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Abstract The inability to quantify the risk for disorders,

such as substance use disorders (SUD), hinders etiology

research and development of targeted intervention. Based

on the concept of common transmissible liability to SUD

related to illicit drugs, a method enabling quantification of

this latent trait has been developed, utilizing high-risk

design and item response theory. This study examined

properties of a SUD transmissible liability index (TLI)

derived using this method. Sons of males with or without

SUD were studied longitudinally from preadolescence to

young adulthood. The properties of TLI, including its

psychometric characteristics, longitudinal risk assessment

and ethnic variation, were examined. A pilot twin study

was conducted to analyze the composition of TLI’s phe-

notypic variance. The data suggest that TLI has concurrent,

incremental, predictive and discriminant validity, as well as

ethnic differences. The data suggest a high heritability of

the index in males. The results suggest applicability of the

method for genetic and other etiology-related research, and

for evaluation of individual risk.

Keywords Addiction � Phenotype � IRT � Ethnicity �
Race � Transmissibility

Introduction

The individual risk for substance use disorder (SUD) can

be viewed as a phenotype for a continuous latent (unob-

served) complex trait termed liability. This term was

introduced to human genetics by Falconer (1965) and

defined as encompassing the effects of all factors influ-

encing the probability of the disorder. Phenotypic values

that surpass a certain point on the liability scale, the

threshold, are likely to be ascribed a clinical diagnosis. For

liability to a behavioral disorder such as SUD, without a

natural clear boundary between the norm and pathology,

the threshold is defined and described by consensually

accepted and changing diagnostic criteria. There are as

many as 466 possible DSM-III-R diagnostic combinations

of symptoms for dependence only (three or more out of

nine symptoms), not counting variation in the substances

used (Vanyukov et al. 2003a). Each of the symptoms may

have different relevance to the actual latent threshold

phenotype. The categorical SUD diagnosis thus collapses

the continuous trait into two heterogeneous phenotypic
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classes. While needed for clinical work, the diagnosis is

therefore not an optimal research tool. It also cannot inform

primary prevention of SUD.

Whereas drug- or drug-class-specific mechanisms of

metabolism and pharmacologic action may be involved in

SUD risk, studies have documented considerable com-

monalities between the various SUD (reviewed in Vanyu-

kov and Tarter 2000; Vanyukov et al. 2003c). Indeed, the

different substance-specific SUD diagnoses are indicators

of a unidimensional latent continuous trait (Kirisci et al.

2002). Only a small proportion of variance in liability for

SUD related to different types of illicit drugs is substance-

specific (Kendler et al. 2003a, 2007). A large proportion of

genetic variance is accounted for by genetic factors shared

in common between various SUD, with twin data indicat-

ing little or no specific genetic contribution for different

illicit drugs (Tsuang et al. 1998; Kendler et al. 2003a,

2007). Common liability, rather than drug/‘‘stage’’-specific

factors posited by the ‘‘gateway theory’’ (Kandel 1975),

underlies transitions in drug abuse development (Tarter

et al. 2006).

Measurement of this latent trait, needed for genetic and

other etiology research as well as risk assessment, is com-

plicated. Liability can be characterized dimensionally

among the affected (or at least symptomatic) individuals,

insofar as indices of disorder severity (e.g., symptom

counts) are related to this trait. This, however, can be done

only when the population reaches the age of risk and starts

using drugs, which constrains the ability to distinguish

causes (or even premorbid phenotypic characteristics) and

effects of substance abuse. Moreover, the resultant scale

would be truncated, with many nonaffected or asymptom-

atic phenotypes largely collapsed into one class, limiting

analyses related to the risk for SUD in power and scope.

Previous discussions have detailed the theoretical

foundation (Vanyukov et al. 2003c; Vanyukov and Tarter

2000) and methodological strategy (Vanyukov et al. 2003a;

Vanyukov and Tarter 2000) for quantifying liability to

SUD related to illicit drugs, using high-risk/family design

and item response theory (IRT) in the development of a

liability index (TLI). The present study examines proper-

ties and utility of TLI, including its psychometric charac-

teristics, longitudinal risk assessment, and ethnic variation.

We hypothesized that the index, regardless of ethnicity,

would be predictive of the risk for and the rate of SUD

development from preadolescence to young adulthood, and

that the accuracy of prediction would be greater for SUD

related to illicit drugs as compared to alcohol use disorder.

In addition, we conducted a pilot twin study to further

validate the method and assess TLI’s utility in genetic

research. Whereas the index may measure transmissible

SUD liability or a proportion thereof, transmissibility

[a component of phenotypic variance correlated between

parents and offspring (Rice et al. 1980; Vanyukov et al.

2003b)] may be due to both genes (heritability) and envi-

ronment. Considering that genetic studies of SUD based on

categorical diagnoses have largely not found a significant

contribution of shared environment (e.g., Kendler et al.

2007; Tsuang et al. 1998), an index derived as a measure of

transmissible SUD liability was also expected to have high

heritability and little, if any, contribution of shared

environment.

Methods

Participants

One group of subjects consisted of participants in the

Center for Education and Drug Abuse Research (CEDAR),

a longitudinal family/high-risk study of etiology of sub-

stance use disorder (SUD; substance abuse or dependence).

