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Abstract

This study examined correspondence between timing (onset) and tempo (rate) of sexual 

maturation prospectively (average ages 11-16 years) measured by gonadal hormones and 

secondary sex characteristics (Tanner Stage) using dual process models, and associations of these 

measures with substance use involvement in boys at age 16 years (N=534, 77.5% White/22.5% 

Non-White). All measures of timing were highly associated. Early Tanner Stage timing often 

predicted slower increases in gonadal steroids, but not the reverse; patterns varied by ethnicity. 

Hormone and Tanner Stage measures were similar earlier in development but diverged later in 

development. In White boys only, early timing of the pubertal rise in testosterone was associated 

with increased substance use involvement, suggesting a physiological rather than psychosocial 

mechanism of association.
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Sexual maturation is marked by a sharp increase in adrenal and gonadal hormones in 

conjunction with physical growth and emergence of secondary sex characteristics (e.g., 

breast, genital, and pubic hair development, acne, body hair, growth spurt, and voice 

changes) and differs dramatically for boys and girls (Dorn & Biro, 2011; Grumbach, 2002; 

Grumbach & Styne, 2003). Findings obtained in cross-sectional research document 

correspondence between hormone level and developmental status of secondary sex 

characteristics (e.g., assessing snapshots of a developmental process; Shirtcliff, Dahl, & 

Pollak, 2009). However, the strength of this association with respect to measures of timing 

(onset) and tempo (rate of maturation) that index the process of puberty has yet to be 

prospectively investigated. The present study takes a step toward filling that gap. 

Understanding the correspondence between timing and tempo of puberty as measured via 
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hormone and physical development measures will help to clarify the mechanisms of 

associations with behavior, as well as clarify discrepant effects in the literature. We focus 

specifically on boys, as there remains a dearth of studies on the pubertal process in boys.

Because puberty encompasses not only neuroendocrine changes but also observable physical 

changes and accompanying social changes, associations of puberty with behavioral and 

mental health phenotypes may be driven by psychosocial and/or physiological mechanisms, 

or by confounding factors (Mendle & Ferrero, 2012). The present study is based on the 

premise that the measurement of the process of puberty (e.g., specifying the measures used 

to model key components of puberty, including timing and tempo) can help to clarify our 

empirical and conceptual understanding of the mechanism of associations of puberty with 

mental health and behavior. Here, we focus on associations of puberty with substance use, 

because there is theoretical and empirical work linking timing of puberty with substance use 

in boys (Mendle & Ferrero, 2012), and more recently, linking tempo of puberty with 

substance use in boys (Castellanos-Ryan, Parent, Vitaro, Tremblay, & Seguin, 2013; Dick, 

Rose, Pulkkinen, & Kaprio, 2001; Marceau & Jackson, 2017).

Measurement of the Process of Puberty

The developmental process of puberty is often described in terms of timing and tempo. 

Assessment of the process of puberty (the way timing or tempo is defined) can vary widely 

across studies. Timing may refer to the age at entry to puberty or at a particular pubertal 

milestone (e.g., spermarche, growth peak, stage rating), or may refer to the relative 

development of one adolescent compared to peers or other participants in a study (Marceau, 

Ram, Houts, Grimm, & Susman, 2011). Tempo may refer to an estimate of a rate of change 

in development (e.g., stages per year) within a specific time frame (e.g., 10-18 years of age), 

or the speed of development assessed by the difference in stages between two ages (Marceau 

et al., 2011).

Similarly, there is variation in measurement of different puberty phenotypes (e.g., 

adrenarche, gonadarche) across studies (see Dorn & Biro, 2011; Dorn, Dahl, Woodward, & 

Biro, 2006 for detailed discussion). Adrenarche typically is the earliest phase of puberty, and 

is marked by rises in adrenal androgens (e.g., dehydroepiandrosterone [DHEA], and its 

sulfate DHEA-S, and androstenedione; Grumbach & Styne, 2003). The beginnings of 

adrenarche are best observed by measuring changes in adrenal androgens (Dorn & Biro, 

2011). Once the concentrations of adrenal androgens are high enough, they contribute to 

some of the visible changes of puberty, at which time adrenal development can be measured 

by observations of body odor and axillary and pubic hair development (secondary sex 

characteristics; Dorn & Biro, 2011). Gonadarche often begins slightly after adrenarche 

