2007).
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In the study of Tang et al. (2007), a similar methodology for determining heritability to the
present study of bipolar EEG power measures was employed (an additive genetic model using
SOLAR) and very comparable results were reported. For example, Tang et al. (2007) reported
heritability estimates from 0.22 to 0.64 and our range was from 0.16 to 0.67. In both studies,
the highest heritabilities were observed in the alpha and beta frequencies, particularly in
posterior areas. However, one difference between the two studies was that our study evaluated
much fewer electrode locations and also estimated the heritability of EEG delta and high beta/
gamma band activity and the Tang et al. (2007) study only reported data on theta, alpha and
beta frequency bands. Taken together our study suggests that the EEG is significantly heritable
in this Indian population and that heritability estimates for this population appear to be very
similar to what has been found in the COGA population.

While it is important to demonstrate heritability of EEG phenotypes in the Indian population
of study, it is also important to know if those phenotypes are actually significantly correlated
or associated with substance dependence. In the present study, MJ dependence was found to
be positively correlated with power in the delta frequency band, particularly in the frontal areas.
A number of previous studies have linked changes in EEG spectral characteristics to marijuana
dependence, but not all findings have been consistent. Changes in power in the frontal cortex
was found in one set of studies that was initially conducted in psychiatric patients and
subsequently in non-patients by Struve and colleagues (1989, 1994, 1999, 2003). Although
both studies found changes in frontal areas, the EEG frequency characteristics of those changes
were found to be different. In the studies by Struve and colleagues, they described quantitative
EEG findings consisting of significant elevations of absolute and relative alpha power and
alpha coherence, over the bilateral frontal cortex, as well as decreases in alpha frequency
following “chronic heavy cumulative THC exposure”. This group also found increases in theta
activity over the bilateral frontal cortex in a group with “very long duration use of MJ” (use
for 15–24 yrs) (see Struve et al., 1998).

However, in another population sample, Herning et al. (2003) found decreases in EEG alpha
and beta activity in posterior areas during early abstinence and 28 days following abstinence
in marijuana abusers as compared to controls. The question is why did the three studies obtain
different results? One difference between studies may be related to participant demographics.
We have clearly demonstrated that EEG alpha activity differs substantially based on racial
background and gender (see Ehlers and Phillips, 2003, 2007; Ehlers et al., 1999; 2004c,
2004d). In the present study all participants were Native American Indians and over half of the
participants were women. Women were found to have higher voltage EEG’s than men did.
This finding confirms data from our previous studies in Hispanics (Ehlers and Phillips, 2007;
Ehlers et al., 2004c, 2004d) and those of others in mixed ethnic groups who have also noted
that women in general have higher amplitudes in the resting EEG when compared to men
(Veldhuizen et al., 1993; Wada et al., 1994).

In the present study Native American heritage was also found to be negatively correlated with
EEG voltage in all five frequency bands. In our statistical model both gender and Native
American heritage were investigated and not found to account for the EEG findings correlated
with MJ dependence. However, in the study of Struve et al. (1999) neither the gender nor the
racial background of the participants is given. Whereas in the study of Herning and colleagues
(2003, 2008) the population was primarily male and African American and although gender
was accounted for, African American Heritage was not. Thus, in order to compare the three
studies more information about participant demographics and how they may have affected the
results is needed.

Additional differences in the present study from previous EEG studies include the use of bipolar
electrodes. Bipolar electrodes reduce signals that are common to the two leads that are being
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recorded from. Thus artifacts that may be common to the two leads (such as eye movements)
will be rejected but also true signals in common to the two leads (such as alpha activity) will
also be reduced in amplitude. Monopolar electrodes were used in the studies by Struve et al.
(1999) and by Herning and colleagues (2003, 2008).