The probands in this study are adult males with or without

a lifetime DSM-III-R diagnosis (DSM-IV was introduced

after the study started) of SUD consequent to use of

illicit drugs (SUD?and SUD-, respectively), who had a

10–12 year old biological child (index case, IC) (Tarter and

Vanyukov 2001). The SUD? probands were recruited from

substance abuse treatment programs, social service agen-

cies, newspaper and radio advertisements, public service

announcements, and random digit telephone calls.

Depending on one or even a few recruitment sites height-

ens the risk of sampling bias (Merikangas et al. 1998). The

SUD- men were recruited using the same method as

SUD? probands except that none were acquired from

treatment facilities. This study was reviewed and approved

by the Institutional Review Board of the University of

Pittsburgh, and participants provided written informed

consent prior to implementing the research protocol.

The family was excluded from study if the father had a

history of neurological disorders, schizophrenia or uncor-

rectable sensory incapacity, or the IC child had a history of

neurological injury requiring hospitalization, IQ less than

70, chronic physical disability, uncorrectable sensory

incapacity or psychosis. Offspring of SUD? probands are

assigned to the ‘‘high average risk’’ (HAR) group, while

children of SUD- probands are assigned to the ‘‘low

average risk’’ (LAR) group (N = 250 each).

Children undergo regular assessments on a large number

of individual and environmental characteristics. For the

purpose of this study, we used data from all available

assessments of the probands’ sons, which have been con-

ducted when these subjects are aged approximately 10–12

(1st visit), 14, 16, 19, 22, 25, 28 and 30. Their current

maximal age ranged from 10 to 28 years (mean ± SD =

19.5 ± 4.32). The recruitment of families with female IC
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started later than those with male IC, and the female

sample is thus not yet sufficient to derive a liability index

and conduct longitudinal analyses. Analyses of the sample

indicate no attrition bias as pertains to the TLI score, eth-

nicity, socioeconomic status, or education (Tarter et al.

2006; Kirisci et al. 2006, 2009). The sample is 75.6%

European–American, 21.2% African–American, and 3.2%

other ethnicities.

Another group were participants in a twin study of TLI,

same-sex pairs recruited at the Twins Days Festival in

Twinsburg, Ohio, during 2006 and 2007. This study was

also reviewed and approved by the University of Pittsburgh

IRB. The twins were 9–18 years of age, and had at least

one parent available to participate. Parents were required to

consent to their own and their children’s participation in

the study, and the children’s assent was also obtained. Each

family member independently completed anonymous

paper-and-pencil questionnaires. A brief zygosity ques-

tionnaire developed by Nichols and Bilbro (1966), with the

corresponding zygosity determination algorithm developed

by Eley and colleagues for the Twins Early Development

Study (TEDS) in London [personal communication

(Strassberg et al. 2002; Jenkins et al. 2006)] was used for

zygosity determination. The questionnaire is composed of

15 items to evaluate the similarity and differences between

members of the twin pair. Forty-nine pairs (33 male and 16

female) were diagnosed as dizygotic (DZ), and 183 pairs

(110 male and 73 female), as monozygotic (MZ). These

individuals were also administered a questionnaire con-

taining the TLI item set.

Diagnosis

The diagnoses in parents and children (if age 19 or older) in

CEDAR were determined using an expanded version of the

Structured Clinical Interview for DSM-III-R-outpatient

version (SCID-OP) (Spitzer et al. 1987), or K-SADS-E for

children younger than 19 (Orvaschel et al. 1982) and

finalized at a consensus conference according to the best

estimate procedure (Kosten and Rounsaville 1992). The

expanded SCID evaluates current episode (past 6 months)

and worst past episode of psychopathology (before the past

6 months). The K-SADS-E, a semistructured diagnostic

interview for children and adolescents aged 6–17, covers

current and lifetime psychopathology. The standard pro-

cedure is to first interview the mother about the psychiatric

status of the child. During the subsequent interview of the

child, the interviewer attempts to resolve any discrepancies

between parent and child in case of disagreement. A

summary score is obtained based on positive ratings of

either informant. The diagnoses were finalized at a con-

sensus conference according to the best estimate procedure

(Kosten and Rounsaville 1992).

Development of transmissible liability index

The rationale and the measurement model for the SUD risk

index (transmissible liability index, TLI) derivation pro-

cedure have been described in detail elsewhere (Vanyukov

et al. 2003a, c). Briefly, it is based on the known trans-

missibility of liability to SUD related to illicit drugs and on

the application of item response theory (IRT). SUD lia-

bility is largely non-specific (common), both phenotypi-

cally (most of the variance is shared in common for various

classes of illicit drugs) and genetically (twin data support

the overwhelming contribution of nonspecific genetic var-

iation) (Kendler et al. 2003a). Inasmuch as SUD risk is

transmissible (mostly due to its heritability), children’s

characteristics that discriminate groups with affected and

nonaffected parents are likely to be indicators of children’s

transmissible SUD liability, which could be then analyzed

by IRT. IRT (e.g., Embretson and Reise 2000) is a psy-

chometric test theory that relates the performance of an

examinee on a test item to a latent trait that the test is

intended to measure. This relationship (e.g., in a simple

case, between the trait and the probability of a correct

response) is described by an item response function (IRF).

While ability level is a characteristic of the examinee,

performance also depends on parameters characterizing

items themselves and defining the IRF. In the widely used

two-parameter model, these are the location (difficulty)

parameter (b, the trait value at which the probability of a

correct response exceeds 0.5), and the discrimination

parameter (a, proportional to the slope of the IRF at the

point b on the trait scale). These parameters allow for

taking into account that different items have different dif-

ficulty and different ability to discriminate between values

of the trait. In contrast to the classical psychometric test

theory, IRT provides testable models. A data-fitting IRT

model provides estimates with features that are uniquely

valuable for the trait measurement: item parameters are

invariant of the sample (subpopulation) of the subjects (the

trait distribution does not influence the estimates), and trait

estimates are invariant of items used.