(Grumbach & Styne, 2003), and is marked by increases in gonadal steroids (e.g., 

testosterone, dihydrotestosterone) and accompanying changes in other secondary sex 

characteristics (e.g., genital development; Dorn & Biro, 2011). In sum, adrenal and gonadal 

development can each be assessed using particular hormone concentrations or secondary sex 

characteristics.
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Finally, the method of measurement (e.g., reporter or observation) can also vary widely 

across studies, and each measurement method has unique strengths and limitations (Dorn et 

al., 2006). Self-report measures are easy to collect with minimal burden (Dorn & Biro, 2011) 

and encompass each individual’s biases and knowledge (or lack thereof) of the whole of 

pubertal development as well as their expectations, and are influenced by the references with 

whom they compare themselves (e.g., peers, drawings given with the assessment, adults; 

Mendle, 2014). Self-report measures can be used to directly assess how youth view 

themselves relative to peers (e.g., Moore, Harden, & Mendle, 2014), or to create measures of 

timing and tempo through either repeated measures (e.g., Marceau & Jackson, 2017) or 

comparisons among a sample (e.g., Dick et al., 2001; Harden & Mendle, 2012). Clinician 

(e.g., nurse, physician) reports of secondary sex characteristics are considered more valid 

and less biased for assessing physical changes (Dorn et al., 2006). However, clinician reports 

can also be influenced by other sources of variation (e.g., nutrition can affect skin changes; 

individuals may rate pubertal stages differently; Dorn et al., 2006). Finally, hormone 

concentrations assess the neuroendocrine changes that underlie puberty. However, the timing 

of hormone collection is incredibly important, due to cyclical changes in hormones and the 

fact that diverse environmental phenomena (e.g., toxins, stress) can affect the moment-to-

moment production of pubertal hormones (Dorn & Biro, 2011). Together, the use of multiple 

measurement strategies should provide a more complete understanding of the course, causes, 

and consequences of puberty (Dorn & Biro, 2011; Dorn et al., 2006).

Correspondence among measures

In order to understand the similarities and differences in various assessments of puberty, the 

correspondence across measures must be understood (Shirtcliff et al., 2009). Cross-sectional 

studies have generally found moderate correspondence among different measures of self-

report (e.g., Brooks-Gunn, Warren, Rosso, & Gargiulo, 1987), and across self- and nurse-

reported data on secondary sex characteristics in boys (e.g., Coleman & Coleman, 2002; 

Jaruratanasirikul, Kreetapirom, Tassanakijpanich, & Sriplung, 2015; Terry et al., 2016; 

Shirtcliff et al., 2009). Fewer studies have investigated correspondence between nurse-

reported secondary sex characteristics and hormone concentrations. In general, there are not 

specific hormone concentration ranges that can be mapped onto each stage of development 

across individuals (Dorn & Biro, 2011). However, hormone levels and secondary sex 

characteristic stages are related. For example, in a cross-sectional study, boys’ genital 

development stage predicted their testosterone levels, and pubic hair stage predicted both 

testosterone and DHEA levels (Shirtcliff et al., 2009). No studies have assessed the 

correspondence of measures of the process of puberty (timing and tempo) ascertained from 

repeated measures of different data sources. Thus, the first goal of this study was to examine 

how estimates of pubertal timing and tempo derived from repeated measures of nurse 

reported Tanner Stages correspond to estimates of timing and tempo derived from repeated 

hormone assessments as a first step in understanding similarities and differences in the 

process of puberty as measured via neuroendocrine and physical changes.
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Puberty and Substance Use

Individual differences in the timing of puberty have been associated with physical and 

mental/behavioral health problems (e.g., Ullsperger & Nikolas, 2017). Reasons for this 

association that have been advanced usually focus on notions such as insufficient readiness 

or mismatch of early maturing youth to adapt to social demands (e.g., developmental 
readiness or maturational disparity hypotheses; Ge & Natsuaki, 2009; Mendle, Harden, 

Brooks-Gunn, & Graber, 2010). These hypotheses have generally been supported in 

literature examining earlier pubertal timing and internalizing and externalizing problems in 

boys, although some studies find no effects or the opposite effects (Mendle & Ferrero, 2012; 

Ullsperger & Nikolas, 2017).

Theoretically, developmental readiness/maturational disparity would predict associations of 

earlier timing of puberty with emotional and behavioral problems when puberty is measured 

both by hormone and secondary sex characteristic measures, as at the crux of this theory is a 

mismatch between physical and emotional development. An important component of the 

effects of this mismatch is others’ and self-expectations based on the appearance of maturity, 

which is observed in secondary sex characteristic changes. However, mismatches in the 

relative development of brain regions (e.g., the prefrontal cortex and limbic regions) across 

adolescence has also been observed to put youth at risk for substance use (Casey & Jones, 

2010). Further, some (but not all) changes in specific brain regions are hormonally-

mediated, particularly by testosterone in boys (Dahl & Forbes, 2010; Giedd et al., 2006; 

Spear, 2013). Thus, developmental readiness/maturational disparity is expected to occur 

both on a physiological and psychosocial level, and associations of pubertal timing and 

substance use are therefore hypothesized to be observed using both hormone and secondary 

sex characteristic measures.

