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Abstract

The current study investigated the genetic and environmental etiology of individual differences in
salivary testosterone during adolescence, using data from 49 pairs of monozygotic twins and 68
pairs of dizygotic twins, ages 14-19 years (M = 16.0 years). Analyses tested for sex differences in
genetic and environmental influences on testosterone and its relation to pubertal development.
Among adolescent males, individual differences in testosterone were substantially heritable
(55%), and significantly associated with self-reported pubertal status (controlling for age) via
common genetic influences. In contrast, there was no heritable variation in testosterone for
females, and testosterone in females was not significantly associated with pubertal status after
controlling for age. Rather, environmental influences shared by twins raised together accounted
for all of the familial similarity in female testosterone (53%). This study adds to a small but
growing body of research that investigates genetic influences on individual differences in
behaviorally-relevant hormones.
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Testosterone, a steroid hormone, is an index of the hypothalamic-pituitary-gonadal axis, a
primary neuroendocrine system involved in advancing puberty and regulating human
behavior. Testosterone levels increase over the course of adolescence, particularly in males,
and individual differences in testosterone are associated with socially dominant and status-
seeking behavior (Eisenegger et al., 2011; Mazur & Booth, 1998) and with adolescent
sexual behavior (Udry et al., 1986; Udry, 1988; Halpern et al., 1993; Halpern et al., 1998).
Because of its relevance for social behavior, testosterone has been implicated as an
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individual differences variable that contributes to the biological basis of personality
(Newman & Josephs, 2009; Sellers et al., 2007). From this perspective, testosterone is a
possible endophenotype for personality variation: a biologically-based, intermediary
phenotype that bridges genetic variation with a complex, higher-order behavioral phenotype,
such as social dominance (Gottesman & Gould, 2003). The goal of the current study is to (a)
evaluate the contribution of genes and environmental influences to individual differences in
adolescent testosterone, (b) test whether such contributions differ by sex, and (c) test the
extent to which differences in testosterone reflect genetically-influenced differences in
pubertal development.

Sex Differences and Age Differences in Testosterone

As the principal hormone released by the gonads, testosterone increases dramatically in
males from childhood to adulthood (Biro, Lucky, Huster, & Morrison, 1995; Granger,
Schwartz, Booth, & Arentz, 1999). Indeed, increases in testosterone are necessary for male
physical development, driving the emergence of secondary sex characteristics (e.g., height,
muscle mass, voice register) that are characteristic of male puberty (Hiort, 2002).
Testosterone also rises in females, but this increase is small compared to males (Granger et
al., 1999; Legro, Lin, Demers, & Lloyd, 2000). Moreover, the relation between testosterone
and the physical changes of puberty in females is less straightforward (Shirtcliff, Dahl, &
Pollack, 2009).

There are also sex differences in the associations between testosterone and behavior (Mazur
etal., 1997; Archer et al., 2005; Filaire & Lac, 2000; Eisenegger et al., 2011; Josephs et al.,
2011). For instance, although some correlational studies have linked testosterone to
aggressive behavior in both males and females (Dabbs, et al., 1995; Dabbs & Hargrove,
1997; Book et al., 2001; Archer et al., 2005), recent testosterone administration studies
suggest a possible sex-specific effect of testosterone on reactive aggression, with
testosterone increasing reactive aggression in men but not in women (Eisenegger et al.,
2011; Josephs et al., 2011). Studies of situationally-driven changes in testosterone (e.g., in
anticipation of and in response to competition) have indicated anticipatory release of
testosterone in men but not women (Mazur et al., 1997; Filaire & Lac, 2000). However,
these findings have not always been replicated (Bateup et al., 2002), and some research
suggests gender differences in testosterone response are only apparent in the context of
complex interactions with other personality and contextual variables (e.g., Denson, et al.,
2012; Kivlighan et al., 2005). The extent to which specific environmental features
differentially elicit state levels of testosterone has implications for broader environmental
influences on basal levels of testosterone, as well, and further suggests the possibility that
the etiology of testosterone differs between males and females.