The TLI derivation method involves using a large set of

items (303 in the current study) from numerous psycho-

logical and psychiatric instruments (here, 24), originally

selected in CEDAR based on their potential for measuring

variables related to SUD risk and psychopathology. These

items were submitted to conceptual (identification of item

groups judged to indicate core psychological traits), factor

and item response theory (IRT) analysis to derive theoret-

ically based unidimensional constructs (here, 19) charac-

terizing individual behavior/personality (e.g., antisociality,

attention, mood). The HAR and LAR groups were then

compared on these constructs. This comparison relates the

constructs to parental SUD liability and, inasmuch as
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liability is transmissible, to the child’s own SUD liability

(see details in Vanyukov et al. 2003a), consistent with the

construct validity of TLI [its ability to capture the construct

of transmissible liability; this and other standard research

validities as defined, e.g., in Nunnally and Bernstein

(1994)]. The constructs demonstrating significant group

differences were retained for further analysis. The items

that are indicators of these constructs were then submitted

to factor analysis to both ensure the presence of a single

dominant dimension and further reduce the item set.

Exploratory factor analysis of the set thus derived estimated

a ratio of 3.2 of first to second eigenvalues, consistent with

the unidimensionality of the TLI scale. Confirmatory factor

analysis with weighted least squares method confirmed the

unidimensional factor structure of the TLI scale, a pre-

requisite for IRT modeling. The 45-item set thus selected

(see the listing in Appendix) for sons of the probands at age

10–12 was used to assess the quality of items and estimate

TLI in this study, using IRT.

Whereas this item set includes—by design—many items

that have long been known to be related to SUD risk, the

procedure has selected from disparate diagnostic and psy-

chological instruments a large comprehensive initial list of

potentially useful and the most relevant items, selected out

many redundant ones, thus enabling substantial data

reduction without a loss of information, as well as cali-

brated the items as indicators of the unidimensional

transmissible liability trait. Because the liability distribu-

tion shifts to the right as the population matures from

prepuberty, age was regressed out of the TLI in the twin

sample.

Statistical analysis

Mean values were compared using the t-test and ANOVA.

The relationship between the liability index (TLI) and the

subsequent categorical SUD diagnosis in the probands’

sons was explored using logistic regression and receiver

operating characteristic (ROC) curve analysis. Linear

hierarchical regression was used to test the influence of risk

group membership and ethnicity on TLI. Comparisons

involving risk groups (HAR and LAR) were conducted in

the full sample. In comparisons of affected and nonaffected

individuals, however, there is a possibility that some

individuals were not affected because they had not yet

reached the age of risk due to protracted recruitment and

consequently fewer assessments. To minimize this possi-

bility, only those nonaffected subjects who had been last

assessed at visit 4 (age 19) or later were selected for dis-

order frequency comparisons between the risk groups, for

logistic regression analyses with the diagnosis as the

dependent variable, and for ROC curve analyses. This

selection substantially lessens the age difference between

affected and nonaffected individuals in the available sam-

ple, decreasing the probability that the latter will develop a

disorder later: while the former were aged 22.2 ± 3.01,

3.7 years older than nonselected non-SUD boys who were

18.6 ± 4.31, the difference drops to 0.7 years for the

selected non-SUD ones, aged 21.5 ± 2.63. By this selec-

tion criterion, there were 224 nonaffected and 126 affected

individuals. The relationship between the liability index

and the rate of disorder development was analyzed using

survival analysis (Cox proportional hazard regression) in

the full sample (survival analysis properly treats observa-

tions that did not reach maximal follow-up as censored).

Two-tailed P values are presented in all cases. These

analyses as well as standard statistics were obtained using

SPSS� for Windows� release 15.

In addition, to assess stability and accuracy of the results

across variations in sampling, we applied the bootstrap

procedure to determine the 95% confidence interval of the

estimates for odds ratios and hazard ratios (Efron and

Tibshirani 1993), using Stata� 9. Accordingly, 1,000 suc-

cessive random samples were drawn with replacement

from the original sample with the same sample size. The

logistic regression model and proportional hazard model

were thus tested using each generated sample and statistics

of interest were computed. Confidence intervals obtained

using the bootstrap procedure were compared with esti-

mates obtained from the normal approximation method to

show that the original sample was represented in the

bootstrap samples.

