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A sex-adjusted and age-adjusted genome screen for
nested alcohol dependence diagnoses
J. Corbetta, N. L. Sacconea, T. Foroudb, A. Goatea, H. Edenbergb,
J. Nurnbergerb, B. Porjeszc, H. Begleiterc, T. Reicha,w and J. P. Ricea

Alcohol dependence is a complex disorder with a

substantial genetic contribution to susceptibility. The

Collaborative Study on the Genetics of Alcoholism is a

multi-site study whose purpose is to detect, localize, and

characterize genes contributing to this susceptibility.

Previous linkage analyses of the trait of alcohol

dependence in Collaborative Study on the Genetics of

Alcoholism have used affected sib-pair methods with a

dichotomous phenotype definition. In contrast, the analysis

in this paper uses a sex-adjusted and age-adjusted

multiple threshold liability model. The use of such a model,

in that it includes unaffected as well as as affected subjects

and in that it utilizes the differential severity of a diagnosis

scale, should heuristically be more powerful than a straight

affected sib-pair analysis. Three regions of interest are

found on chromosome 1 (lod 5.17), chromosome 4 (lod

3.46), and chromosome 8 (lod 4.31). The region on

chromosome 1 near the marker D1S532 is in the region

previously reported as linked to alcohol dependence and

correlated phenotypes in this dataset. The region on

chromosome 4 near the alcohol dehydrogenase gene

cluster has been reported to be linked to alcohol

dependence in other studies, as well as to the alcohol

consumption phenotype ‘Maximum Number of Drinks in a

24-Hour Period’ in this dataset. The region on chromosome

8 near the marker D8S1988 is homologous to a section of

rat chromosome 5 to which an alcohol consumption

phenotype has been linked. Psychiatr Genet 15:25–30
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Introduction
Previous affected sib-pair (ASP) linkage analyses of

alcohol dependence in the Collaborative Study on the

Genetics of Alcoholism (COGA) dataset have been

performed using various diagnostic criteria of depen-

dence. The diagnostic criteria used have included COGA

DSM-III-R (American Psychiatric Association, 1987) plus

Feighner Definite (Feighner et al., 1972) criteria, DSM-IV

criteria (American Psychiatric Association, 1994) and

ICD-10 criteria (World Health Organization, 1993).

Suggestive linkage to alcohol dependence has been found

on regions of chromosomes 1, 2, and 7 (Reich et al., 1998;
Foroud et al., 2000c). Additionally, a genome scan using

individuals classified as pure unaffected, defined as

individuals who had been exposed to alcohol but who

showed no symptoms of alcohol dependence, yielded

some evidence for a possible protective locus on

chromosome 4 in the region around the alcohol dehy-

drogenase gene cluster (Reich et al., 1998).

The ICD-10 diagnostic criteria are the most restrictive,

the COGA criteria are the least restrictive, and DSM-IV

criteria are intermediate (Grant, 1996; Foroud et al.,
2000c). Previous investigations of this dataset have used

the strategy of parallel ASP analyses of ‘broad’ (COGA)

and ‘narrow’ (ICD-10) alcohol dependence phenotypes

to attempt to increase the power of linkage analysis. This

is a common strategy employed in psychiatric genetics

where multiple models of clinically defined affectation

are employed (Reich et al., 1998; Brzustowicz et al., 2000;
Foroud et al., 2000b). However, this strategy does not take

full advantage of the severity gradient underlying the

aforementioned diagnoses of alcohol dependence, since

the subjects considered affected under the broader

diagnosis are excluded from analysis under the narrower

diagnosis while there is no provision under the broader

analysis for the differential severity within the sample.