Genetic and Environmental Influences on Testosterone

Quantitative genetic designs leverage differences in the degree of genetic relatedness
between different types of family relationships (e.g. monozygotic twins compared to
dizygotic twins) in order to estimate the magnitude of genetic influence on variation in a
trait. Several quantitative genetic studies have examined plasma testosterone in male adults
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(e.g. ages 20-70) and have found evidence for heritable variation, with estimates ranging
from 26% to 91% (Bogaert et al., 2008; Hong et al., 2001; Meikle et al., 1987; Ring et al.,
2005, summarized in Caramaschi et al., 2012). In contrast, infant studies have found no
genetic variation in testosterone assessed using cord blood (Sakai et al., 1991) or saliva
(Caramaschi et al., 2012); rather, environmental factors accounted for all the variation in
testosterone in infancy. Adolescence may be a critical developmental period when
genetically-driven individual differences in testosterone emerge and possibly diverge
between sexes, resulting in sex differences in behavioral organization (Sisk & Zehr, 2005).

Three previous studies have used quantitative genetic methods to examine the heritability of
testosterone levels in periods surrounding adolescence, with results consistent with the
emergence of a sex difference after early adolescence. Hoekstra, Bartels, and Boomsma
(2006) found no sex differences in the magnitude of genetic influence on salivary
testosterone in a sample of 183 pairs of 12-year-old twins: genes accounted for 52% of the
variation in testosterone for both sexes. Harris, Vernon, and Boomsma (1998) detected sex
differences in the heritability of total plasma testosterone in 160 pairs of adolescent and
young adult twins (ages 14-21 years): 60% in males vs. 40% in females. Finally, Koenis et
al. (2013) examined salivary testosterone levels in 112 pairs of 9-year old twins, with a sub-
sample of 89 pairs re-assessed at age 12-years. In boys, the broad heritability of testosterone
increased from age 9 to age 12 (64% to 78%), whereas heritability decreased for girls over
that same period (70% to 51%). These previous studies have not specifically examined the
extent to which there are genetic influences on testosterone that are independent of
genetically-influenced individual differences in pubertal development. Moreover, all
previous quantitative genetic studies of testosterone levels during adolescence used
predominantly White samples from the Netherlands; this topic has not been investigated in a
racially and ethnically diverse American sample. Previous literature regarding race/ethnic
differences in testosterone has been mixed, with some studies finding differences between
Caucasian and African-American men (e.g., Winters et al., 2001) but others failing to
observe racial differences (e.g., Richards et al., 2002; Rohrmann et al., 2007). More
generally, researchers in adolescent health have noted the need to understand hormonal
differences and similarities across race/ethnic groups as a potential mechanism for health
disparities (DeSantis et al., 2007).

The Current Study

The current study used a quantitative genetic approach to (a) estimate the magnitudes of
genetic and environmental influences on salivary testosterone, (b) test whether such
contributions differ by sex, and (c) test the extent to which differences in testosterone reflect
genetically influenced differences in pubertal development. We used quantitative genetic
structural equation modeling to assess genetic and/or environmental sources of individual
differences in testosterone. Because the age of our sample encompassed mid-to-late
adolescence, we predicted that a sex difference in the heritability of testosterone would be
detected in this diverse adolescent sample, with stronger genetic influences on testosterone
in males than in females. Additionally, because of its central role in pubertal development
amongst males, we hypothesized that testosterone would be related to male pubertal status,
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even after controlling for age, and that this association would largely reflect common
underlying genes.

Method

Participants

Adolescent twin pairs were recruited from a larger, on-going registry of school-age twins
and their parents (The Texas Twin Project; Harden et al., 2012). Twins were identified from
public school rosters in a large metropolitan area in the southwestern U.S., as well as
through advertising at conventions for parents of multiples and referrals from other twin
parents. All pairs of twins who were in the 9t to 121" grade and who lived within driving
distance of the laboratory were eligible to participate. We present data on 234 adolescents
from 117 twin pairs (49 MZ pairs [23 male, 26 female], and 68 DZ pairs [25 male, 15
female, and 28 opposite-sex], ages 13.6 to 19.9 years (M = 16.02, SD = 1.51 years). Fifty-
nine percent (59%) of participants were non-Hispanic White, 25% were Hispanic / Latino,
9% were African-American, and the remaining 7% were another race/ethnicity (including
Native American, East Asian, Southeast Asian, and “Other”). The sample was economically
diverse, with 32% of twin parents reporting that they had received food stamps or another
form of public assistance for low-income families.

Measures

Zygosity—Opposite-sex (male-female) twin pairs were classified as dizygotic (DZ). For
same-sex twin pairs, zygosity was assessed on the basis of adolescents’ responses to nine
items concerning their physical similarity to their co-twin (facial appearance, hair color, hair
structure, eye color) and the frequency with which others mistake one twin for the other.
Previous twin research has validated questionnaire assessments of zygosity with molecular
genetic classifications, and found very high agreement between methods (> 90%; Rietveld et
al., 2000).