Twin analysis

Within the boundaries of known assumptions (equal envi-

ronment—the equality of environmental contribution to

phenotypic variance in MZ and DZ twins,—random mating,

nonsignificance of epistasis, etc.), the genetic component

VG of phenotypic variance VP consists of additive genetic

(VA; due to additive allelic effects) and dominance genetic

(VD, nonadditive allelic effects) variance. Together, these

two variance components comprise broad sense heritability

(denoted H2), while VA corresponds to narrow sense heri-

tability (h2). The environmental component of phenotypic

variance consists of shared/common environmental (VC,

due to nongenetic causes of familial/twin resemblance), and

nonshared/unique environmental variance (VE, due to cau-

ses of familial/twin differences, as well as measurement

error that makes this component a necessary part of any

twin data model). Intrapair covariance in MZ twins, who are

genetically identical, is Cov(MZ) = VA ? VD ? VC,

whereas in DZ twins, who are as similar genetically as any

siblings, it is Cov(DZ) = 0.5VA ? 0.25VD ? VC. It is not

possible, in twins raised together, to model simultaneously
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the contributions of shared environmental and dominance

genetic components, because the former decreases and the

latter increases differences between MZ and DZ covari-

ances (e.g., Neale and Cardon 1992). Accordingly, the

initial model to fit, which includes only one of these com-

ponents, is selected based on whether the MZ correlation is

less or greater than twice the DZ correlation. The former

case corresponds to the presence of the shared environ-

mental component, and the initial model tested is ACE

(additive genetic, shared environment, and nonshared

environment), whereas the latter case implies the presence

of nonadditive (dominance) genetic effects, and the model

is ADE (additive and dominance genetic, and nonshared

environmental components). Variance–covariance matrices

were used for structural equation model fitting. The v2

statistics and Akaike Information Criterion (AIC) were used

as fit indices. A nonsignificant v2 value indicates a satis-

factory fit, and a lower AIC suggests a more parsimonious

model. Nested models (differing in that the elements pres-

ent in one, more general, model are omitted from another)

can be compared by evaluating significance of a v2 value

equal to the difference of the v2 values of the more general

model and a submodel, with the number of degrees of

freedom equal to the difference between the respective

numbers of degrees of freedom. The models were tested

using Mx software (Neale et al. 2003).

Results

SUD diagnostic distributions

A lifetime diagnosis of SUD (related to illicit drugs) in the

HAR group was observed significantly more often than in

the LAR group (42.8 vs. 29.9%, P = 0.012), and the dis-

order had an earlier age of onset (mean ± SD, 16.2 ± 2.39

vs. 17.1 ± 2.20, P = 0.027). These differences confirm the

assumption of the differences in SUD liability between

sons of SUD-affected and nonaffected fathers, and were

observed despite the fact that the LAR boys were on

average a year older than the HAR group (maximal mean

age reached 20.2 ± 4.18 and 18.8 ± 4.35; P \ 0.0003),

parallel with the difference in the number of assessments

(4.4 vs. 3.9, P = 0.0001). The majority of SUD diagnoses

were related to marijuana (95.0%); the rest of the diagnoses

were abuse of/dependence on opiates (15.1%), cocaine

(11.8%), and other illicit drugs.

A comorbid alcohol use disorder (AUD) was diagnosed

in 65.5% of participants with a SUD, compared to 7.9% of

the non-SUD group. AUD risk differences between HAR

and LAR groups were not significant regardless of whether

all non-AUD participants were taken into account (23.5 vs.

20.7%, respectively; P = 0.473), or only those who have

been through at least five assessments (35.6 vs. 28.1%,

P = 0.137).

Properties of the liability index

TLI has IRT-based marginal reliability of 0.93, accounting

for 37% of variance. Figure 1 illustrates differences

between the 10 and 12 years old sons of affected (SUD)

fathers (high average risk group, HAR, N = 250) and sons

of nonaffected fathers (low average risk, LAR; N = 250)

in SUD liability as measured by TLI. The difference

between mean TLI is significant (P = 1.2 9 10-7) and

is approximately 0.5 SD (0.23 vs. -0.24, SDHAR &
SDLAR & 1), consistent with theoretical expectations

derived taking into account heritability of SUD liability

(Vanyukov et al. 2003a) and suggesting concurrent validity

of the index (its correspondence with the group, a known

measure). Notably, the group difference is expected to

increase as the target sample passes through the age of risk

for SUD, since the index development procedure is

grounded in the transmissibility of liability to lifetime SUD

in adults.

As logistic regression analysis indicates, TLI is predic-

tive of SUD diagnoses of probands’ sons (OR = 1.81,

P = 2.1 9 10-6; 95% CI: 1.415–2.303). Similarly, ROC

curve analysis estimates an area under the curve (correct

classification) of 0.661 (P = 5.6 9 10-7; 95% CI: 0.600–

0.722), with sensitivity of 0.66 and specificity of 0.61. In

survival analysis, the index demonstrates a highly signifi-

cant relationship with the rate of SUD development. A unit

(1 SD) increase in TLI was related to a 70% yearly increase

in SUD hazard (hazard ratio HR = 1.70; 95% CI: 1.40–

2.10, P = 1.8 9 10-7). The analysis using the risk group

as the predictor variable results in a comparable hazard rate

(HR = 1.70; 95% CI: 1.2–2.40; P = 0.003).

While the risk group (the paternal diagnosis of SUD) is

predictive of SUD in the offspring sample, the predictive

validity of TLI is underscored by its application within the

risk group, which also supports its incremental validity as

Fig. 1 Liability index (TLI) distributions in HAR and LAR 10–12-

year-old males
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compared with prediction based on risk group assignment.

The relationship between TLI and the SUD development

rate is significant in the HAR group (HR = 2.06 [1.52–

2.78]; P = 2.8 9 10-6) and close to significance in the

LAR group (HR = 1.29 [0.97–1.71]; P = 0.078). The

relationship is stronger for the most common SUD—can-

nabis use disorder—in the full sample (HR = 1.75 [1.43–

2.15]; P = 8.7 9 10-8); it is also significant in both HAR

and LAR groups (respectively, HR = 2.04 [1.50–2.76],

P = 4.4 9 10-6; and HR = 1.36 [1.01–1.83], P = 0.040).

