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Abstract
The risk for substance use disorders (SUD) is transmissible between generations via both genetic
and environmental mechanisms. One path that is hypothesized to mediate this transmission and
include both types of mechanisms is through faster physiological maturation, leading to suboptimal
self-regulation, affiliation with deviant peers, and higher risk for conduct disorder (CD). Extending
prior research, this hypothesis was tested in a longitudinal study. A sample of 478 males whose
fathers were affected with SUD or psychiatrically normal was assessed prospectively at ages from
9−13 to 17−20. The DSM-III-R diagnoses were obtained using standard methodology. Blood
testosterone was assayed by radioimmunoassay, and Tanner staging was used to evaluate sexual
maturation. Peer deviance was evaluated by the Peer Delinquency Scale. Correlation and path
analysis, Cox proportional hazard regression, and growth curve modeling were used to determine
the relationships between the variables. The data support the hypothesis that parental SUD liability
influences the rate of physiological maturation in offspring, which in turn is related to affiliation with
deviant peers and an elevated rate of the development of CD and SUD.
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1. Introduction
The risk for substance use disorders (SUD) is transmissible over generations – to a large degree
due to its significant heritability (Kendler et al., 2003). As many other behavioral traits, SUD
liability is also characterized by a complex developmental trajectory (Tarter and Vanyukov,
1994; Vanyukov and Tarter, 2000). The direction of this trajectory at each point depends on
the previous value of the liability phenotype and on the factors determining availability of drugs
and incentives to use them. The two categories of factors partially overlap and include both
organismic biobehavioral and environmental influences.
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It has been hypothesized that the rate of physiological maturation may be associated with the
risk for behavioral disorders including SUD (Tarter et al., 1999). It is well known that sex
hormones, particularly androgens, affect personality and behavioral characteristics related to
self-regulation (e.g., Rubinow and Schmidt, 1996), which is associated with the risk for SUD
(Tarter et al., 2004). Adolescence is a critical period for the formation of the brain mechanisms
of self-regulation. These mechanisms are related to the ontogenetic brain maturation, involving
synaptic pruning, as well as to the decrease in gray matter of the frontal lobe from its maximum
at 11−12 years of age (Giedd et al., 1999), and neural plasticity in response to the increased
environmental demands invoked by sexual maturation and concomitant changes in social
interactions. Relatively precocious sexual maturation, progressing ahead of the development
of behavioral control, may be associated with elevated impulsivity, aggression and
antisociality, and promote affiliation with older and deviant peers. Such peer environment,
further contributing to maladjustment and substance use, may be actively sought by the
individual, manifesting homophily (tendency to associate with phenotypically similar
individuals) that has deep evolutionary roots (Vanyukov, 2003). This homophily will result in
phenotype-environment correlations and, insofar as the respective personality/behavioral traits
are heritable, in active genotype-environment correlations (Scarr and McCartney, 1983). These
correlations may also be detectable at the level of intermediate (e.g., biochemical,
endocrinological, physiological) characteristics associated with the behavioral traits.

Whereas the rate of sexual maturation is related to the risk for behavioral deviance, it has also
been shown to be associated with environmental adversities. Belsky et al. (1991), based on
evolutionary considerations, hypothesized that the child's perceived lack of resources will lead
to the development of “behavior patterns that function to reduce the age of biological
maturation” (p. 650). This hypothesis has received empirical support, e.g. relating father's
absence as a possible stress factor to earlier menarche (Moffitt et al., 1992), although it may
not necessarily be due to resource-related stress, and the presence of the mother's new partner
may be of greater relevance than the father's absence (Ellis and Graber, 2000). Research in this
area has mostly focused on females, although Belsky and al.'s argumentation is also applicable
to males. In turn, off-time maturation, whether precocious or delayed, may be related to an
increased risk of psychopathology including SUD and its common developmental precursors,
disruptive behavior disorder (Tarter et al., 1999). Indeed, both late and early maturing males
have been reported to have a higher risk for substance use than “on-time maturers” (Graber et
al., 2003). A previous study on a smaller subsample of the current sample of prepubescent (10
−12 year-old) boys found somewhat lower testosterone levels in sons of fathers with SUD
(Dawes et al., 1999). However, a later study (Kirillova et al., 2001) employing longitudinal
data showed that the rate of sexual maturation, evaluated by Tanner staging and testosterone
level, was positively related to SUD in parents, and might contribute to the mechanisms of the
intergenerational transmissibility of SUD risk, particularly through influencing sensation
seeking.