Indeed, a large body of studies using a variety of measures of puberty (though most often 

self-report) has shown that earlier timing is consistently associated with more substance use 

and substance use problems in boys (Mendle & Ferrero, 2012; Ullsperger & Nikolas, 2017). 

Importantly, the early pubertal timing – substance use association has also been shown using 

hormone levels to index pubertal timing in boys (Dawes et al., 1999; de Water, Braams, 

Crone, & Peper, 2013). However, there are also several studies that show that later timing of 

secondary sex characteristic development is associated with substance use in boys (Hummel, 

Shelton, Heron, Moore, & van den Bree, 2013; Mendle & Ferrero, 2012). Later pubertal 

timing – substance use associations in boys are often explained by a compensation 

mechanism whereby less physically mature boys attempt to show they are older by engaging 

in more mature or risky behaviors, including substance use (Marceau, Abar, & Jackson, 

2015). It should be noted that whereas the association of earlier timing and substance use in 

boys was confirmed, the association of later timing and substance use in boys was not found 

to be significant in a recent meta-analysis (Ullsperger & Nikolas, 2017).

In the case of faster tempo, various pubertal milestones are compressed into a shorter 

timeframe, theoretically exacerbating the effect of earlier timing (e.g., maturational 
compression hypothesis; Mendle et al., 2010). In contrast to the plethora of studies 

examining pubertal timing, few studies have examined pubertal tempo in relation to 
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substance use. Faster tempo has been shown to be associated with more substance use 

problems in boys, as hypothesized by maturational compression (Castellanos-Ryan et al., 

2013; Dick et al., 2001), but so has slower development (Marceau & Jackson, 2017). 

Explanations for associations of slower tempo with substance use parallel theories for 

timing: boys who appear younger for longer periods of time seek out activities that make 

them appear older in the eyes of their peers. A rigorous study examining correlates of tempo 

(estimated via linear and logistic growth models) reported no clear, consistent association of 

tempo with substance use problems in boys (Beltz, Corley, Bricker, Wadsworth, & 

Berenbaum, 2014). Thus, the few studies that have examined associations of pubertal tempo 

and substance use have produced mixed results. These studies each assess puberty using 

self-report measures, but on different time-scales (from two to seven repeated assessments, 

with the time between assessments ranging from six months to years). To our knowledge, no 

studies have examined pubertal tempo as assessed via hormone levels in relation to 

substance use. Based on the maturational compression hypothesis, faster puberty assessed 

via hormone changes is expected to be related to substance use via similar brain 

development mechanisms as described for early timing. That is, faster developing boys 

would experience a larger dose of testosterone more quickly, potentially leading to faster 

brain changes in regions influenced by testosterone relative to regions developing with 

respect to age or other non-pubertal developmental processes. This mismatch could put boys 

at risk for substance use.

Potential for confounding

The possibility remains that associations between puberty and substance use could arise 

because of pre-existing risk that is exacerbated by transitions (including off-time or off-

tempo pubertal transitions). One class of pre-existing risk that may confound puberty-

behavior associations are familial factors (which include genetics and rearing environmental 

influences) that contribute to both puberty and substance use phenotypes. Twin studies can 

be used to test whether genetic or familial environmental confounds explain the association 

of puberty and substance use in boys, although to our knowledge no such studies have been 

published. However, a recent study found that faster tempo of puberty (assessed via self-

report) was related to an increased risk of substance use as indicated by family history of 

substance use disorder (Mathias et al., 2016; and there was no evidence of an association of 

tempo with boys’ substance use). This study provides evidence of familial confounding: pre-

existing risk factors tapped by family history (e.g., genetics, rearing environment) both put 

boys at risk for substance use and affected the tempo of their pubertal development, and the 

association of tempo and substance use was therefore non-significant after accounting for 

familial confounds. Here, we include risk for substance use (operationalized as fathers 

having vs. not having a substance use disorder) as a covariate and potential moderator of 

puberty-substance use associations to partially address the potential of familial confounding 

accounting for puberty-substance use associations.