In contrast, the relationship of TLI with the rate of alcohol

use disorder development is weaker (HR = 1.29 [1.06–

1.58], P = 0.011) in the total sample and the HAR group

(HR = 1.55 [1.14–2.11], P = 0.005), and nonpredictive in

the LAR group (HR = 1.03 [0.78–1.35], P = 0.882). This

is consistent with the derivation of TLI as primarily a

measure of liability to SUD related to illicit drugs, and with

the discriminant validity of the index.

Bootstrap procedure for validating the results

In predicting SUD diagnosis, a 95% CI obtained from the

bootstrap method (1.222–2.471) included the OR = 1.81

which was estimated from the original sample. Further-

more, a 95% bootstrap CI (1.43–1.96) covered the

HR = 1.70 which was estimated using the original sample.

Thus, the range of variability of the estimates obtained

from 1,000 samples and the original sample overlap.

Ethnic differences

There are no differences between the European- and

African-American (EA and AA) subgroups in the fre-

quencies of SUD (24 vs. 27% for a SUD diagnosis,

P = 0.453; and 22 vs. 27% for cannabis use disorder,

P = 0.269), or in the age of SUD onset (mean ± SD,

16.9 ± 2.36 in EA, and 16.4 ± 2.43 in AA, P = 0.347).

There are, however, TLI differences between the ethnic

groups (-0.077 ± 1.002 vs. 0.254 ± 0.948, P = 0.002).

These differences could be in part accounted for by the

larger proportion of AA recruited into the HAR than LAR

group (13.2 vs. 8.7% of the sample, respectively,

P = 0.018). Nevertheless, regression analysis showed that

a contribution of ethnic differences is above and beyond

that due to the proportion difference: there was a significant

F change (P = 0.011, b = 0.113) when ethnicity was

entered in the regression equation with TLI as the depen-

dent variable after entering the risk group. The regression

coefficient for the group drops only slightly when ethnicity

is entered in the equation, from b = 0.24 to 0.23

(P = 1.2 9 10-7 and 4.9 9 10-7, respectively), suggest-

ing that both variables contribute to the liability variation

independently. Interestingly, in both EA and AA groups,

the frequency of SUD in children of non-SUD fathers

(LAR) is substantial (20.6 and 26.2%).

As presented in Table 1, there are ethnic differences in

TLI within the risk groups. Comparison by ANOVA

(uncorrected for multiple tests) showed AA scoring higher

for the LAR group (P = 0.048) and a trend in the same

direction for the HAR group (P = 0.104). There is no

significant difference between HAR and LAR in AA. The

ethnic variation and its pattern, illustrated in Fig. 2,

become more pronounced in the comparisons of those who

have and have not developed a SUD. Nonaffected AA

youths score significantly higher than nonaffected EA

(corrected P = 0.008) and do not significantly differ from

either affected ethnic group. Nonaffected EA differ from

both affected EA (P \ 0.001) and affected AA (P =

0.002). Affected EA do not significantly differ from

affected AA.

Accordingly, while ROC curve analysis within EA

demonstrates the predictive utility of TLI, the area under

the curve in AA does not differ significantly from 0.5

(Fig. 3). Similar ethnic differences are indicated by Cox

regression analysis (Table 2). Whereas TLI predicts the

rate of general SUD as well as cannabis use disorder

development in European-Americans, it is not predictive in

African-Americans.

Twin analysis

Correlation analysis in twins demonstrates high familiaity

of the TLI. In the entire twin sample, intra-pair correlation

among MZ pairs was slightly greater than double that of

DZ twins, 0.80 (P � 0.001) vs. 0.39 (P \ 0.01). The

Table 3 data, however, suggest differences in the correla-

tion coefficients between males and females. In MZ twins,

the correlation was slightly higher among females (albeit

significantly at P = 0.03). In DZ pairs, the difference

Table 1 TLI statistics in the subgroups of the study

Subgroup N Mean LI SD

EAa LARb 199 -0.30 0.984

EA HARc 179 0.17 0.964

AAd LAR 42 0.03 0.969

AA HAR 64 0.40 0.911

EA non-SUD 174 -0.27 0.930

EA SUD 90 0.32 1.047

AA non-SUD 45 0.29 0.888

AA SUD 29 0.49 1.038

a European–Americans
b Low average risk group (sons of control fathers)
c High average risk group (sons of SUD-affected fathers)
d African–Americans
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between male and female DZ correlations was not signif-

icant. TLI was also lower (P = 0.006) in female pairs

(mean of intrapair averages ± SD was -0.115 ± 0.874 vs.

0.226 ± 0.970 in males). These latter differences are

expected, inasmuch as the risk for SUD, measured largely

by indicators of behavior dysregulation, is likely to be

lower in girls, while the variances do not differ between

sexes. The selection of the initial model was ADE, due to

rMZ [ 2rDZ. Table 4 presents the results of model fitting

and comparison of nested models. Whereas the full model

fits well, the AE model fits slightly better and is more

parsimonious. The E model fails. The data suggest that

twin similarity and heritability in this sample are entirely

due to additive genetic effects, h2 = H2 = 0.79.