The goal of the present study was to extend this research and determine, in a longitudinal
dataset, the relationships between parental SUD and the son's rate of sexual maturation, rate
of conduct disorder (CD) development (indicator of antisociality and a frequent precursor to
SUD) and rate of SUD development. We hypothesized that parental SUD, via genetic and/or
environmental mechanisms, is related to the males' faster sexual maturation, which, in turn,
leads to faster development of behavioral deviance, including SUD, in part through active
phenotype-environment correlation.
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2. Methods
2.1. Subjects

The sample of nuclear families of adult male probands was ascertained by the Center for
Education and Drug Abuse Research (CEDAR), a longitudinal family/high-risk study of SUD
(Tarter and Vanyukov, 2001). The study was approved by the University of Pittsburgh
Institutional Review Board. Written informed consent was obtained from the subjects prior to
implementing the research protocol. Recruitment was via newspaper advertisements, social
service agencies, substance abuse treatment programs and various other media. Targeting
etiological mechanisms that are shared in common by drug use disorders (Vanyukov et al.,
2003a,b), the probands were required to have a DSM-III-R diagnosis (DSM-IV was introduced
after this study started) of substance abuse or dependence disorder (substance use disorder,
SUD+) related to the use of any illicit drug, or had no Axis I or II psychiatric disorder (SUD-),
and to have a preadolescent child at the time of ascertainment and first assessment, and the
biological mother of the child available for the study. The sample analyzed herein consists of
sons (one per family) of 478 European-American and African-American probands (78 and
22%, respectively). The sample was limited to boys because the female sample's accrual started
later than the males', and it is insufficient for longitudinal analyses. These individuals were
prospectively assessed at four consecutive visits, at ages 9−13 (mean age±SD, 10.9±0.9,
n=478), 11−15 (12.9±1.0, n=388), 15−17 (15.5±0.6, n=331), and 17−20 (18.2±0.6, n=221).
The progressive decrease in the sample size is largely related to the protracted accrual of the
baseline sample. The recent analyses of the sample indicate no attrition bias (Kirisci et al.,
2006; Tarter et al., 2006 in press).

2.2. Psychiatric diagnosis
An expanded version of the Structured Clinical Interview for DSM-III-R-outpatient version
(SCID-OP) (Spitzer et al., 1987) was administered by experienced research associates to obtain
psychiatric diagnoses for adults. The expanded SCID evaluates current episode (past 6 months)
and worst past episode of psychopathology (before the past 6 months). The children were
assessed for CD and SUD with the Kiddie-Schedule for Affective Disorders and Schizophrenia
for School Age Children-Epidemiological Version (K-SADS-E) (Orvaschel and Puig-Antich,
1987), a widely used semistructured diagnostic interview for children and adolescents aged 6
−17, covering current and lifetime psychopathology. The standard procedure 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 consensus conference according to the best
estimate procedure (Kosten and Rounsaville, 1992).

To analyze the relationship between parental liability to SUD and the rate of phenotypic
development (physiological maturation, rate of disorder development) in offspring, we used
the number of affected parents (NAP), from 0 to 2 as the indicator of familial load (Kirillova
et al., 2001).

2.3. Peer deviancxe
Peer deviance was evaluated at visits 1−3 using Peer Delinquency Scale (Loeber, 1989), a
Lykert-type instrument reflecting the child's assessment of his friends' involvement in activities
of various severity, from skipping school to armed robbery. The skewed score distribution was
log-transformed for analysis.
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2.4. Laboratory methods
A blood sample was collected at 8:30 a.m. and assayed in triplicate to determine testosterone
(T) concentrations using DSL-4000 Active kits (Diagnostic Systems Laboratories, Webster,
TX) at visits 1−3. The intra-assay coefficient of variation (CV) was 6.9%; the inter-assay CV
was 8.1%. The detection limit was 0.08 ng/mL. The T concentrations were log-transformed
for analyses. Sexual maturation was assessed at visits 1−4 by a trained registered nurse using
Tanner staging (TS; Marshall and Tanner, 1970), based on pubic hair and genital development
(stages 1−5).