Furthermore, under neither the broad nor the narrow

analyses are unaffected subjects included.
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In order to simultaneously analyze the full spectrum of

alcohol dependence states identifiable in this dataset, we

propose the use of a multiple threshold liability model

(Reich et al., 1972). Under this model, we consider the

trait of alcohol dependence to be derived from a standard

normal liability variable encompassing all states from

‘pure unaffected’ to ICD-10 dependent. We thus create a

polychotomous analysis variable. Simulation studies have

shown that dichotomizing a polychotomous phenotype, as

for example one would do in the case of alcoholism by

simply selecting a single diagnosis to determine affecta-

tion, leads to a loss of power with no corresponding

decrease in Type I Error (Corbett et al., 2004). It is the

associated liability score that is used to perform a linkage

analysis. Since the liability score itself cannot be directly

observed, it must be estimated from the prevalence of

alcohol dependence states in base populations. Since

there are strong sex or age-cohort effects for alcohol

dependence (Rice et al., 2003), the estimates for liability

scores in this analysis were adjusted to reflect these

effects. This adjustment cannot be made under standard

ASP analyses. In effect, the method in this paper will

overweight the occurrence of severe diagnoses in those

cohorts where such diagnoses are rare and lower the

impact of phenocopies on our analysis.

Materials and methods
Subjects

The dataset consists of 1228 families ascertained through

an alcoholic proband in treatment, as well as 236

randomly ascertained control families. The control

families were selected without regard to alcohol depen-

dence to represent a random population sample. From

these 1464 extended families, a subset of 250 multiplex

families informative for linkage was selected for genotyp-

ing. The 250 extended families selected for inclusion in

the genetic analysis sample comprised 327 nuclear

families and 2263 non-independent sib pairs. Of these

250 families, 248 were selected from among the 1228

proband ascertained families, while two were selected

from among the 236 control families. The protocols for

ascertainment and the conditions required to be selected

for genotyping have been previously described (Begleiter

et al., 1995). Informed consent was obtained from all

subjects.

Overall, the sample is 77% Caucasian, 15% African-

American, and 8% ‘Other’. It is 44% male and 56% female.

Genotyping

This analysis uses a total of 351 markers spread across the

genome with an average heterozygosity of 0.74. The

average intermarker distance was 10.9 cM. Genotyping for

COGA was performed at Washington University and at

Indiana University. The majority of markers genotyped

were trinucleotide or tetranucleotide repeat polymorph-

isms developed by the Cooperative Human Linkage

Center, as well as markers from Genethon, the Marshfield

Clinic, MIT, and the University of Utah (Murray et al.,
1994). Further details on genotyping procedures in

COGA can be found in previous publications (Reich

et al., 1998; Foroud et al., 2000c).

Markers were checked for Mendelian inheritance through

use of the database manager GeneMaster as well as the

program USERM13 (Boehnke, 1991). Marker frequency

estimates were made from data on all genotyped

individuals in COGA using USERM13. Marker order

and intermarker distances were estimated in COGA

through the use of the program CRI-MAP (Lander and

Green, 1987).

Phenotype and statistical methods

In previous analyses of this dataset, three different

definitions of alcohol dependence were used. Regions of

suggestive linkage for these definitions were often, but

not always, overlapping. The three alcohol dependence

diagnoses used in this dataset are almost completely

nested and show evidence of a severity gradient running

from COGA dependence (the least severe) to ICD-10

dependence (the most severe) (Grant, 1996). For

example, of the 2484 subjects diagnosed with ICD-10

alcohol dependence in the entire dataset, only 45

were unaffected according to the COGA criteria and

only 62 were unaffected according to DSM-IV criteria

(see Fig. 1).

This nesting of diagnoses suggests the use of a multiple

threshold liability model for alcohol dependence. We

propose a model with five categories – pure unaffected,

unaffected, COGA dependent, DSM-IV dependent, and

ICD-10 dependent – where affected subjects are

classified according to their most severe diagnosis. Pure

Fig. 1
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unaffected subjects are defined to be those subjects who

have been exposed to alcohol but who show no symptoms

of alcohol dependence according to any of the diagnostic

systems (DSM-III-R, Feighner, DSM-IV, ICD-10) used in

this dataset. Unaffected subjects are defined to be those

subjects who have been exposed to alcohol and are not

pure unaffected, but who do not meet dependence

criteria under any of the the three alcohol dependence

diagnostic systems. Subjects who had not been exposed

to alcohol (n=238) were not included in this analysis as

their status was considered to be unknown.