For each pair, both twins’ responses to all zygosity items were summed, yielding a total
score ranging from 18 to 44 (M = 32.1, SD = 7.79). These sum scores had a clear bimodal
distribution, with no overlap in the mid-range of possible scores; thus, pairs scoring 18-31
were classified as DZ, while pairs scoring 34—-44 were classified as MZ. These
classifications were validated using a latent class analysis (LCA), a structural equation
model that analyzes multivariate data to detect latent subgroups. Uncertainty in an LCA
model is quantified using entropy, with values closer to 1.0 indicating less uncertainty
regarding classifications. The two-class LCA of the self-report zygosity items had very little
uncertainty (entropy = .999). Zygosity classifications based on the LCA model were
identical to classifications based on a simple dichotomization of the sum score, as described
above.

Testosterone—Saliva samples were collected using passive-drool. Whenever possible,
female adolescents were assessed during the first fourteen days of their menstrual cycle,
starting from and including the first day of menstruation.l All samples were collected at one
of three appointment times: 0900h—1000h (25% of participants), 1200-1300h (48% of
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participants), or 1600-1700h (27% of participants). Both members of a twin pair were
assessed at the same time.2 Participants were instructed to avoid eating or drinking anything
for two hours before the beginning of their laboratory session; to avoid smoking for four
hours before the beginning of their session; and to avoid flossing the morning of their
session. After 10-15 minutes of sedentary activities (e.g., completing consent forms),
participants were asked to drool through a sanitary straw into a 2-ml vial. After collection,
saliva samples were frozen at —40°C until they were shipped on dry ice to Dr. Clemens
Kirschbaum’s laboratory at Technical University of Dresden for analyses of hormone levels.
After thawing, saliva was centrifuged at 3,000 rpm for 5 min, which resulted in a clear
supernatant of low viscosity. Salivary concentrations were measured using commercially
available chemiluminescence-immunoassays with high sensitivity (IBL International,
Hamburg, Germany).

One female participant had an abnormally high testosterone measurement (> 700 pg/mL);
data from this participant was omitted from models. All testosterone measurements were
then square-root transformed to better approximate a normal distribution prior to
quantitative genetic analyses.

Pubertal status—Pubertal status was assessed using the Pubertal Development Scale
(PDS; Petersen, Crockett, Richards, & Boxer, 1988). Males rated growth in height, growth
of body hair, growth of facial hair, skin changes, and deepening of voice on a 4-point scale
ranging from 1=Not Yet Begun to Change to 4=Finished Changing. Male pubertal status
scores were obtained by averaging reports on the 5 items (range =1to 4, M = 2.86, SD =
0.62).

Females rated growth in height, growth of body hair, growth of breasts, and skin changes on
the same 4-point scale; they also reported whether they had begun to menstruate (95% of
female participants reported Yes), and if so, at what age (in years). The question regarding
menstruation was recoded to be consistent with the response scale of the other items (No=1,
Yes=4), and reports on the 5 items were averaged (range = 1.80 to 4, M = 3.47, SD = 0.43).
Age at menarche ranged from 10 to 16 years (M = 12.29 years, SD = 1.08).

1Givena 28-day cycle, the first 14 days corresponds, on average, to the follicular phase, or the hormonal nadir; however, menstrual
cycles are often irregular among adolescent females, and there is substantial inter-individual variability (Treloar, Boynton, Behn, &
Brown, 1967). Without additional hormonal assessments, it was not possible for us to determine the menstrual cycle stage of any
individual participant. Twelve female participants (11%) reported that they had not yet begun menstruating (n=5) or that they had not
menstruated in the past two months (n=7). Among menstruating females, number of days since last period was not significantly
related to testosterone levels [p = .45, RZ = .00]. Ten females (9%) reported taking hormonal contraception. Testosterone levels were
significantly higher in females on hormonal contraception (64.1 pg/mL), compared to females not on hormonal contraception (37.6
pg/mL) [p=.01, RZ = .05]. As a post-hoc sensitivity analysis, we estimated models omitting data from females on hormonal
contraception, and we found a nearly identical pattern of results.