2.5 Statistical methods
Correlation analysis (Pearson's correlations for continuous variables and Spearman's rank
correlations, ρ, where NAP or diagnoses were involved) and path analysis were used to examine
relationships between the variables. All variables were standardized for path analysis. Indirect
effects (mediation) were evaluated using Sobel test (Baron and Kenny, 1986; Sobel, 1982;
Aroian, 1944; MacKinnon et al., 2002; Preacher and Hayes, 2004). The relationships of
independent variables with the rates of development were examined using survival analysis
(Cox proportional hazard regression). The target event for the survival analysis of sexual
maturation was reaching Tanner stage 5 (maturity) by pubic hair or genital development. Time
was indicated by age in years. For all terms, two-tailed probability levels are presented. The
relationships between patterns of developmental changes were assessed using path analysis
and growth curve modeling. The χ2, root mean square error of approximation (RMSEA) and
Akaike Information Criterion (AIC) were used as fit indices. An insignificant χ2 value and an
RMSEA < 0.05 indicate a satisfactory fit, and a lower AIC suggests a more parsimonious model
in nested model comparisons. Nested models (differing in that the elements present in one,
more general, model are omitted from another) are also compared by evaluating significance
of a χ2 value equal to the difference of the respective χ2 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. Analyses were conducted using SPSS® for
Windows® release 13, and Amos™ 5.

3. Results
3.1 Parental SUD and phenotypic development

3.1.1.Parental SUD—The number of affected parents (NAP) was computed for all
individuals for whom SUD diagnoses of both parents were assessed (460 out of 478 subjects
at the baseline assessment, all missing diagnostic information is maternal). Fifty percent of
fathers and 18% of mothers were diagnosed with a SUD. Only 13% of affected mothers (5%
of the total mothers' sample) had nonaffected husbands, whereas 69% of affected fathers had
nonaffected wives. In 15% of families, both parents were affected (NAP=2), in 37%, either
the father or the mother was affected (NAP=1), and in 48%, none of them (NAP=0). These
figures indicate homogamy (mate similarity) for SUD liability, particularly among female
addicts, consistent with our prior data (Vanyukov et al., 1994, 1996).

3.1.2. Sexual maturation and parental SUD—The results of Cox regression analysis
(Table 1) indicate positive association of the rate of sexual maturation with NAP. When NAP
was treated as a quantitative variable, congruent with its meaning as an index of familial SUD
load, the hazard ratio was HR=1.42 (P=0.006). Stratification by ethnicity did not change the
result (HR=1.45, P=0.005). The results of an analysis where NAP was treated as a categorical
variable to evaluate the dose effect, with “no affected parents” as a reference category, suggest
that the effect of this variable was mostly due to the difference between the individuals who
had both parents affected and children with one or no parents with SUD (those with NAP=2
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had twice the rate of maturation of those with NAP=0 in the age interval measured). A trend
in the same direction was, however, observed for those with one vs. no affected parents.

3.1.3. CD and SUD development and parental SUD—NAP was related to both rates
(Table 2). In both cases the results of stratified analyses did not considerably differ from the
non-stratified data. Parallel to the results obtained for sexual maturation, the largest effect was
observed for two affected parents. It was also especially pronounced for conduct disorder, an
earlier event than SUD (in the 41 individuals who had developed both CD and SUD, the former
preceded the latter on average by 2.6 years, P<0.00001). (As follows from comparison, the
diagnosis of CD was present in 56% of those who developed SUD, but only in 7% of those
who did not.) The presence of a CD diagnosis increased the hazard for SUD development 9-
fold (HR=9.08; 95% CI: 5.698−14.454; P<1×10−6). The presence of CD was also associated
with the increased rate of sexual maturation, HR=1.70 (1.105−2.629; P=0.016).

3.2 Testosterone and phenotypic development
The level of testosterone (T) in the blood predictably grew over the assessments at visits 1
through 3, from mean±SD=1091.6±1524.6 to 2830.3±2178.5 to 6448.0±2335.1 pg/mL,
respectively. It also correlated with respective Tanner stage measurements (Spearman's ρ,
which did not differ for the genital and pubic hair development, were 0.5, 0.6, and 0.3, all
P<0.001).

Parallel to the results relating the risk for the disorder to the rate of sexual maturation as
measured by Tanner staging, the T level at visits 1 and 2 was related to the rate of CD
development, independently from parental SUD (Table 3 shows the results of the Cox
regression analysis). A trend in the same direction (P=0.074) was observed for the T level at
visit 3. No correlation was observed between the NAP and T levels. No interaction effect was
found for parental SUD and the T level in their influence on the phenotypic development.
Similarly, for the SUD development rate, the most significant relationship was observed for
the T level at visit 2, with a trend for visit 1 and no effect detected for visit 3.