Fig. 2 Ethnic variation in TLI

by risk group (left) and SUD

outcome

Fig. 3 ROC curve analysis of TLI in predicting SUD among European–Americans (left) and African–Americans

Table 2 Liability index Cox regression analysis results for ethnic groups

Diagnosis (depend. variable) Ethnicity B SE Wald df P Hazard ratio (95% CI)

SUDa EA 0.57 0.120 22.520 1 2.1 9 10-6 1.77 (1.398–2.341)

AA 0.23 0.221 1.119 1 0.290 1.26 (0.819–1.948)

CUDb EA 0.61 0.125 23.643 1 1.2 9 10-6 1.84 (1.4374–2.346)

AA 0.23 0.221 1.119 1 0.290 1.26 (0.819–1.948)

a Substance use disorder (any illicit substance)
b Cannabis use disorder

Table 3 Intrapair twin TLI correlations

Zygosity Males (N) Females (N)

MZ 0.85 (110) 0.73 (73)

DZ 0.27 (33) 0.62 (16)
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Whereas the small number of DZ twins does not ensure

confidence in the DZ correlation coefficients in the male

and female subsamples, the preliminary analysis data are

suggestive of sex differences in the phenotypic variance

composition. The comparison of MZ and DZ correlations

within the subsamples prefers the initial ADE model in

males and the ACE model in females. As presented in

Table 4, in males, the AE model, while obviously more

parsimonious, does not significantly improve the fit com-

pared to the full ADE model. Dropping the dominance

component from the model does not appear justified,

considering that rMZ is substantially higher than 2rDZ, but

the DE model, while estimating D to be as high as the A

component in the AE model (data not shown), is not quite

biologically plausible. Therefore, the results, estimating

heritability (broad sense) at 0.85, likely contributed by both

additive and nonadditive genetic components, do not allow

nonambiguous model selection based on these data.

Discussion

The importance of defining a trait for research has been

clear at least since Mendel’s discoveries, which became

possible as a result of his selecting unambiguously defined

characters (traits) with distinct variants (phenotypes) and

readily identifiable patterns of inheritance. Studying com-

plex (multifactorial) traits, individual variation in which

results from contribution of several or many genes as well

as environmental factors, each contributing a small pro-

portion of variance, remains difficult even when the trait is

directly observable and measurable (e.g., stature). Even

more complicated is studying many complex (particularly

psychiatric) disorders, liabilities to which are not only

quantitative rather than discrete traits, but also are unob-

servable (latent).

We have proposed a method of indexing liability

(Vanyukov et al. 2003a; Vanyukov and Tarter 2000) that

does not rely on the symptoms of the disorder. The target

of the investigation was common transmissible liability to

addictions that are consequent to use of illicit drugs. Lia-

bilities to SUD related to illicit substances share virtually

all genetic variance (Kendler et al. 2003b), and comprise a

group that is genetically distinct from, albeit highly cor-

related with, the group related to licit substances (Kendler

et al. 2007).

Based on the transmissibility of SUD liability, supported

by family studies and heritability data on SUD diagnosis, we

used that paternal categorical liability phenotype as refer-

ence for selecting children’s characteristics related to, and

thus indicating, common SUD liability [discussed in detail

previously (Vanyukov and Tarter 2000; Vanyukov et al.

2003a)]. These characteristics were then used to construct

an index of transmissible SUD liability. This report

addresses the reliability and validity of this instrument, as

well as its predictive ability for the disorder diagnosis and

the rate of SUD development. While the risk group per se is

a good predictor of SUD, TLI enables evaluation of risk on a

continuous scale in the absence of parental data and, most

importantly, regardless of parental diagnosis and its avail-

ability (within the risk group). Interestingly, whereas TLI’s

relationship with the most common (and frequently first to

develop) cannabis use disorder is significant in both HAR

and LAR groups, the effect is weaker in the LAR group (and

nonsignificant in that group for ‘‘any SUD’’). This is

expected, however, because (1) the precision of TLI in the

less deviant area of the liability distribution is lower (TLI

indicators are largely indicators of behavioral deviance);

and, perhaps more importantly, (2) the sample has not yet

passed the age of risk for SUD, whereas it is expected that

the lower TLI values are associated not only with a lower

SUD risk but also with later disorder onset. At this juncture,

Table 4 Structural equation model fitting

Sample Model v2 df P AIC Dv2 Ddf P D Model parameters (95% CI)

Full a2 d2 e2

ADE 3.592 3 0.309 -2.408 0.79 (0.00–0.84) 0.00 (0.00–0.81) 0.20 (0.16–0.27)

AE 3.592 4 0.464 -4.408 0.000 1 – 0.79 (0.73–0.84) 0.21 (0.16–0.27)

E 197.249 5 \0.001 189.657 193.851 2 \0.001 1.00 (1.00–1.00)

Male a2 d2 e2

ADE 1.159 3 0.763 -4.841 0.25 (0.00–0.89) 0.60 (0.00–0.89) 0.14 (0.11–0.20)

AE 2.199 4 0.699 -5.801 0.699 1 0.308 0.85 (0.80–0.89) 0.15 (0.11–0.20)

E 145.564 5 \0.001 135.564 144.405 2 \0.001 1.00 (1.00–1.00)

Female a2 c2 e2

ACE 3.392 3 0.335 -2.608 0.07 (0.00–0.77) 0.65 (0.00–0.80) 0.28 (0.19–0.40)

CE 3.471 4 0.482 -4.529 0.079 1 0.779 0.71 (0.60–0.80) 0.29 (0.20–0.40)

E 65.697 5 \0.001 55.697 62.305 2 \0.001 1.00 (1.00–1.00))
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the disorder is more likely to have already developed in

individuals with higher liability, whereas those with lower

liability (one of the manifestations of which is a lower onset

age) have not yet realized their risk. This decreases the

strength of the relationship between the TLI and the disorder

in individuals with lower liability until the sample has

passed through the age of risk.