Since alcohol dependence has well-known sex and cohort

effects (Rice et al., 2003), the thresholds for a multiple

threshold liability model should depend upon the age and

sex of the subject. We modeled this dependence through

the partitioning of subjects into six classes based upon

the sex of the subject as well as the age of the subject

(r 25, 26–50, Z 51) at the time of interview. We used

data from the 236 randomly ascertained families in the

control sample to estimate population prevalences of the

states of our multiple threshold liability model. We then

estimated threshold values for each of these six age-sex

cohorts separately.

Multipoint identity by descent estimates for all sib pairs

in the combined genetic analysis dataset were obtained

from MAPMAKER/SIBS (Kruglyak and Lander, 1995) at

each marker locus. These identity by descent estimates

were combined with the estimated liability values and

were used as inputs to a variance components method

implemented in the structural equation modeling pack-

age Mx (Eaves et al., 1996) for linkage analysis. Linkage

analysis was performed on all possible pairs of sibs

without weighting for non-independence.

Lod scores were calculated for the results by converting P
values. Twice the difference in loge-likelihood difference

between a polygenic disease model and a polygenic model

including a QTL serves as a test statistic that is

distributed under the null hypothesis of no linkage at a

given locus as a random variable with a 0.5:0.5 mixture of

a w2 distribution with one degree of freedom and a point

mass at zero (Self and Liang, 1987; Almasy and Blangero,

1998). Thus, one may calculate a traditional lod score at a

locus by dividing the difference in loge-likelihoods of the

polygenic and QTL models at that locus by loge10.

Results
We observed a clear gradient among the age–sex cohorts,

indicating that, for all age cohorts, alcohol dependence is

both more common and more severe in males than in

females. In particular, alcohol dependence in any form

was found to be extremely rare among older female

subjects in the control group.

Estimating liability thresholds separately for each age–sex

cohort, we assigned to each subject the median value of a

truncated standard normal random variable, where the

truncation values were based upon the assigned class of

the subject and the estimated lower and upper threshold

values for that age–sex cohort. For example, if a subject

were a 35-year-old female dependent under COGA

criteria, but not under DSM-IV or ICD-10 criteria, the

appropriate thresholds would be 1.53 and 1.76 (estimated

from the population prevalences in Table 1), and the

subject would be assigned an estimated liability score of

1.64. This score was computed by taking the median

(instead of the mean, to reduce the influence of extreme

values) of the probability distribution formed by starting

with the standard normal distribution and limiting the

allowed values of the distribution to be between the two

threshold values. In the case of the oldest female cohort,

where there were too few affected individuals to obtain

threshold estimates for the affected classes, missing

threshold values were estimated by taking medians in the

intervals between estimated threshold values. Since

alcohol dependence is rarer in the older cohorts as well

as in the female cohorts, estimated liability scores for

alcohol-dependent subjects in these cohorts will be more

extreme than for similarly diagnosed subjects in the

younger and male cohorts. Conversely, since pure

unaffected subjects are less common in the younger and

male cohorts than in the older and female cohorts, the

estimated liability scores for pure unaffected individuals

in these younger and male cohorts will be more extreme

than pure unaffected subjects in the older and female

cohorts. Table 2 presents estimated liability scores for

each threshold state and age–sex cohort. We note that the

resulting liability estimates do not form a true quantita-

tive variable, but are rather limited to only five possible

values for each age–sex cohort. However, the quantitative

scale still gives a way to vary the impact a subject will

have on this analysis based upon their age, sex and alcohol

dependence state.