Another important difference between studies was the amount of time that participants were
abstinent from MJ usage prior to the recording of the EEG. In the present study participants
were recorded at a minimum of 24 hours of abstinence. In the study of Struve et al., (1999)
participants were also required to be abstinent for a minimum of 24 hours, however, in the
study by Herning et al., (2008) participants were recorded from within 72 hours of admission
to a closed clinical research ward and a subset of the users were tested again after 28–30 days
of monitored abstinence. Interestingly, Herning et al., (2008) found that especially for the
marijuana users that endorsed using eight years or more that the EEG findings they reported
were found to persist during the month of abstinence. In the present study we evaluated a subset
of individuals who met lifetime diagnosis for MJ Dependence but reported not having used
over the last month, and found no significant differences in EEG delta between those
participants and those participants with a MJ dependence diagnosis who endorsed having used
the drug over the last month.

Another difference between the studies is that the use of marijuana may, or may not, have
caused a variety of persistent CNS changes in the study participants that were then reflected
in the different EEG findings. Struve et al., (1998) have theorized that “casual” MJ users did
not have an EEG profile associated with their use but that chronic users had “alpha
hyperfrontality” and that use over 15 years ultimately led to increased EEG frontal theta
activity. In our study increases in frontal delta activity were found in participants with MJ
dependence. Since delta activity has been associated with mild cognitive impairment and
memory decline with aging (Adler et al., 1999; Liddell et al., 2007) it is possible that the MJ
dependent participants in our population (who had a mean age of 28) are displaying more signs
of “aging” of their EEGs, however, this would have to be confirmed by follow-up studies using
neuropsychological and neuroradiological indicators. In the study by Herning et al., (2008)
they suggested that the reduced EEG power in the alpha and beta bands observed at posterior
sites in the MJ using group could be related to cerebral perfusion deficits and/or alterations in
thyroid function. Further studies will be necessary to determine if the EEG changes noted in
the three different studies reflect persistent changes in identified brain systems.

Previous EEG studies have also primarily focused on identifying measures of the consequences
of marijuana “use” rather than potentially heritable indices of risk for dependence on the drug.
In our study, although EEG delta activity was found to be heritable particularly in the right
fronto-central-parietal areas (h2 =0.50), 50% of the variance in this lead is “environmental”
and therefore differences in EEG power in this lead between participants with and without MJ
dependence may partially represent the effects of MJ exposure rather than a genetic factor or
may indicate a gene-environment interaction. This may be particularly true in the left fronto-
parietal area where heritability estimate were lower (h2 =0.22).

What is the evidence that specific EEG measures are associated or correlated with alcohol
dependence? A number of laboratories have investigated this question and the findings between
studies appear to be fairly consistent. Low voltage alpha has been associated with a subtype
of alcohol dependence with anxiety disorders (Enoch et al., 1995, 1999). In the COGA study,
increases in theta power and beta power have been reported to be associated with alcoholism
(Rangaswamy et al., 2003, 2004). Beta power increases have also been reported by Coutin-
Churchman et al. (2006) in a South American population of alcoholics. Costa and Bauer
(1997) have also reported increases in beta power in alcohol-dependent and cocaine-dependent
subjects, as well as higher beta power in relapsers compared with controls and abstainers
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(Bauer, 1994). Therefore, the present finding of a positive correlation of high beta/gamma
activity and alcohol dependence, although combining beta and gamma activity into one band,
is generally consistent with the findings of other studies that have reported increases in beta
activity in alcohol dependent individuals. High beta/gamma activity was found to differ in
heritability depending on the location with the more posterior leads having higher heritability
(h2 =0.49) than the left fronto-central parietal (h2 =0.16) that was significantly correlated with
alcohol dependence. These data suggest that environmental factors may play an important role
in the correlation between high beta gamma activity and alcohol dependence.