Consistent with previous research on diurnal variation in testosterone in adolescents (Granger et al., 2003; Matchock et al., 2007),
average testosterone was higher for morning samples (0900-1000h; M = 136.10 pg/mL for males, 46.40 pg/mL for females) than for
samples from midday (1200-1300h; 116.63 pg/mL for males, 37.11 pg/mL for females) or afternoon (1600-1700h; 119.45 pg/mL for
males, 37.77 pg/mL for females). These differences, however, were not statistically significant for males (p = .45) or females (p = .
46), and time of day accounted for a trivial amount of the variance in testosterone (R2 =.01 in both sexes). Results from analyses
controlling for time of day were nearly identical to the main results presented in this paper.
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Quantitative genetic models were fit to data on testosterone from both male and female
adolescents, controlling for age and age-squared, but not controlling for individual
differences in pubertal status.3 A quantitative genetic model for twins raised together is
shown in Figure 1. This model partitions variation in testosterone into three latent (i.e.,
unobserved) components: additive genetic influences (A), environmental influences that are
shared by twins and make them more similar (the shared environment, or C), and
environmental influences that are unique to each twin, plus measurement error (the non-
shared environment, or E). Each of the ACE components is standardized, and the paths from
the ACE components are estimated. Consistent with genetic theory, the correlation between
the A components in the first and second member of each twin pair is fixed to 1.0 for MZ
pairs and 0.5 for same-sex DZ pairs. (The A correlation for opposite-sex DZ pairs depends
on the model tested; this is described in more detail below.) By definition, the shared
environment (C) is common to both twins, and the correlation between C components in the
first and second member of each twin pair is fixed to 1.0 for both MZ and DZ pairs. Finally,
the correlation between E components is fixed to O for both MZ and DZ pairs. The square of
the standardized path from the A component is the heritability coefficient, i.e., the proportion
of variance in testosterone that is due to genetic differences between people.

Figure 1 illustrates a qualitative sex differences model. In this model, the magnitudes of the
paths from the ACE components to testosterone are allowed to differ between males and
females. In addition, for opposite-sex DZ pairs, the correlation between the A component for
the male twin and the A component for the female twin (rp) is freely estimated (rather than
fixed to 0.5). This model tests whether (a) genetic and/or environmental factors account for
more of the variance in testosterone in one sex versus the other, and (b) whether the same set
of genetic factors influence testosterone in both males and females. The full qualitative sex
differences model was compared to progressively simpler models. First, we fit a quantitative
sex-differences model, in which the rp for opposite-sex DZ twin pairs is fixed to 0.5 rather
than freely estimated. This model specifies that the same set of genes influence testosterone
in both males and females, but the magnitude of genetic (and environmental influences) is
allowed to differ across sexes. The most constrained model (no sex-differences) fixed all
parameters to be equal across males and females. Once the best-fitting sex-differences
model was selected, this model can be further trimmed by fixing non-significant parameters
to zero and testing whether this results in significant decrements in fit. The final trimmed
model, then, is considered the most parsimonious representation of the data.

After evaluating sex-differences in the genetic and environmental etiology of testosterone,
we next fit an extension of the quantitative genetic model that estimated the extent to which
heritable variation in testosterone was associated with individual differences in pubertal
status relative to age. This model is illustrated in Figure 2: Variation in pubertal status and

3Controlling for both pubertal status and age would partial variation in testosterone that is associated with being at a higher pubertal
status relative to same-aged adolescents. As genetically-influenced differences in testosterone may impact the timing or tempo of
puberty, we did not want to partial puberty-related variation in testosterone from our initial heritability estimates. Thus, rather than
controlling for pubertal status, we report results of a bivariate examination of the extent to which heritable variation in testosterone is
associated with individual differences in pubertal status relative to age.
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testosterone (controlling for age and age-squared) is divided into ACE components, and
testosterone is regressed on the ACE components of pubertal status. This bivariate Cholesky
decomposition tests the extent to which genetic and environmental influences on
testosterone are shared with versus independent from pubertal status relative to age.

Models were estimated in the software program Mplus (Muthén & Muthén, 1998-2010).
Model fit was evaluated using the root mean square error of approximation (RMSEA,;
Steiger, 1990), Akaike information criterion (AIC; Akaike, 1974) and 2 values. Based on
the guidelines of Hu and Bentler (1999), the RMSEA cut-off value for acceptable model fit
was RMSEA < 0.06. AIC is used to compare the relative fit of different models, with lower
values indicating a more parsimonious representation of the data.