Table 1 Sex and cohort effects for alcohol dependence state in the control sample in Collaborative Study on the Genetics of Alcoholism
(COGA)

Male, under 26 years Male, 26–50 years Male, over 50 years Female, under 26 years Female, 26–50 years Female, over 50 years

Pure unaffected 42 (24.4%) 37 (20.1%) 49 (38.9%) 52 (31.5%) 133 (52.2%) 79 (79.8%)
Unaffected 84 (48.8%) 99 (53.8%) 63 (50.0%) 91 (55.2%) 106 (41.6%) 18 (18.2%)
COGA 5 (2.9%) 15 (8.2%) 4 (3.2%) 4 (2.4%) 6 (2.4%) 0 (0.0%)
DSM-IV 24 (14.0%) 17 (9.2%) 5 (4.0%) 12 (7.3%) 7 (2.7%) 2 (2.0%)
ICD-10 17 (9.9%) 16 (8.7%) 5 (4.0%) 6 (3.6%) 3 (1.2%) 0 (0.0%)
Total 172 184 126 165 255 99

Affected subjects are classified by their most severe diagnosis.
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The most significant result for alcohol dependence was

found on chromosome 1 at the marker D1S532, at which

there was estimated to be a quantitative trait locus

(QTL) explaining 13.2% of the heritable variance (11.1%

of overall variance) in liability, with a lod score equivalent

of 5.17. Another significant result was found on chromo-

some 4 near the ADH3 locus, at which there was

estimated to be a QTL effect explaining an estimated

10.7% of the heritable variance (9.1% of overall variance)

in liability, with a lod score equivalent of 3.46. The final

significant result was found on chromosome 8 at the

marker D8S1988, where there was estimated to be a QTL

explaining 12.6% of the heritable variance (10.6% of the

overall variance) in liability. This peak had a lod score

equivalent of 4.31.

Table 3 presents all markers that had a lod score

equivalent greater than 2.0. As one can see, adjacent

markers also showed evidence of linkage to liability for all

three of these peaks.

Discussion
This analysis yielded evidence for linkage of the liability

trait to three regions of the genome. The first region is on

chromosome 1, around the marker D1S532. This region

was also highlighted as the strongest signal in the original

ASP genome screen for this dataset under both the

COGA and ICD-10 models. Since the liability trait draws

much of its information from these diagnoses, and since

both diagnoses yield signals in this area, it is not

surprising that a quantitative linkage analysis of the

estimated liability should also yield a signal of suggestive

linkage in the same area. The region on chromosome 1 is

currently being investigated due to its earlier implication

as a region of suggestive linkage under both the COGA

and ICD-10 alcohol dependence models as well as other

correlated phenotypes including COGA alcohol depen-

dence and depression (Nurnberger et al., 2001) and

subjective response to ethanol (Schuckit et al., 2001).

While the signal on chromosome 4 near the ADH3 locus

was not selected as a region of suggestive linkage under

ASP analysis using any of the three dependence models,

analyses of this dataset with other phenotypes have

pointed to this region. This region was implicated to

contain a possible protective locus based upon an analysis

(Reich et al., 1998) of the relatively small number of

genotyped pure unaffected sib pairs (n=30), as well as in

an analysis of a slightly broadened version of the pure

unaffected phenotype with a larger number (n=126) of

sib pairs. Additionally, quantitative linkage analysis of the

trait ‘Maximum Number of Drinks Consumed in a 24

Hour Period’ gives evidence of a locus influencing this

trait in this same region (Saccone et al., 2000).