Another factor that needs to be taken into consideration in evaluating EEG voltage and
substance dependence is the presence of externalizing diagnoses (Bauer et al., 2001). A
considerably large literature has clearly documented in the general population that substantial
co-morbidity exists between antisocial behaviors and substance abuse (Bucholz, 1999;
Compton et al., 2000; Dinwiddie and Reich, 1993; Fu et al., 2002; Goldstein et al., 2006;
Holdcraft et al., 1998; Kessler et al., 1997; Regier et al., 1990; Simmons and Havens, 2006;
Westermeyer and Thuras, 2005; Wong et al., 1999). In fact, it has been suggested that the
relationship between antisocial behavior and substance abuse may be one of the best-
documented findings in the psychopathology literature (see Waldman and Slutske, 2000). Both
substance dependence and behavioral control disorders, such as conduct disorder and adult
antisocial personality disorder (CD/ASPD), have been shown to have a significant genetic
component to their etiology (Button et al., 2005, 2006; Cloninger et al., 1981; Ehlers et al.,
2008b; Grove et al., 1990; Heath et al., 1997; Kendler et al, 1992, 2003; Prescott and Kendler,
1999; Slutske, 2001).

Behavioral genetics studies have the advantage in being one of the strongest methods for
determining whether the co-morbidity among psychopathological conditions is due to common
etiologies and or pathologies associated with the disorders or not. In a previous report, we
demonstrated that ASPD/CD phenotypes are highly heritable and linked to several
chromosomal regions in this Indian population (Ehlers et al., 2008b). In the present study,
ASPD/CD was found to be positively correlated with EEG power in the theta, alpha, low beta
and high beta/gamma frequency bands but not in the delta frequencies that were correlated
with MJ dependence. Further studies evaluating whether there is overlap between genetic
linkage for EEG phenotypes and ASPD/CD and substance dependence will be needed to
determine whether common genetic factors may underlie these phenomena.

There are several aspects of the current study that are unique to the literature on the
electrophysiology of marijuana dependence. Most studies have focused on “users” of
marijuana as opposed to individuals with a DSM defined history of marijuana dependence.
Some studies have not controlled for other psychiatric disorders in the populations they
evaluated. Additionally, in most studies, sample sizes were small and had few women
participants and as such, there was not enough power to detect differences in EEG as a function
of gender. We have previously reported in a study that evaluated event-related potentials in
this population of Native Americans; the women were found to have longer latency P450
responses to the stimuli that were used to generate late positive responses (happy and neutral
faces) (Ehlers et al., 2008a). Women with MJ dependence were also found having longer P450
latencies than men did with MJ dependence suggesting that women may be more impacted by
a marijuana dependence diagnosis.

The results of this study should be interpreted in the context of several limitations. First, the
findings may not generalize to other Native Americans or represent all Indians within this
population. Second, only retrospective and cross-sectional data on MJ, ALC and other drug
use disorders were assessed. EEG high beta and gamma band activity were analyzed together
within one frequency band which did not allow for the dissection of whether the gamma or the
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high beta activity was responsible for significant findings. Despite these limitations, this report
represents an important step in an ongoing investigation to determine genetic and
environmental factors associated with substance use and use disorders in this high risk and
understudied ethnic group.
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Figure 1.
In the upper graph mean (± S.E.) EEG Delta (1–4 Hz) power in three brain regions is displayed
in the open bars for those participants with no marijuana dependence (no MJ Dep) and in the
closed bars for participants with marijuana dependence (MJ Dep). In the lower graph EEG
high beta/gamma (20–50 Hz) power in three brain regions is displayed in the open bars for
those participants with no alcohol dependence (no Alc Dep) and in the closed bars for
participants with alcohol dependence (Alc Dep). In both graphs EEG power is displayed in
microvolts squared per octave. * indicates a significant positive correlation between the
diagnosis and EEG power.
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Table 1

Demographics

MJ Dep No MJ Dep Alc Dep No Alc Dep

(n = 207) (n = 419) (n = 369) (n = 257)