3.3 The role of peer deviance
To address the hypothesis that one mechanism for the observed relationships is earlier
detachment from parents, affiliation with deviant peers, and thus earlier access to illicit drugs
in earlier maturing individuals, we examined the relationships of peer deviance in this
framework. Consistent with the hypothesis, the relationship between familial SUD load and
peer delinquency (PD) strengthened linearly over time (ρ1=0.132, P=0.005, n=455; ρ2=0.171,
P=0.001, n=394; ρ3=0.252, P=2×10−6, n=340; the subscript indicates visit), as did the
relationship between PD and the CD outcome (ρ1=0.207, P=6×10−5, n=369; ρ2=0.332,
P=1×10−6, n=320; ρ3=0.465, P = 1×10−6; n=278), as well as with the SUD outcome (ρ1=0.228,
P=1×10−5, n=369; ρ2=0.304, P=1×10−6, n=320; ρ3=0.339, P=1×10−6; n=278).

Table 4 presents correlations between PD, testosterone level and Tanner stage. The T level at
visit 1 (T1) was related to peer delinquency at visit 2 (PD2), but not at visit 1, and the visit 2
T level (T2) is related to PD at the same age and that at visit 3. It is noteworthy that PD at visit
1 (PD1) was related to T2. The relationship of PD with TS is more consistent than that with
T.

A non-trivial relationship exists between age and T and PD in this sample. Age correlated
cross-sectionally with both variables (correlation coefficients for T and PD at visits 1, 2 and
3, respectively: 0.516, P=1.8×10−24, and 0.157, P=0.021; 0.519, P=1.4×10−19, and 0.278,
P=2.6×10−8; and 0.153, P=0.023, and 0.082, ns). Therefore, the visit 2 T-PD correlation might
be due to their common relationship to age at that visit. Nevertheless, it would be inappropriate
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to model age as merely a nuisance variable and regress it out of both T and PD to evaluate their
true association, because age variation at this developmental stage is in fact a proxy indicator
of developmental changes, of which variation in the T level is another indicator. Indeed, T2
was a significant mediator of the age-PD2 relationship (Sobel test P=0.018 for the compound
path). The path coefficients (standardized partial regression coefficients) were, respectively,
0.511 (P<0.001) and 0.165 (P=0.015) for the age→T2 and T2→PD2 components of the
mediation chain. The direct age→PD2 path was also significant (0.192, P=0.001), leaving the
possibility of other significant mediators of this developmental relationship, in addition to the
testosterone level.

The longitudinal T-PD relationships were further explored using path analysis. The best-fitting
model relating T and PD values across time is presented in Figure 1. Only significant paths are
shown. As can be seen, the physiological process indicated by the correlation between T1 and
T3 was, as expected, completely mediated by T2; the indirect path is highly significant (Sobel
test P=9×10−8). In turn, the T2-PD2 association does not seem to result from the direct
relationship (only a trend observed at P=0.100), but may be accounted by for the sum of
compound paths PD2→PD1→T2 and PD2→T1→T2. Whereas the direct path PD1→PD3 was
significant (P=0.002), this relationship was also mediated in part by PD2 (Sobel test
P=1.3×10−7). It should be noted that, whereas the T2→PD2 direct path approached
significance in this model (path coefficient 0.121, P=0.103), the reversal of its direction also
did not change the model fit and only slightly reduced the effect estimate (0.088, P=0.104).

Adding NAP to the model as the upstream variable, resulting in good fit (χ2=5.235, df=9,
P=0.813, RMSEA<.001), suggested no direct effect of the SUD familial load on the
testosterone levels, but showed its direct contribution to PD at all time points. While this direct
effect remained approximately the same across the time points, the total NAP effects increased
(0.171, 0.252, 0.292), accounted for by the compound (mediated) paths including the previous
PD values, and consistent with the growing NAP-PD correlations. The reversal of the direction
of the T1→PD1 path in the model did not result in an appreciable deterioration of the model
fit (from P=0.861 to P=0.813). The effect of T2 on PD2 appeared to be more pronounced in
this model (0.141, P=0.053). It is noteworthy that the mediated path NAP→PD1→T1
approached significance (Sobel test P=0.088), as did the NAP→PD1→T2 path (P=0.062).

Replacing the testosterone level in the path analysis with another indicator of physiological
maturation, the Tanner stage, did not substantially change the pattern of relationships. As
follows from the Figure 2, presenting the best-fitting model, the paths connecting Tanner stages
were comparable to those relating the testosterone levels. The middle time point TS value,
TS2, as expected, completely mediated the relationship between TS1 and TS3. The model
involving Tanner staging, however, was much less tolerant to reversals of the paths and thus
more suggestive of the direction of relationships between the two processes (physiological
maturation and peer affiliation). In particular, the reversal of the TS1→PD1 path resulted in
poorly failing models (P <.001) regardless of the directions of other paths. This analysis, testing
the relationship between the temporal continuities in the bivariate distributions, does not,
however, take into account the changes (growth) in the variables' values over time. To examine
these changes, a parallel growth curve analysis was conducted.