The TLI relationship with alcohol use disorder is rela-

tively weak, which can be accounted for by the specificity

of liabilities to alcoholism versus SUD related to illicit

drugs. Whereas the data unsurprisingly show high comor-

bidity of AUD with SUD, the AUD risk differences between

the HAR and LAR groups were not significant. These data,

in conjunction with the group differences for SUD fre-

quency, are consistent with some degree of specificity of

familial liability transmission for disorders related to illicit

versus licit substances. Of greater interest is the finding that

the relationship of TLI with the risk for cannabis depen-

dence disorder is somewhat stronger than that for ‘‘any

SUD.’’ Cannabis is most often the first illicit drug used and

thus the first for SUD onset. Nevertheless, some individuals

start their drug use with hard drugs (opiates, cocaine)

(Tarter et al. 2006), leading to earlier (or solely, in six

individuals in this sample) onset of non-cannabis SUD.

Whereas TLI reflects transmissible liability, it is possible

that the relatively late hard-drug-related disorder onset

occurring first is substantially contributed by non-trans-

missible, individual factors such as variation in accessibility

of cannabis in early/mid-adolescence, resulting in a some-

what lower effect of TLI on time-to-any SUD, as opposed to

the rate of specifically cannabis-related SUD development.

An important finding of this study is the ethnic variation

in the magnitude, risk group differences, and predictive

ability of TLI. In summary, this variation appears to be due

to that in AA neither the risk group nor the presence/

absence of SUD discriminate between TLI values, which

are as high in nonaffected AA subjects as they are in the

affected ones. In effect, TLI does not reflect the assessed

SUD liability variation in the AA groups. In contrast, the

distributional properties of TLI among the EA individuals

follow expectations ensuing from the studies of intergen-

erational transmission of SUD liability (risk group differ-

ences), further verified in relation to the diagnostic

outcome. Since TLI items were selected in a predominantly

EA sample, it is possible that item selection in an AA

sample (provided a sufficient number were available) could

have resulted in a different index, specific to the AA

population. On the other hand, it is possible that the

transmissibility (including heritability) of SUD liability in

the AA population is substantially lower than in the EA

population, and the phenotypic variation is largely due to

environmental non-familial contribution. There are few if

any studies, however, that have addressed this issue

specifically in AA twins. Most of the relevant genetic

research (e.g., Kendler et al. 2003b; Button et al. 2006) has

been conducted on samples with mixed ethnicity, pre-

dominantly EA, often without reporting the ethnic com-

position of the sample. As the items constructing TLI are

largely indicators of behavioral dysregulation/undercontrol

(see Appendix), variation in the AA group’s SUD risk

appears to be determined by other factors. The phenotypic

distribution of behavioral regulation in the AA group is

shifted relative to the EA group—mostly from the ‘‘low

risk’’ tail. The mechanisms of this shift require elucidation.

The restriction of the sample to males only and the

incomplete transition of the sample through the age of risk

for SUD are limitations of the study. Taking into account

the ethnic differences, it is possible that the index derived

is fully applicable only to European–Americans.

A limitation of the study is that, because the SUD

diagnosis in the fathers was assessed when they were

adults, TLI reflects mechanisms that result in the disorder

with the onset age range predominantly covering the modal

age of risk (the fathers’ mean SUD onset age ± SEM,

20.3 ± 0.34; median 18, and the range is from 11 to

48 years). The age of the children’s sample is substantially

lower than their fathers’ when the latter manifested the

disorder (16.4 ± 0.16; median 16, range 9–25). The chil-

dren, therefore, have not yet fully realized the risk indexed

by TLI. This suggests that as the children’s sample

becomes older, the predictive ability of the index may

improve. In addition, the repetition de novo of the full

index derivation procedure at each assessment time point

(as sufficient samples accumulate to run IRT item cali-

bration analyses for the follow-up visits), and/or testing

differences in item properties (differential item function-

ing, DIF) may both verify the item set and detect items that

are age- or ethnicity-specific in any of their parameters.

The results of the twin data analysis, while preliminary

and thus warranting caution, are consistent with a high fa-

miliality of the index, supporting the methodology of TLI

derivation as a measure of transmissible SUD liability.

Moreover, the data suggest that the transmissibility of the

TLI in males is entirely due to genetic factors. The herita-

bility estimates are high, consistent with the results obtained

in studies with categorical SUD diagnoses, which showed,

as in this research, no contribution of shared environment

(e.g., Kendler et al. 2007). Sex differences in the compo-

sition of the TLI phenotypic variance are nevertheless

possible, as suggested by sex-specific correlations in this

study and the entirely environmental composition of intra-

pair similarity estimated in females, and require further

investigation in a larger twin sample, currently under

preparation. With this caveat in mind, the data suggest the

utility of the index as a quantitative phenotypic measure of

SUD risk. At least in the males, for whom the TLI was
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originally developed, its estimated high heritability sug-

gests its applicability in genetic (e.g., association) studies in

the populations before the development, or otherwise in the

absence of, any SUD symptoms (children; asymptomatic).