The region of interest on chromosome 4 is near the

alcohol dehydrogenase gene cluster, containing ADH1,
ADH2, ADH3, ADH4, ADH5, ADH6, and ADH7. Previous
studies have indicated that alleles at ADH2 and ADH3,
which affect enzyme kinetic properties, reduce the risk

for alcoholism in Chinese and Japanese populations

(Thomasson et al., 1991; Crabb et al., 1995; Muramatsu

et al., 1995; Higuchi et al., 1996; Edenberg and Bosron,

1997; Shen et al., 1997). In addition, evidence of linkage

of alcohol dependence to a region of chromosome 4 near

the ADH gene cluster has been reported in a Native

American population (Long et al., 1998), using two-point

Haseman–Elston regression. This was also seen in an

initial analysis of this dataset by the same method (Reich

et al., 1996). The two-allele system at ADH3 has been

genotyped in this dataset and does not appear to account

for the QTL observed in this analysis, as the distribution

of diagnoses does not vary significantly by ADH3
genotype for the individuals in the combined genetic

analysis dataset. Further exploration of the ADH gene

cluster and other candidate genes in this chromosomal

region is underway.

The final region of interest suggested by this analysis is

on chromosome 8, near the marker D8S1988. The relative

strength of this signal along with the homology of this

Table 2 Estimated liability scores for each threshold by age–sex cohort

Male, under 26 years Male, 26–50 years Male, over 50 years Female, under 26 years Female, 26–50 years Female, over 50 years

Pure unaffected –1.16 –1.27 – 0.86 – 1.01 –0.64 –0.26
Unaffected –0.03 –0.07 0.36 0.23 0.61 1.22
COGA 0.67 0.77 1.31 1.17 1.64 1.55
DSM-IV 0.96 1.11 1.56 1.46 1.95 2.32
ICD-10 1.65 1.71 2.06 2.09 2.52 2.57

Table 3 All markers with lod score>2.0

Chromosome Marker Location (cM) Lod score

1 D1S1665 112.2 2.61
D1S532 124.2 5.17
D1S2614 128.2 3.42

4 D4S1628 127.1 3.45
ADH3 131.1 3.19

D4S1651 146.1 3.11
FABP2 152.2 2.25

8 D8S549 10.0 2.21
D8S1119 103.7 2.43
D8S1988 109.7 4.31

18 D18S844 107.0 2.27
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region with a region of suggestive linkage to an alcohol-

related trait in rat (Foroud et al., 2000a) combines to give

some confidence that this signal is not simply due to

noise, but is generated by the aggregate information

gained by using all available diagnoses, including un-

affected subjects, as well as appropriate corrections for

age and cohort effects.

The liability trait did not give a strong indication of

linkage to other regions at which suggestive linkage to

alcohol dependence was found using ASP methods. While

there was a lod score of 1.73 seen about 20 cm distal to

the main signal found on chromosome 3 in the combined

genetic analysis sample of this dataset (Foroud et al.,
2000c), no regions on chromosome 2 or chromosome 7

showed lod scores above 0.80 under the model used in

this paper. The estimated liability in this model seems to

capture some, but not all, of the linkage information of an

ASP analysis. This model gains additional information

through the mechanism of the assumed severity gradient

in addition to the benefits derived from taking sex and

birth cohort effects into account. This method of passing

to an estimate of an underlying normal liability in order to

perform linkage analysis could be performed on other

polychotomous traits that have a well-defined, although

not necessarily completely ordered, severity gradient.

This analysis of the COGA dataset suggests that such an

approach may find information for linkage that is not

discovered through analysis of dichotomous diagnoses

that are at different points on the severity spectrum for

the trait under inspection.

In addition to the gender and birth cohort, ethnic

ethnicity is another variable that impacts the risk to

alcohol dependence (Rice et al., 2003), with African-

Americans having a lower risk. However, there are too few

non-Caucasians in the linkage sample to permit separate

analyses by group. The prior analyses of the linkage

sample (Reich et al., 1996; Foroud et al., 2000c) used the

entire set of families, and performed separate analyses on

the Caucasians-only subset and on sibships that had both

parents genotyped. They found consistent results in

these analyses. Accordingly, we analyzed the entire set of

families to provide comparability to the prior analyses. For

studies with a significant ethnic admixture, separate

liability classes for different ethnic groups would be

advisable.
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