Clarifying mechanisms of association through measurement

As noted above, different measures of puberty may be better-suited to tap particular aspects 

of the pubertal process. For example, self-report measures, most commonly used in the 

literature, are likely to tap psychosocial mechanisms for associations of puberty and 
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substance use. In contrast, assessing tempo via changes in hormone levels across years may 

more directly assess physiologically mediated associations of puberty with substance use. 

Assessing tempo via changes in clinician-rated secondary sex characteristics may index both 

physiological mechanisms and psychosocial mechanisms for associations with substance 

use. Therefore, we tested associations of pubertal timing and tempo from nurse reported 

Tanner Stages and hormone assessments with substance use involvement in order to examine 

whether associations were specific to a potentially physiological mechanism (e.g., if 

associations are found for the hormone assessment only), a psychosocial mechanism (e.g., if 

associations are found for the Tanner Stage assessment only), or a combination (e.g., if 

associations are found for both measurement strategies).

Present Study

As an initial step in addressing whether timing and tempo derived from Tanner Stages and 

gonadal steroids are associated with each other and differentially associated with substance 

use, we assessed timing and tempo in boys at the average ages of 11, 13 and 16 years via 

nurse reported Tanner Stages and the hormones testosterone and its active metabolite, 

dihydrotestosterone (DHT). DHT is synthesized from testosterone, and is more potent than 

testosterone on androgenic receptors, although there is generally more testosterone available 

to act on receptors (e.g., Grino, Griffin, & Wilson, 1990). We included both hormones as 

measures of gonadal steroids implicated in pubertal development, and expected results to 

replicate across hormones. In the current study, adrenal androgens were not available. 

Further, the age range of the sample was not appropriate for capturing the initial hormonal 

indications of adrenarche. Thus, here we focus on gonadal steroid hormones and secondary 

sex characteristic development, with pubic hair development capturing adrenal changes. We 

hypothesized 1) that the timing and tempo of puberty as assessed via Tanner Stages and 

gonadal steroids would be associated. We further hypothesized that 2) earlier timing of 

puberty would be related to more substance use involvement at age 16 years, as assessed by 

both Tanner Stages and gonadal steroids, and 3) faster tempo of puberty would be related to 

more substance use involvement at age 16 years, as assessed by both Tanner Stages and 

gonadal steroids. This pattern of findings would be consistent with both physiological and 

psychosocial mechanisms of associations of the process of puberty with substance use 

outcomes.

The sample was drawn from the Center for Education and Drug Abuse Research (CEDAR), 

and is 71% male. We excluded girls because even though there were measures of estradiol, 

follicle-stimulating, and luteinizing hormone collected in CEDAR, there was no reliable data 

on menstrual cycle phase, or whether girls were using oral contraceptives at the time of 

collection. Therefore, these data were considered to be too unreliable for use in the current 

study. We studied boys in particular because there continues to be fewer studies of boys’ 

puberty than girls’. Further, gonadal hormone changes associated with puberty outlast 

secondary sex characteristic development (Braams, van Duijvenvoorde, Peper, & Crone, 

2015), increasing well past age 16 years in boys. Thus, the ages of this sample were 

appropriate for examining gonadal hormone and secondary sex characteristic development in 

boys in particular.
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Because of recent evidence that boys at risk for substance use may experience accelerated 

puberty (Mathias et al., 2016), we also examined study hypotheses separately for boys at 

high and low risk for substance use problems, as indexed by having fathers with and without 

substance use disorders, respectively. Finally, due to established ethnicity differences in the 

timing and tempo of puberty (e.g., Susman et al., 2010), we also examined potential 

differences in study hypotheses by ethnicity. This analysis was entirely exploratory: we were 

unable to formulate specific hypotheses about potential ethnic differences in associations 

across measures of puberty or puberty-substance use associations in boys as they have not 

been explored thus far (e.g., Mendle & Ferrero, 2012, and our review of the literature).

Method

Participants

The sample was drawn from CEDAR, a northern US-based study following 775 families 

(549 families of boys) longitudinally (Tarter & Vanyukov, 2001). Biological sons (age 11 

years, on average) of men with a SU disorder (n = 249), psychiatric (non-SU) disorder (n = 

50), or no disorder (n = 250) were included in the present study. The men (fathers) were 

identified using random digit telephone dialing, advertisement and public service 

announcements from 1989 – 2009. Approximately 20% of the men with substance use 

disorder were identified while in treatment for alcohol or drug dependence. Their sons were 

excluded from the study if any of the following were present: 1) teratological injury 

indicated by physical anomalies in conjunction with mother’s report of alcohol/drug use 

during pregnancy, 2) disabling chronic medical or psychiatric illness, 3) history of 

neurological injury requiring hospitalization, and 4) WISC-III-R full scale IQ lower than 80. 