Descriptive Statistics

Males had significantly higher levels of testosterone (M = 121.67 pg/mL, SD = 66.39) than
females (M = 39.71 pg/mL, SD = 28. 44; t (206) =13.34, P < .001). Sex differences and age
trends in testosterone are illustrated in Figure 3. For males, there were significant linear (b =
2.51, SE =0.55, P <.001) and quadratic (b =-0.31, SE = 0.12, P =.01) effects of age on
testosterone, accounting for 30.6% of the variance. (Regression coefficients are
unstandardized effects of age in years on square-root transformed testosterone levels.) In
contrast, there were no significant linear (b = 0.63, SE = .41, P = .12) or quadratic (b = -.08,
SE =.08, P = .31) effects of age for females. There were no significant differences in
testosterone by race/ethnicity in either males [F = 1.31 (3, 110), P = 0.28] or females [F =
2.05(3,99), P=0.11].

The correlation between pubertal status and age was 0.55 in males and 0.56 for females (ps
<.001), and the correlation between pubertal status and testosterone was 0.51 (p<.001) in
males and 0.17 (p = .07) in females. For females, the partial correlation between pubertal
status and testosterone, controlling for age, was not significantly different from zero (r = .09,
p = .36). Neither was testosterone significantly associated with age at menarche (r = -.04, p
=.65). In contrast, the partial correlation between testosterone and pubertal status in males,
controlling for age, was moderate and significant (r = 0.31, p <.001), indicating that males
with higher testosterone reported greater pubertal status relative to age.

For males, the MZ correlation for testosterone (.78; 95% confidence interval = .54-.90) was
nearly double the DZ correlation (.41; 95% CI = .01 — .69). For females, in contrast, the MZ
correlation (.54; 95% CI = .19-.77) and DZ correlation (.71; 95% CI = .31-.90) were
similar. The opposite-sex DZ correlation was negative (-.48, 95% Cl = -.13, -.72). As
indicated by the wide confidence intervals, there was considerable uncertainty surrounding
each point estimate.

Quantitative Genetic Models of Testosterone

All quantitative genetic models controlled for the sex-specific linear and quadratic effects of
age. Comparisons of the sex-differences models are summarized in Table 1. The non-scalar
sex-differences model (Model 2), which fixed the correlation between the male A
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component and the female A component (ra) in opposite-sex DZ twins to 0.5, did not fit
significantly worse than a qualitative sex-differences model, which freely estimated ra. In
contrast, a no sex-differences model (Model 3) fit significantly worse than the quantitative
sex-differences model. The quantitative sex-differences model was therefore selected as the
more parsimonious representation of the data. It should be noted, however, that qualitative
sex differences may not have been detectable in the current study because of the relatively
small number of opposite-sex DZ twin pairs. The parameters of the quantitative sex-
differences model are summarized in Table 2 and illustrated in Figure 4. For males, genetic
differences accounted for 55% of the variation in testosterone, whereas shared
environmental influences were not significantly different than zero. In contrast genetic
influences were not significantly different than zero for females; however, the study may
have been underpowered to detect small genetic effects. Familial resemblance for
testosterone in females was environmental in origin, accounting for 53% of the variance. As
a sensitivity analysis, we repeated this model comparison using only same-sex twins (i.e.,
omitting opposite-sex DZs). Results with same-sex twins also indicated significant sex
differences in genetic and environmental influences on testosterone (Ay2 = 9.14,df =3, p=.
027).

Genetic Influences on Testosterone and Pubertal Status Relative to Age

As reported above, genetic influences on testosterone were only apparent in males, and
pubertal status relative to age was significantly associated with testosterone only in males.
Quantitative genetic models of the relation between testosterone and pubertal status were
therefore conducted in male twin pairs only. Shared environmental influences on pubertal
status and testosterone were not significantly different from zero and were dropped from the
model. Overall model fit was good (x2 = 50.23, df = 48, p = .39, RMSEA = .044).
Standardized parameter estimates are summarized in Table 3. Approximately 42% of the
variation in pubertal status relative to age was attributable to genetic influences, with the
remaining 58% due to non-shared environmental influences. Thirty-one percent (31%) of
the total variation in testosterone (and 53% of the genetic variance in testosterone) was
attributable to genetic influences on pubertal status relative to age. Put differently, 47% of
the genetic variance in testosterone was independent of self-reported pubertal development.
The regression of testosterone on the E component of pubertal status was not significant,
indicating that all of the non-shared environmental influences on testosterone were unique of
pubertal development.