The results of fitting a parallel growth model (χ2=16.815, df=9, P=0.052, RMSEA=0.043),
relating testosterone and peer deviance growth trajectories, supported the conclusion that the
connection between the two processes was largely due to the direct relationship between the
outset values (intercept parameters) of the two growth trajectories (subjects with higher outset
T levels had more deviant peers at that age), with a possible connection between the intercept
parameter of the PD growth (ip) and the slope of the T model (st) via its intercept (it), due to
the correlation between the latter two (−0.552). The reversal of the significant it→ip path
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(0.403, p <.001) in this model, which could be suggested by the results of the above path
analysis, did not lead to acceptable fit. Adding NAP to the model (Figure 3) as the upstream
covariate resulted in a model with satisfactory fit, supporting significant relationship between
NAP and ip (path coefficient 0.222, P <.001), the relationship between NAP and sp approaching
significance (0.151, P=0.117), and the significant it→ip path. As in the above model, a
significant negative correlation was estimated between the T intercept and slope (−0.551, P<.
001), consistent with the expectation that growth in the testosterone level is contingent on the
closeness of the outset value to a mature level. Growth models employing Tanner staging did
not have satisfactory fit, likely because of the temporally nonlinear character of the relationship
between the two processes.

The results of Cox regression analysis indicated that, in parallel with the increasing contribution
of the familial SUD load to PD shown above, the latter is, increasingly with age, related to the
rate of SUD development (HR [95% CI] for the three PD measures were, respectively, 1.663
[1.277−2.165], P=0.0016, 2.144 [1.603−2.867], P=2.7×10−7, and 3.242 [2.244−4.683],
P=3.7×10−10).

4. Discussion
This study is a continuation of research testing a model of SUD etiology that relates the
transmissibility of SUD liability to the rate of physiological maturation and psychological
regulation (Tarter et al., 1999; Kirillova et al., 2001). It is well established that the heritability
of liability to SUD is largely non-drug-specific (Tsuang et al., 1998; Kendler et al., 2003a).
There is also a substantial genetic overlap between liabilities to SUD and externalizing behavior
(Kendler et al., 2003b), including conduct disorder (CD) symptoms (Button et al., 2006). The
genetic commonality between heritable disinhibitory/externalizing behavioral traits and SUD
liability (Young et al., 2000; Krueger et al., 2002) is consistent with behavior dysregulation as
a major component of SUD liability (Tarter et al., 1999, 2004).

A prior review article, pointing out the relationship between early menarche and higher SUD
severity in females, hypothesized that maturational status may also be related to the risk for
SUD in males (Tarter et al., 1999). The relationship, in contrast to that in females, was, however,
hypothesized to connect higher SUD risk with slower maturation in boys. While noting the
scarcity of empirical evidence, that supposition was based on contradictory data for delayed
pubertal maturation and antisocial behavior, as well as on an earlier preliminary finding on a
subsample of participants in the current study, suggesting lower testosterone levels in sons of
SUD fathers compared to sons of controls (Dawes et al., 1999). Only baseline data, however,
were used in that study, with subjects in prepuberty (age ∼10−12), in contrast to the longitudinal
data of the current study. The marginally significant (P=0.04) result was not replicated on a
larger sample in the current study, as the group differences did not reach significance at any
of the three age points available (data not shown).

The results reported here are consistent, however, with our more recent previous study
(Kirillova et al., 2001), which showed that parents' SUD liability (number of affected parents)
is positively related to their sons' rates of sexual maturation. Whereas parental SUD is
unsurprisingly related to the rates of offspring's CD and SUD development, the rate of sexual
maturation is also itself related to the risk for CD, thus suggesting that parental contribution
to the latter is in part mediated by the maturation rate.