Further detail on the CEDAR sample can be found at http://www.pitt.edu/~cedar/

design.html.

Data on from the initial three assessments were used in the current study (initial visits 

occurring between 1990 and 2008): Visit 1 average age 11 years (9.42 - 13.39 years; n = 

549); Visit 2, average age 13 years (11.29 - 15.66; n = 469); Visit 3, average age 16 years 

(15.51 - 17.82; n = 448). The sample was studied for a total of 20 years: after the first three 

visits used here, they had annual evaluations yearly from ~ age 19 until ~ age 30 years. 

Several previous reports have examined the role of puberty development on risk for SUD; 

however, this was the first study directed at examining timing and rate of sexual maturation 

via neuroendocrine and physical indicators and their independent associations with 

substance use involvement. The analytic sample (n = 534) excluded boys who were missing 

all Tanner Stage and hormone assessments.

Demographics—Boys in the analytic sample were primarily Caucasian (77.5%), with 

some Black or African American (19.5%) and bi/multi-racial participants (3%), largely from 

middle-upper middle class families. Most (85%) were in families where mothers and fathers 

were married. Most mothers and fathers had either a high school/GED (mothers: 31%; 

fathers: 26%), partial college (mothers: 38%, fathers: 34%), college (mothers: 17%, fathers: 

19%), or a graduate or professional degree (mothers: 7%, fathers: 11%). Parents’ 

employment varied: 38% of mothers and 20% of fathers were never or not currently 
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employed, 35% of mothers and 76% of fathers were employed full-time, and 27% of 

mothers and 4% of fathers were employed part-time. The most common maternal 

occupations were homemaker/student (22%, Hollingshead rating 0), clerical & sales 

workers/small farm & business owners (15%, Hollingshead rating 5), technicians/small 

business owners/semiprofessionals (15%, Hollingshead rating 6), and smaller business 

owners/farm owner/manager/minor professionals (10%, Hollingshead rating 7). The most 

common paternal occupations were skilled manual workers/craftsmen & tenant farmers 

(22%, Hollingshead rating 4), technicians/small business owners/semiprofessionals (15%, 

Hollingshead rating 6), smaller business owners/farm owner/manager/minor professionals 

(15%, Hollingshead rating 7), machine operators/semiskilled workers (13%, Hollingshead 

rating 3), and unskilled workers (11%, Hollingshead rating 2).

Procedure

Upon arrival at the laboratory between 8:00 and 9:00am, the boys and their parents were 

oriented to the facility. Next, informed consent was obtained from at least one parent and 

written assent was obtained from the boys. Breath alcohol and urine drug screens were 

conducted before the research protocol to ensure that the data were not biased by substance-

induced altered physiological state. Tanner Stage was determined by a male nurse employing 

standard criteria (described below). The blood sample, obtained by a phlebotomist usually 

within a half hour of arrival, was assayed in the research laboratory at the CEDAR. After 

completing the evaluations, the participants were debriefed and compensated at the rate of 

$10/hour. All procedures were approved by the University of Pittsburgh IRB.

Measures

Gonadal Steroids—Plasma testosterone and DHT were ascertained via blood from boys 

at each visit, at approximately 8:30am (between 8:00 and 9:00am), and were assayed using 

Amersham’s testosterone/DHT radioimmunoassay (RIA) kit. The Amersham RIA kit 

employed tritiated DHT and an antibody specific to testosterone and DHT (with 45-50% 

cross-reactivity between testosterone and DHT). The concentration of testosterone+DHT 

and the concentration of DHT were determined separately through this procedure. The 

testosterone concentration was estimated from the difference between the testosterone+DHT 

and the DHT after accounting for the cross-reactivity. The intra-assay coefficient of variation 

for testosterone was 5.2 at 356 pg/mL and for DHT was 5.0 at 393 pg/mL. The intra-assay 

precisions for testosterone were 5.2 and 5.0% CV at 356 pg/mL (SD = 12.3 pg/mL) and 393 

pg/mL (SD = 13.0 pg/mL), respectively. The inter-assay precisions for testosterone and DHT 

were 10.8 and 9.4% CV at 347 pg/mL (SD =25.0 pg/mL) and 396 pg/mL (SD = 24.9 pg/

mL), respectively (Dawes et al., 1999; Kirillova et al., 2001). For both testosterone and 

DHT, outliers past 3SD of the sample mean were windsorized (e.g., their hormone values 

were changed to be equal to 3SD of the sample mean). Descriptive statistics of testosterone 

and DHT showed substantial skew at visit 1 (testosterone: 2.11; DHT: 2.09), and less 

dramatic, but positive skew for the other visits (skewness = .73-.87). Kolmogorov-Smirnov 

tests suggested significant skewness (D > .07, p < .05) for all hormone variables with the 

exception of age 16 DHT, for which the p-value was .07. To attenuate skew and maintain 

comparability over time, all scores were then log transformed. This reduced skew such that 
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all assessments of testosterone and DHT were within acceptable limits (skewness = −.63−.