Discussion

In the current paper, we present results from a quantitative genetic study of testosterone
levels in adolescent male and female twins. During puberty, activity in the hypothalamic-
pituitary-gonadal (HPG) axis stimulates the increased production and release of testosterone
by the testes in males. At the same time, the initiation of puberty has been shown (in animal
research) to increase the expression of genes necessary for androgen synthesis to adult
levels, with additional genes involved in testosterone metabolism showing peak expression
during puberty (O’Shaughnessy et al., 2002). This suggests that adolescence is a particularly
important developmental period for studying genetic influences on testosterone levels.
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Compared to the volume of behavioral genetic research on most behavioral phenotypes, the
literature regarding genetic influences on testosterone and other individual differences in
hormones is actually quite sparse. This is particularly true with regards to the adolescent
period. Although adolescence is the time when gonadal hormones reach adult levels and
when sex differences in testosterone levels widen markedly, there have only been three
previous behavioral genetic studies on gonadal hormones during adolescence.

We found that testosterone levels in male adolescents were substantially heritable, with 55%
of the variation attributable to additive genetic influences. This heritability estimate for
males is strikingly similar to estimates from the two previous studies of testosterone in
adolescent twins (57% by Hoekstra et al., 2006 and 60% by Harris et al., 1998), even though
(@) the current study used an ethnically diverse sample of American adolescents, as opposed
to predominantly White samples from the Netherlands, and (b) Harris et al. (1998) examined
total plasma testosterone from blood samples, whereas the current study and Hoekstra et al.
(2006) examined salivary testosterone. A more recent study (Koenis et al., 2013), also using
White children from the Netherlands, also produced similar heritability estimates in younger
males (64% in 9-year olds and 70% in 12-year olds). In contrast, familial similarity for
testosterone in our sample of female adolescents was predominantly environmental in
origin, with 53% of the variation in female testosterone attributable to shared environmental
influences and negligible heritable variation. Our results differ from previous twin studies,
which found significant genetic influences of females, too (Harris et al., 1998; Hoekstra et
al., 2006; Koenis et al., 2013).

Consistent with previous research, testosterone was associated with self-reports of pubertal
development (both pubertal status and pubertal status relative to age) in males but not in
females. Shirtcliff et al. (2009), for instance, found that 40% of the variation in basal
testosterone (aggregated from 32 salivary samples over 5 days) among early adolescent boys
(ages 9-14 years) could be accounted for self-reports of pubertal development on the PDS,
as opposed to 17% among girls. By comparison, our study used only a single measure of
testosterone and a later age range, and we similarly found that 31% of the variance, and 53%
of the genetic variance, in testosterone among males was accounted for by self-reported
pubertal status. Although self-reports of pubertal development have been criticized as
unreliable (Dorn, Dahl, Woodward, & Biro, 2006; Dorn & Biro, 2011), our results suggest
that self-reports — at least among adolescent boys — are tapping genetic differences in
testosterone. Notably, while nearly half of the variation in testosterone among males was
environmental in origin and unique to each twin, this non-shared environmental variance
was uncorrelated with pubertal status. That is, comparing within a pair of identical male
twins, the twin who reported higher pubertal development than his co-twin did not have
higher testosterone than his co-twin.

The age range of the current sample (ages 14-19) must be noted when considering the
overlap between self-reported pubertal development and testosterone in the current sample.
On the one hand, the sample is older than typical for a study of puberty. All of our
participants have initiated puberty and have commenced through many - if not all — of its
early stages. This was particularly true for girls; in our sample, less than 5% of girls were
pre-menarcheal. Thus relations between self-reported pubertal status and testosterone may
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have attenuated, particularly among girls, because of restriction of range in pubertal status
among older adolescents. On the other hand, there isvariation in pubertal status even in a
mid-adolescent sample, particularly among boys. This variation gives rise to obvious
questions regarding how much of the observed genetic and environmental variation in
testosterone is due to differences in the timing of pubertal development — questions that
motivated our bivariate quantitative genetic analyses. Moreover, although the hormonal
events of puberty are initiated much earlier, testosterone continues to show developmental
change throughout middle and late adolescence, especially in boys. The current results
therefore contribute to our understanding of developmental change in behaviorally relevant
hormones, a process that continues well beyond what is typically thought of as the pubertal
period.

Although contrasting with previous twin research, our finding of sex differences in the
contribution of genetic variance to testosterone is consistent with emerging results from
genome-wide association studies (GWAS). A GWAS of serum testosterone levels identified
two polymorphisms at the SHBG (sex hormone-binding globulin) locus and one
polymorphism on the X chromosome that were significantly associated with variance in
testosterone in adult men (Ohlsson et al., 2011); these associations were replicated in an
independent study by Jin et al. (2012). (SHBG binds to sex hormones, including testosterone
and estradiol, and regulates their bioavailability.) In contrast, genetic variants at the SHBG
locus were not associated with testosterone in a sample of postmenopausal women (Prescott
etal., 2012). Moreover, a GWAS meta-analysis of SHBG in over 20,000 men and women
from 10 epidemiological studies found evidence for sex-differentiated effects, with three
genetic loci showing stronger effects in men than in women (Coviello et al., 2012).