This parental contribution can be genetic and/or environmental. On the genetic side, both CD
and SUD liabilities are significantly heritable and genetically correlated (Button et al., 2006;
Krueger et al., 2002). Genetic variation elevating the rate of physiological maturation may lead
to earlier and incomplete (or suboptimal) brain maturation, particularly in the prefrontal cortex
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(PFC) that matures last and plays an important role in behavior regulation. For instance, low
executive cognitive functioning, subserved by the PFC, is associated with antisociality
(Giancola et al., 1998). Similar effects may result from environmental stress (Teicher et al.,
2002). Germane to these hypotheses, cortical thickness in individuals with “superior”, in
contrast to “high” and “average”, intelligence peaked later (11 vs. 7−8 years), perhaps reflecting
a later end of synaptic proliferation, and then decreased faster (Shaw et al., 2006a). Children
with ADHD, on the other hand, start with lower thickness, further dropping over adolescence
overall in parallel with the changes in controls (Shaw et al., 2006b). The CD-related brain
volumetric data (Kruesi et al., 2004), while similar, did not reach significance (perhaps due to
a small sample).

Both genetic and environmental factors may contribute to earlier maturation in the offspring
of SUD parents, promoting affiliation with deviant peers. In females, familial stress, as
predicted by the Belsky et al., (1991) theory, was associated with earlier menarche (Moffitt et
al., 1992; Wierson et al., 1993; Ellis and Garber, 2000). The data on males in this respect are
scarce. This study suggests that similar mechanisms may operate in males and contribute to
the transmission of the risk for SUD. The Belsky et al. theory also does not exclude the
possibility of an alternative, genetic, explanation of variation in development (Comings et al.,
2002), although the latter work was related to the androgen receptor gene that is X-linked and
thus cannot mediate the father-son transmission.

The complexity of the system is further exacerbated by the possibility that certain genotypes,
regardless of whether they are themselves associated with increased behavioral dysregulation,
can facilitate the effect of adverse environment (Caspi et al., 2002). The influence of genes and
vertically transmitted environment, which underlie the transmissibility of SUD liability, on the
trajectory of individual behavioral development may be realized not only directly through
phenotypic variation, but also via their contribution to the formative aspects of peer
environment. The effect of parental SUD liability phenotype on peer deviance, growing over
time (due to both immediate and lagged effects, as follows from our data), is consistent with
both growing detachment from parents and the increasingly active homophilic choice of peers.
Inasmuch as homophily results from the individual's selection into, and/or his choice of, a
behaviorally similar peer group, this phenotypic correlation will induce higher genetic (and
environmental) similarity between the members of the group, such as a gang,—akin to the
effects of assortative mating (Vanyukov, 2003; Guo, 2006). This will further augment the active
genotype-environment correlation, insofar as the environmental choice (peer behavior) will be
in part genetically mediated. Sharing the same friends is more likely between monozygotic
than dizygotic twins (Walden et al., 2004), indicating genetic contribution to peer selection.
The same work showed that peer deviance, including substance use, along with parent-child
relationship problems, contribute to substance use variation in adolescents as environmental
factors. The models employed therein were not designed to test mediation of parental influence
by peer deviance (and did not include parental SUD), leaving that mediation possibility open.
Such possibility is consistent with our results of path and growth curve analysis indicating
influence of parental SUD on the offspring's deviant peer affiliation trajectory. The
relationships between parental SUD, peer deviance and the indicators of physiological
maturation suggest a mechanism for active genotype-environment correlation.

This mechanism, along with the straightforward developmental connections between the
values of a variable at different time points, includes an apparent effect of the testosterone level
(and Tanner stage) and peer deviance on each other's development. Our finding suggesting the
visit 1 Tanner stage (TS) influences peer deviance, and not the opposite, may suggest the choice
for the direction of the path for the other indicator of sexual maturation used, the testosterone
level (T), and PD at that time point. The more pronounced relationship of PD with the TS,
compared to the T level, as evidenced also by higher correlations for TS, is consistent with our
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prior findings. A possible explanation is that the visible signs of maturation, which depend not
only on the hormone level, are of greater importance for behavior regulation and peer selection
than the testosterone level per se (Kirillova et al., 2001).

The reciprocal relationship between testosterone and social interactions, e.g., social
dominance/potency, has been noted previously (Mazur and Booth, 1998; Rowe et al., 2004;
Archer, 2006; Reynolds et al., in press). This relationship was found to be moderated by peer
deviance: it was stronger among boys who did not have deviant peers, decreasing with growth
in peer deviance, although leaving a possibility that different indicators of dominance may
need to be used in different contexts (Rowe et al., 2004). The latter work did not, however,
seek to determine the relationship between testosterone (or pubertal maturation) and peer
deviance.