Gender (n) M = 113*, F = 94 M = 146, F = 273 M = 169+, F = 200 M = 90, F = 167

Married (n) 32 76 63 45

Employed (n) 83 176 141 118

Income ≥ $20,000 yr. 108 214 178 144

NAH ≥ 50% (n) 99* 155 171+ 83

Age (yrs) 28 ± 0.6* 31 ± 0.6 30.96 ± 0.573 29.98 ± 0.874

Education (yrs) 11.3 ± 0.1* 11.6 ± 0.07 11.38 ± 0.081+ 11.81 ± 0.092

CD/ASPD (n) 66* 53 100+ 19

*
p < 0.01 Marijuana Dependence (MJ Dep) vs. no Marijuana Dependence (no MJ Dep)

+
p < 0.01 Alcohol Dependence (Alc Dep) vs. no Alcohol Dependence (no Alc Dep)
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Table 2

Heritability of EEG principle components

Frequency range Electrode locations h2 ± SE p-value

Delta (1–4 Hz) left fronto-central-parietal 0.22 ± .12 <.24

bilateral parieto-occipital 0.28 ± .19 <.036

right fronto-central-parietal 0.50 ± .13 <.0001

Theta (4–7.5 Hz) bilateral fronto-central-parietal 0.31 ± .10 <.0003

bilateral parieto-occipital 0.23 ± .09 <.001

Alpha (7.5–12 Hz) bilateral fronto-central 0.62 ± .10 <.000001

bilateral centro-parieto-occipital 0.67 ± .10 <.000001

Low Beta (12–20 Hz) bilateral fronto-central parietal 0.51 ± .10 <.000001

bilateral parieto-occipital 0.24 ± .10 <.003

High Beta/Gamma (20–50 Hz) left fronto-central-parietal 0.16 ± .10 <.03

right fronto-central-parietal 0.24 ± .10 <.0008

bilateral parieto-occipital 0.49 ± .13 <.00001
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Table 3

Regression analyses of marijuana dependence, alcohol dependence, age, gender, Native American heritage and
antisocial personality disorder/conduct disorder for EEG principal components.

Frequency range Electrode locations Variable Coefficient p-value

Delta (1–4 Hz) left fronto-central-parietal Gender 1.40 0.001

MJ Dep 1.28 0.003

NAH −0.81 0.044

bilateral parieto-occipital Gender 1.29 <0.001

NAH −0.71 0.046

MJ Dep 0.90 0.018

right fronto-central-parietal NAH −1.07 0.007

MJ Dep 1.14 0.007

Theta (4–7.5 Hz) bilateral fronto-central-parietal Gender 2.38 <0.001

Age −0.07 <0.001

NAH −1.61 <0.001

CD/ASPD 1.60 0.001

bilateral parieto-occipital Gender 3.16 <0.001

Age −0.06 0.001

NAH −1.57 <0.001

CD/ASPD 1.86 0.001

Alpha (7.5–12 Hz) bilateral fronto-central Gender 3.72 0.010

Age −0.09 0.028

NAH −4.49 <0.001

CD/ASPD 5.08 <0.001

bilateral centro-parieto-occipital Gender 11.44 <0.001

Age −0.40 <0.001

NAH −8.01 0.001

CD/ASPD 7.80 0.015

Low Beta (12–20 Hz) bilateral fronto-central parietal Gender 1.90 <0.001

NAH −1.11 0.001

CD/ASPD 1.54 <0.001

bilateral parieto-occipital Gender 3.18 <0.001

Age −0.06 0.004

NAH −1.12 0.019

CD/ASPD 1.55 0.011

High Beta/Gamma (20–50 Hz) left fronto-central-parietal Gender 0.71 <0.001

Age 0.02 0.020

NAH −0.46 0.019

ALC Dep 0.52 0.010

right fronto-central-parietal Gender 0.63 0.004

CD/ASPD 0.70 0.010

bilateral parieto-occipital Gender 0.97 <0.001

Age −0.02 0.002
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Frequency range Electrode locations Variable Coefficient p-value

CD/ASPD 0.54 0.001
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