In evaluating the current evidence for sex differences, however, it is important to note that
saliva is a peripheral measure of testosterone, which can be considered a reflection of
systemic bioactivity to the extent that it is correlated with serum concentrations (Granger,
Shirtcliff, Booth, Kivlighan, & Schwartz, 2004). A study of young adults found that salivary
testosterone levels were more strongly associated with serum levels for males than for
females (Shirtcliff, Granger, & Likos, 2002). Thus sex differences in the validity of
peripheral measures of testosterone may have contributed to the sex differences in estimates
of genetic influence. Clarifying this issue will require multimethod data (both serum and
saliva) on testosterone in twins.

The finding of substantial family-level (i.e., shared) environmental influence on testosterone
levels in female adolescents is surprising, given that estimates of shared environmental
influences on most phenotypes considered in quantitative genetic studies are typically small.
Although our sample was racially and ethnically diverse, there were no significant race/
ethnic differences in mean levels of testosterone for females, indicating that race/ethnic
differences do not account for the family-level environmental variance. The origin of these
family-level environmental influences remains unknown. In addition to more proximal
influences such as family context, one intriguing possibility is the intrauterine environment,
which would be shared by twins and would contribute to greater phenotypic similarity
regardless of zygosity. A previous experimental study of rats found sex-specific effects of
the prenatal environment on adolescent testosterone levels. Specifically, prenatal nicotine
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exposure caused elevated testosterone levels in adolescent female offspring, but had no
effects on male offspring (Smith et al., 2003). Similarly, in humans, Kandel and Udry (1999)
found that maternal smoking was associated with higher maternal testosterone, which in turn
accounted for higher levels of testosterone in adult female daughters. This remains an
important and exciting area for future study. In addition to their main effects, intrauterine
environments, including nicotine exposure, low birth weight, and prenatal androgens, may
interact with genetic predispositions and with more proximal environments to shape
adolescent testosterone levels.

For both male and female adolescents, nearly half of the variation in testosterone was
attributable to environmental influences that are specific to the individual (i.e., the non-
shared environment). Because this study assessed testosterone on only one occasion, we
cannot evaluate the extent to which the non-shared environmental variation identified in this
study represents temporally-stable individual differences versus transient fluctuations in
testosterone. Hoekstra et al. (2006), in their study of 12-year old twins, measured
testosterone on two consecutive days and found that non-shared environmental influences
were unique to measurement occasion. This result can be conceptualized in terms of its
implications for within-MZ twin pair differences: The MZ twin who had higher testosterone
than his co-twin on day one was not systematically more likely to have higher testosterone
than his co-twin on day two. (Genetic influences on testosterone, in contrast, were shared
across measurement occasions).This previous result, in conjunction with the finding from
the current paper that non-shared environmental influences on testosterone are independent
of within-twin pair differences in pubertal development, suggests that environmental
influences on male testosterone are more associated with state-related fluctuations. As the
sample used in Hoekstra et al. (2006) was younger than the sample used here, it is not yet
clear whether environmentally-influenced differences in testosterone become more stable
among older adolescents. Additional research incorporating longitudinal follow-up at
varying intervals (hours to days versus months to years) is necessary to parse the extent to
which twin-specific environmental factors influence state-related fluctuations in testosterone
versus chronic testosterone levels.

There are a number of limitations that should be noted. First, as discussed above,
testosterone levels were assessed at only one occasion. Second, our sample size is relatively
small for a quantitative genetic analysis. In particular, we may be underpowered to detect (1)
small genetic influences on testosterone among female adolescents and (2) qualitative sex
differences in genetic influence. It should be noted that (1) our sample size is commensurate
with previous studies of genetic influence on testosterone, and (2) we had sufficient power
to detect significant sex differences in the genetic and shared environmental etiology.
Nevertheless, quantitative genetic studies that integrate endocrine measures and that have
sufficiently large numbers of twin pairs to allow for the estimation of more complex models
(e.g., multivariate analyses of the relation between testosterone and behavioral measures,
analyses of genotype x environment interaction) would be an interesting and valuable
direction for future research. In particular, we hypothesize that sex differences in the genetic
etiology of testosterone emerge over the course of pubertal development, but we did not
have sufficient power to test for gene x puberty (or gene x age interactions) in the current
data. Similarly, a twin sample covering a broader age range (particularly extending down to
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middle childhood) will be particularly helpful in elucidating the extent to which genetic and
environmental influences on testosterone change across pubertal development. Finally, these
findings speak to etiologic influences on testosterone assessed at a single time point. Given
the high relevance of changes in state testosterone in response to environmental stressors for
predicting social behavior, future research should also employ estimates of testosterone
reactivity and recovery in order to better understand how genetic and environmental
influences on these aspects of testosterone function may differ from the results reported
here.