Testosterone was positively associated with externalizing behavior in boys of different ages
(Archer, 2006), consistent with our data that support not only its association with the rate of
CD and SUD development, but also the association between the rate of sexual maturation and
the risk for CD. In turn, CD is strongly related with the risk for SUD, thus possibly connecting
the latter with the testosterone level and maturation rate in adolescents. The finding that both
testosterone and peer deviance in younger (mean age ∼11) children are cross-predictive of the
next visit's (age ∼13) values extends the data on the reciprocity of the influence of testosterone
and peer environment. The direct contribution of the parental SUD load to peer deviance and
its growth is consistent with detachment from parents (possibly more pronounced if the latter
have SUD), as well as with direct and indirect vertical environmental transmission (the
contagion effect of parental deviance and the adverse environmental consequences of parental
SUD promoting substance use in the offspring), and with genetic mechanisms of SUD
inasmuch as the environmental choice is heritable.

Some caveats should be noted. The offspring sample has not yet passed through the age of risk
for SUD, and the sampling was protracted, resulting in censored cases. Additional censoring
occurs due to the incomplete observation of the survival time, because sexual maturation
(Tanner stage 5) was timed according to the age at the visit rather than the actual (unobserved)
age of reaching stage 5 (interval-censored data). Such data might substantially bias results of
binary outcome analysis, such as logistic regression. They are, however, well handled by the
Cox model we employed (Afifi and Clark, 1990; Hosmer and Lemeshow, 1999). The other
types of longitudinal analysis used provide convergent support to the results. In this research,
we did not concurrently study the role of other hormones and numerous factors that contribute
to pubertal development and brain remodeling in adolescence, forming basis for behavior
regulation involved in CD and SUD risk (Sisk and Foster, 2004). Despite noted parallels, these
findings may not extend to females, which need to be studied separately. Whereas the sample
decreased over the consecutive visits, attrition is unlikely to bias the results, since there are no
differences between the subjects who have and have not been available for assessment at visit
4 for any of the analyzed variables (data not shown).

In sum, this study supports the hypothesis that the familial SUD risk transmission in males
may be in part mediated by a developmental process involving earlier sexual maturation,
growing homophilic affiliation with delinquent peers, and behavioral dysregulation
manifesting in CD.
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Figure 1.
Path analysis of the developmental relationships between testosterone and peer deviance (*p<.
05; **p<.01; ***p<.001; error terms omitted). T1, T2, and T3 are testosterone level at visits
1, 2, and 3, respectively; PD1, PD2, and PD3 are peer delinquency levels at the same visits.
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Figure 2.
Path analysis of the developmental relationships between familial SUD load, Tanner staging
and peer deviance. TS1, TS2 and TS3 are Tanner stage values at visits 1, 2 and 3, respectively.
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Figure 3.
Growth curve modeling of the relationship between familial SUD load, testosterone level and
peer delinquency

Kirillova et al. Page 15

Psychiatry Res. Author manuscript; available in PMC 2009 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kirillova et al. Page 16
Ta

bl
e 

1
C

ox
 re

gr
es

si
on

 a
na

ly
si

s o
f t

he
 in

flu
en

ce
 o

f p
ar

en
ta

l S
U

D
 lo

ad
 o

n 
se

xu
al

 m
at

ur
at

io
n 

(T
an

ne
r s

ta
gi

ng
) r

at
e

B
SE

W
al

d
df

P
H

R
95

.0
%

 C
I f

or
 H

R
L

ow
er

U
pp

er

N
on

-s
tra

tif
ie

d
 

.3
53

.1
24

8.
03

0
1

.0
05

1.
42

3
1.

11
5

1.
81

6

St
ra

tif
ie

d
 

.3
70

.1
29

8.
26

8
1

.0
04

1.
44

8
1.

12
5

1.
86

4

N
A

P 
ca

te
go

ric
al

N
A

P
8.

14
0

2
.0

17
N

A
P(

1)
.3

26
.2

22
2.

14
2

1
.1

43
1.

38
5

0.
89

5
2.

14
2

N
A

P(
2)

.7
12

.2
52

7.
98

2
1

.0
05

2.
03

9
1.

24
4

3.
34

1

N
ot

e:
 N

A
P,

 n
um

be
r o

f a
ff

ec
te

d 
pa

re
nt

s;
 H

R
, h

az
ar

d 
ra

tio
 (e

xp
[B

])

Psychiatry Res. Author manuscript; available in PMC 2009 February 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kirillova et al. Page 17
Ta

bl
e 

2
C

ox
 re

gr
es

si
on

 a
na

ly
si

s o
f t

he
 in

flu
en

ce
 o

f p
ar

en
ta

l S
U

D
 lo

ad
 (N

A
P)

 o
n 

th
e 

ra
te

 o
f S

U
D

 a
nd

 C
D

 d
ev

el
op

m
en

t

D
ep

en
de

nt
B

SE
W

al
d

df
P

H
R

95
.0

%
 C

I f
or

 H
R

 
 

 
 

 
 

 
 

L
ow

er
U

pp
er

SU
D

 ra
te

N
on

-s
tra

tif
ie

d
 

.4
87

.1
72

8.
00

5
1

.0
05

1.
62

8
1.