96).

Tanner Stages—Tanner Staging was conducted by a nurse at each visit. This method is 

generally considered the “gold standard” in assessment of visible changes in secondary sex 

characteristics marking pubertal development (Dorn & Biro, 2011). Nurses circled a single 

stage at each wave. Stages of genital development were 1) pre-pubertal; 2) enlargement of 

scrotum and testes; 3) enlargement in length of penis; further growth of testes; 4) increase in 

breadth of penis; development of glans; scrotal skin darker; further growth of testes; 5) adult. 

Stages of pubic hair development were 1) there is not pubic hair; 2) there is sparse growth of 

long slightly pigmented, downy hair, straight or only slightly curled, primarily at the base of 

the penis; 3) the hair is considerably darker, coarser, and more curled. The hair spreads 

sparsely over the junction of the pubes; 4) the hair, now adult in type, covers a smaller area 

than in the adult; 5) the hair is adult in quantity and type.

Substance Use Involvement—To assess boys’ substance use involvement at age 16 

years, the Drug Use Chart (CEDAR, 1989) was used to assess drug exposure of 42 

psychoactive substances grouped into ten broad categories similar to National Institute of 

Mental Health Epidemiologic Catchment Area Study (Anthony & Helzer, 1991). The drug 

categories were: Alcohol (beer, wine, liquor), cannabis (marijuana), Cocaine/crack, opiates 

(heroin, codeine, Demerol, morphine, methadone, opium), amphetamines, and 

methylphenidate (Ritalin), sedatives (barbiturates, quaaludes, Seconal, Xanax, Librium, 

Valium, etc.), tobacco (smoking tobacco, chewing tobacco, snuff tobacco), hallucinogens 

(LSD, mescaline, peyote, etc.), PCP and inhalants (amyl nitrate, nitrous oxide, glue, 

gasoline, etc.). Indicator (1 = yes, 0 = no) variables identifying whether the participant had 

ever tried a drug in each category were used in item response theory (IRT) models to index 

substance use involvement. Specifically, all ten drug categories were scaled as indicators of a 

unidimensional substance use involvement index using a two-parameter logistic item 

response theory model (Kirisci, Vanyukov, Dunn, & Tarter, 2002). The two-parameter IRT 

model fit the data better than a one-parameter model, χ2
change = 5.26, (df)change = 1, p = .02. 

Thus, as has been previously found in the CEDAR data (e.g., for parents and youth at age 19 

years, Kirisci, Tarter, Reynolds, & Vanyukov, 2006) the two-parameter model was used to 

estimate item parameters and latent trait scores. The IRT-based reliability coefficient of the 

measure was calculated with the equation: ρ = (σx
2 − σe

2)/σx
2 where σx

2 is the observed scale 

score variance and σe
2 is the average measurement error of variance across levels of the latent 

substance use severity trait. The IRT based substance use involvement score was reliable, ρ
= .84.

Analysis

Preliminary analysis—We conducted a series of preliminary analyses, including 

descriptive statistics and correlations among study variables, and t-tests to examine potential 

differences in study variables across risk groups. Next, using Mplus v7.4 (Muthén & 

Muthén, 2010), we conducted correlations between hormone and secondary sex 

characteristic measures at each assessment and tested whether the magnitude of correlations 
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among hormone and secondary sex characteristic measures differed across assessments. 

Specifically, we first tested a model wherein each correlation (testosterone with genital 

development, testosterone with pubic hair development, DHT with genital development, 

DHT with pubic hair development) was freely estimated at each wave. Then, we 

systematically constrained each correlation at visit 1 and 2 to be equal, at visit 2 and 3 to be 

equal, and at visit 1 and 3 to be equal. A significant decrement in fit according to a chi-

square test would indicate significant differences in the magnitude of correlations. Finally, 

we assessed correlations of each measure of puberty (testosterone, DHT, genital and pubic 

hair development) at each wave with substance use involvement at age 16 years.