As the target population grows older and is exposed to

drugs, drug use and related behavioral and psychiatric

information can be incorporated into the index or used for

its refinement, depending on the purpose of its construc-

tion. Finally, as this population passes the age of risk, its

own, instead of parental, SUD diagnostic/severity infor-

mation can be used as reference for selecting constructs

and items to measure liability on a continuous scale. Such

selection will include not only disorder symptoms but also

‘‘normal’’ psychological items, thus ensuring precision

measurement in nonaffected and asymptomatic individuals.

Application of IRT and related methods can ensure that the

scale of this measurement is the same at different ages and

in different populations. The relationships of putative eti-

ological factors (including genetic and environmental

characteristics and intermediate traits) with the liability

indices can be examined to study the mechanisms of the

determination of, and changes in, the risk for SUD during

individual development and subsequent to intervention.

The method described herein and in the previous papers

may serve as a model for quantitative indexing of liabilities

to other complex disorders, particularly those with relative

late onset.
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Appendix

See Table 5.

Table 5 Liability index items

Item text Respondent Response

categories

Source (reference)

Characteristics of child prior to age 13

1. Lying

2. Stealing

3. Impulsive

Parent 1 = Yes

2 = No

Tarter Childhood History

Questionnaire (Tarter et al.

1977)

4. Did you often annoy people on purpose to get even?

5. Did you often do things to annoy people like grabbing another

child’s hat?

6. Did you blurt out answers to questions before they had been

completed or did you get into trouble because you would rush

into things without thinking?

7. Were things so bad that you were thinking a lot about death or

that you would be better off dead?

Child 0 = No

1 = Yes

K-SADS-E (Orvaschel and

Puig-Antich 1987)

8. Did he often do things to annoy people like grabbing another

child’s hat?

9. Did he often annoy people on purpose to get even?

10. Did he have difficulty staying in line in the supermarket or

waiting for his turn while he was playing with other children?

11. Did he blurt out answers to questions before they had been

completed or did he get into trouble because he would rush

into things without thinking?

12. Did he get into trouble a lot for talking out of turn in school

or talking without the teacher calling on him or for bothering

people?

13. Did he get into trouble because he would do things without

thinking about them first, for example running into the street

without looking?

14. Does your child skip classes or school without an excuse?

Parent 0 = No

1 = Yes

K-SADS-E (Orvaschel and

Puig-Antich 1987)

15. I interrupt on people when they are speaking Child 0 = Never true

1 = Occasionally true

2 = Mostly true

3 = Always true

Dysregulation Inventory

(Mezzich et al. 2001)
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Table 5 continued

Item text Respondent Response

categories

Source (reference)

16. He/she interrupts on people when they are speaking Parent 0 = Never true

1 = Occasionally true

2 = Mostly true

3 = Always true

Dysregulation Inventory

(Mezzich et al. 2001)

17. Excitable, impulsive best describes the child Teacher 0 = Not at all

1 = Just a little

2 = Pretty much

3 = Very much

Conners Teacher Questionnaire

(Conners 1969)

The behavior of the child is best described as …
18. …often engages in physically dangerous activities without

considering possible consequences (not for the purpose of

thrill-seeking), e.g., runs into street without looking

19. …has difficulty awaiting turn in games or group situations

20. …often blurts out answers to questions before they have been

completed

21. …often interrupts or intrudes on others, e.g., butts into other

children’s games

Teacher 0 = Not at all

1 = Just a little

2 = Pretty much

3 = Very much

Disruptive Behavior Disorders

Scale (Pelham et al. 1992)

Describes your child now or within the past 6 months…
22. Impulsive or acts without thinking

23. Destroys things belonging to his/her family or others

24. Disobedient at school

25. Steals at home

26. Bites fingernails

27. Picks nose, skin or other parts or body

Parent 0 = Not true,

1 = Somewhat or

Sometimes true 2 = Very

true or often true

Child Behavior Checklist

(Achenbach and Edelbrock

1983)

Describes the pupil now or within the past 2 months…
28. Impulsive or acts without thinking

29. Talks out of turn

30. Aches or pains (not stomach or headaches) (without known

medical causes)

31. Headaches (without known medical causes

32. Deliberately harms self or attempts suicide

Teacher 0 = Not true

1 = Somewhat or

Sometimes true 2 = Very

true or often true

Teacher’s Report Form of the

Child Behavior Checklist

(Achenbach 1991)

33. I move a great deal in my sleep

34. I don’t move around much at all in my sleep. (reverse-coded)

35. I get hungry about the same time each day. (reverse-coded)

36. I usually eat the same amount each day. (reverse-coded)

37. I eat about the same amount at supper from day to day.

(reverse-coded)

38. My appetite seems to stay the same day after day. (reverse-

coded)

Child 1 = Usually false

2 = More false than true

3 = More true than false

4 = Usually true

Dimensions of Temperament

Survey—Revised (Lerner et al.

1982)

39. My child moves a great deal in his/her sleep

40. In the morning, my child is still in the same place as he/she

was when he/she fell asleep. (reverse-coded)

41. My child doesn’t move around much at all in his/her sleep.

(reverse-coded)

42. It takes my child a long time to get used to a new thing in the

home. (reverse-coded)

43. It takes my child a long time to adjust to new schedules.

(reverse-coded)

44. Changes in plans make my child restless. (reverse-coded)

45. My child resists changes in routine. (reverse-coded)

Parent 1 = Usually false

2 = More false than true

3 = More true than false

4 = Usually true

Dimensions of Temperament

Survey—Revised (Lerner et al.

1982)
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