16
1

2.
28

1

St
ra

tif
ie

d
 

.4
38

.1
77

6.
10

7
1

.0
13

1.
54

9
1.

09
5

2.
19

2

N
A

P 
ca

te
go

ric
al

N
A

P
9.

45
4

2
.0

09
N

A
P(

1)
.2

62
.3

20
.6

69
1

.4
13

1.
30

0
.6

94
2.

43
5

 
N

A
P(

2)
1.

01
1

.3
33

9.
22

9
1

.0
02

2.
74

8
1.

43
1

5.
27

4

C
D

 ra
te

N
on

-s
tra

tif
ie

d
 

.8
40

.1
60

27
.5

98
1

.0
00

00
0

2.
31

5
1.

69
3

3.
16

7

St
ra

tif
ie

d
 

.8
02

.1
62

24
.3

65
1

.0
00

00
1

2.
22

9
1.

62
1

3.
06

5

N
A

P 
ca

te
go

ric
al

N
A

P
25

.5
10

2
.0

00
00

3
N

A
P(

1)
1.

19
5

.3
26

13
.4

36
1

.0
00

24
7

3.
30

3
1.

74
4

6.
25

8
N

A
P(

2)
1.

73
2

.3
45

25
.1

36
1

.0
00

00
1

5.
65

1
2.

87
2

11
.1

22

Psychiatry Res. Author manuscript; available in PMC 2009 February 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kirillova et al. Page 18
Ta

bl
e 

3
In

flu
en

ce
 o

f t
es

to
st

er
on

e 
on

 th
e 

ra
te

 o
f C

D
 a

nd
 S

U
D

 d
ev

el
op

m
en

t

D
ep

en
de

nt
V

is
it

B
SE

W
al

d
df

P
H

R
95

.0
%

 C
I f

or
 H

R
L

ow
er

U
pp

er

C
D

 ra
te

1  
.2

44
.1

18
4.

28
3

1
.0

38
1.

27
6

1.
01

3
1.

60
8

2  
.3

85
.1

75
4.

82
7

1
.0

28
1.

47
0

1.
04

2
2.

07
2

3
 

 
.7

16
.4

01
3.

18
4

1
.0

74
2.

04
6

.9
32

4.
48

9

SU
D

 ra
te

1  
.2

03
.1

15
3.

12
9

1
.0

77
1.

22
5

.9
78

1.
53

3

2  
.6

03
.2

01
9.

01
3

1
.0

03
1.

82
7

1.
23

3
2.

70
8

3
.3

21
.3

62
.7

88
1

.3
75

1.
37

9
.6

78
2.

80
4

Psychiatry Res. Author manuscript; available in PMC 2009 February 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kirillova et al. Page 19
Ta

bl
e 

4
C

or
re

la
tio

ns
 b

et
w

ee
n 

pe
er

 d
el

in
qu

en
cy

, t
es

to
st

er
on

e 
le

ve
l, 

an
d 

Ta
nn

er
 st

ag
e

PD
1

PD
2

PD
3

T
1

T
2

T
3

PD
1

1
.0

2
.1

9**
.0

7
PD

2
.3

6**
*

1
.2

7**
*

.2
8**

*
.0

3
PD

3
.3

1**
*

.4
7**

*
1

.0
6

.1
2

.0
6

TS
1

.1
6**

*
.2

3**
*

.0
8

.4
8**

*
.4

2**
*

.2
4**

TS
2

.2
6**

*
.3

5**
*

.1
7*

.4
2**

*
.5

9**
*

.2
1**

TS
3

.0
3

.1
4*

.0
5

.2
4**

.2
1**

.3
0**

*

N
ot

es
: P

D
 —

 p
ee

r d
el

in
qu

en
cy

; T
 —

 te
st

os
te

ro
ne

; T
S 

—
 T

an
ne

r s
ta

ge
. N

um
be

rs
 fo

llo
w

in
g 

le
tte

rs
 in

di
ca

te
 su

bj
ec

ts
' v

is
its

.

* P<
0.

05
;

**
P<

0.
01

;

**
* P<

0.
00

1

Psychiatry Res. Author manuscript; available in PMC 2009 February 28.