Hypothesis testing—In order to test our hypotheses, we conducted a series of dual-

process models in Mplus, using full information maximum likelihood to accommodate 

missing data. Specifically, to test hypothesis (1), we simultaneously fit linear growth curves 

of hormone and secondary sex characteristic measures using exact age to index time, and 

assessed correlations across measures of timing and tempo as well as cross-paths of timing 

assessed by one measure predicting tempo of development assessed by the other (e.g., with 

TYPE=RANDOM). Age was centered at the youngest age in the sample (9.42 years), so the 

intercept (e.g., timing) reflected the estimated gonadal steroid level and Tanner Stage at 9.42 

years based on each individual’s trajectory of development. Tempo was quantified as the 

slope of linear change over time for each individual (e.g., in terms of the Tanner Stages the 

boy progressed through per year). A series of four dual-process models were fit: 1) 

testosterone with genital development; 2) testosterone with pubic hair development; 3) DHT 

with genital development, and 4) DHT with pubic hair development. For each set of 

analyses, we started with a Base Model estimating latent timing and tempo scores for the 

measure of hormone and secondary sex characteristics, as well as all six possible 

correlations among the four latent variables (e.g., timing with tempo within the [1] gonadal 

steroid and [2] Tanner Stage measures; gonadal steroid timing with Tanner Stage [3] timing 

and [4] tempo; Tanner Stage timing with gonadal steroid [5] timing and [6] tempo). We then 

used a nested approach to model fitting, dropping pairs of paths: a) removing correlations of 

timing with tempo within measure, b) removing correlations of timing across measures and 

tempo across measures, c) removing cross-correlations of timing from one measure with 

tempo from the other. A significant decrement in model fit according to a chi-square test of 

the difference in loglikelihood considering scaling corrections and accompanying degrees of 

freedom (e.g., see https://www.statmodel.com/chidiff.shtml) would indicate the importance 

of including those paths in the model. Models with the fewest number of estimated 

correlations without a decrement in model fit was considered the best-fitting.

In order to test hypotheses (2) and (3), we then added substance use involvement at age 16 as 

a correlate of the latent timing and tempo factors from the best-fitting model from the 

previous step (hereafter referred to as Substance Use Risk models). We fit Substance Use 
Risk models in a two-group framework, testing the moderating role of risk for substance use 

(boys whose fathers had SUD vs. control). We systematically tested whether means, 

variances, and correlations among latent timing and tempo factors varied as a function of 

group, and whether correlations of timing and tempo with substance use involvement varied 

as a function of group. These tests were carried out by first estimating a model wherein these 
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parameters were allowed to vary across groups, and then estimating a nested model wherein 

the parameters were constrained to be equal across groups. We again calculated difference 

tests based on loglikelihood values and scaling corrections; a significant decrement in model 

fit when constraining parameters to be equal across group indicated significant group 

differences. The best-fitting model from the Substance Use Risk analysis (e.g., either 

constraining groups of boys whose fathers has SUD vs. control to have the same estimated 

parameters or allowing them to differ) was used in the final step.

Finally, to address our exploratory aim, we conducted a second two-group model testing the 

moderating role of ethnicity (White vs. Non-White [African American and bi/multi-racial 

groups were combined because the bi/multi-racial group was so small], hereafter referred to 

as the Ethnicity Differences models). As in the Substance Use Risk models, we 

systematically tested whether means, variances, and correlations among latent timing and 

tempo factors varied as a function of group, and whether correlations of timing and tempo 

with substance use involvement varied as a function of group using the nested model 

approach. We again calculated difference tests based on loglikelihood values and scaling 

corrections; a significant decrement in model fit when constraining parameters to be equal 

across group indicated significant group differences. Model fit statistics for each step are 

presented in the results section. Only the final, best-fitting models are presented in detail 

(e.g., Figures).

Results

Preliminary Analysis

We began by investigating the distributions of pubertal maturation in the sample. As shown 

in Table 1, most boys (60%) were in the initial, pre-pubertal stages of genital and pubic hair 

development at the first assessment. Boys on average increased in Tanner Stage across the 

visits, as expected, with a majority of boys achieving Tanner Stage 4 (60%) by age 16. It is 

notable that a substantial proportion of the sample (20%) had only achieved Tanner Stage 3 

by age 16. As expected, testosterone and DHT levels also rose across the three visits. The 

distributions support examining the process of puberty in this sample of boys. T-tests 

assessing differences between groups (tested both in terms of SUD vs. psychiatric disorder + 

control fathers, t(164 to 470) = −1.52 to 1.24, p’s > .13, and SUD + psychiatric disorder vs. 