Testosterone is implicated in a wide variety of social behaviors, including social dominance,
aggression, sexual behavior, and risky decision-making. Given these phenotypic
associations, and the existence of heritable variation in testosterone levels in males,
testosterone is therefore a candidate endophenotype for these more complex behavioral
phenotypes (Gottesman & Gould, 2003). Further genetically-informed research would be
necessary to test this hypothesis. Specifically, a multivariate, quantitative genetic analysis
can test the extent to which genetic influences on more complex behavioral phenotypes are
mediated through genetic influences on testosterone. More generally, endocrine functioning
is a promising level of analysis for researchers interested in bridging genetic variation with
individual differences in behavior.
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Figure 1.

Quantitative Genetic Model of Testosterone in Adolescent Male and Female Twins

Note. A = Additive Genetic; C = Shared Environmental; E = Non-Shared Environmental. A,
C, and E factors are standardized (M = 0, SD = 1). m= male; f = female. Model for opposite-
sex DZ pairs is shown; rA was freely estimated in the qualitative sex-differences model, and
fixed to equal 0.5 for all other models. For MZ pairs and same-sex DZ pairs (not shown), rA
was fixed to equal 1.0 and 0.5, respectively. The main effect of sex and the linear and

quadratic effects of age in years were controlled in all models.
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Quantitative Genetic Model of Testosterone and Pubertal Status Relative to Age

Note. Only one twin per pair is shown. A = Additive Genetic; C = Shared Environmental; E
= Non-Shared Environmental. A, C, and E factors are standardized (M =0, SD=1).p=
pubertal status; tc = common between testosterone and pubertal status; tu = unique to
testosterone. The linear and quadratic effects of age in years on both pubertal status and

testosterone were controlled.
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Figure 3.
Age Trends in Testosterone for Adolescent Males and Females
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Figure4.
Proportion of Variance in Testosterone due to Genetic and Environmental Factors in

Adolescent Males and Females
Note. Based on parameter estimates from Model 2, Table 2.
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Table 1

Model Fit Comparisons

Model Fit Indices Model Fit
Comparison
RMSEA  AIC x2
Model 1: Qualitative Sex Differences in A .000 1001.78 54.01
df =65, P=.83
Model 2: Quantitative Sex Differences (Full) .000 1000.01 54.24 Model 1 vs. 2:
df=66,P=.85 y2=.23 P=.63
Model 3: No Sex Differences .000 1003.32 63.55 Model 2 vs. 3:
df =69, P=.66 Ay2=9.31,P=.03
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Standardized Parameter Estimates from Quantitative Genetic Models of Testosterone

Additive

Shared

Non-Shared

Genes(h?)  Environment (¢  Environment (€?)

Mode 1: Qualitative Sex Differences in A
Male .34 (.45)

Female .14 (.36)

Model 2: Quantitative Sex Differences (Full)

Male 55 (.16)*

Female .12 (.40)

Model 3: No Sex Differences
Male & Female 45 (.27)

22 (.41)

51 (.30)

02 (.11)

53(.32)

14 (23)

44 (12)"
35(.13)"

43 (1"
36 (.14)"

41(.09)"

Note. Standard errors are shown in parentheses. All models controlled for the linear and quadratic effects of age. Model is illustrated in Figure 1.

*
Significantly different than zero at p < .05.
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Table 3

Standardized Parameter Estimates from Quantitative Genetic Model of Testosterone and Pubertal Status in
Males

Non-Shared
Additive Genetic  Environmental

Pubertal Status ho=.65(11)"  &=.76(.10)"

Pubertal Status — Testosterone 1, = 56 (,16)" e =.02(.12)

Testosterone hy, =.53 (.17) 6u= .64 (.09)"

Note. Standard errors are in parentheses. Model controlled for the linear and quadratic effects of age. Model is illustrated in Figure 2.

*
Significantly different from zero at p < .05.
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