control fathers, t(164 to 470) = −1.96 to 1.39, p’s > .051) showed no differences in hormone 

or secondary sex characteristic measures at any wave, or in substance use involvement at age 

16. T-tests assessing differences in ethnicity showed differences in pubertal development: 

non-White boys had more advanced genital and pubic hair development and DHT levels at 

the first and second assessments and testosterone levels at the first assessment than White 

boys t(254 to 470) = −2.44 to −4.90, p’s < .05; White and non-White boys did not differ in 

any measure of puberty at age 16 or testosterone levels at age 13, t(164 to 254) = −0.60 to 

−1.55, p’s > .12; and White boys had higher substance use involvement at age 16 than non-

White boys, t(449) = 2.21, p = .03.

Correlations among study variables are presented in Table 2. Here, we focus on correlations 

of gonadal steroids with Tanner Stages, and of each with substance use involvement. 

Analysis of differences in magnitudes across correlations revealed significant differences in 
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every case, χ2 change (1) > 20.33, p < .001. In all cases, the correlation between the gonadal 

steroid level and secondary sex characteristic stage decreased with age – to non-significance 

at age 16 years, with the exception of DHT-pubic hair correlations which remained 

significant though small at age 16 years. Regarding correlations with substance use 

involvement, higher testosterone, DHT, and genital development stage at age 13 years were 

each correlated with increased substance use involvement at age 16 years. There was a trend 

such that age 16 testosterone was nearly concurrently correlated with increased substance 

use involvement (p = .08). No other point-estimates of gonadal steroid or Tanner Stage was 

correlated with substance use involvement.

Hypothesis Testing

Model Fitting—Model fitting results for all four series of analyses are presented together, 

as the model selection was highly consistent. Model-fitting results from the Base Model 
indicated all associations among the latent timing and tempo factors should be retained in all 

four main analyses (See Table 3, Base Model, for model fit statistics). Thus, the full Base 
Models were retained as best-fitting in the first step.

We then conducted the Substance Use Risk analysis by adding substance use involvement 

into the models, predicted by the latent timing and tempo variables. First, we estimated all 

parameters (means, variances, correlations) separately for high risk and control groups 

(Table 3, Substance Use Risk: Full), and then we constrained all parameters across substance 

use risk groups (Table 3, Substance Use Risk: Constrained). All parameters could be 

constrained across groups, revealing no substance use risk group differences in timing, 

tempo, or correlations across measures in all four main analyses. Thus, the constrained 

models were retained as best-fitting for the final step.

Finally, we conducted the Ethnicity Differences analysis, by first estimating all parameters 

separately for White and Non-White boys (Table 3, Ethnicity Differences: Full), and then 

constraining all parameters across ethnicity groups (Table 3, Ethnicity Differences: 
Constrained). We found that we could not constrain parameters across ethnicity in any of the 

four main analyses. However, because of measurement invariance (e.g., means and variances 

could not be constrained across groups) we could not formally test whether there were 

differences among correlations across ethnicity groups. Thus, the final models for each main 

set of analyses allowed for differences in ethnicity across model parameters. Unstandardized 

parameter estimates and standard errors for the final models are included in Figures (Figure 

1: testosterone and genital development; Figure 2: testosterone and pubic hair development; 

Figure 3: DHT and genital development; Figure 4: DHT and pubic hair development).

Associations among measures of timing—Earlier pubertal timing as measured via 

testosterone (e.g., higher initial testosterone level) was correlated with earlier genital 

development timing in White and non-White boys (Figure 1). Earlier pubertal timing as 

measured via testosterone was correlated with earlier pubic hair development timing in 

White and non-White boys (Figure 2). Paralleling findings from the models including 

testosterone, earlier pubertal timing as measured via DHT (e.g., higher initial DHT level) 

was correlated with earlier genital development timing in White and non-White boys (Figure 
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3). Consistent with all previous models, earlier pubertal timing as measured via DHT was 

correlated with earlier pubic hair development timing in White and non-White boys (Figure 

4). Thus, hypothesis 1 was confirmed for pubertal timing in all models, for White and non-

White boys.

Associations among measures of tempo—Faster pubertal tempo as measured by 

changes in testosterone (e.g., greater testosterone rise over the course of the study) was 

correlated with faster genital development tempo in non-White boys, and was correlated at 

the trend-level for White boys (Figure 1). Similarly, faster pubertal tempo as measured by 

changes in testosterone was correlated with faster pubic hair development tempo in non-

White boys, but not White boys (Figure 2). However, faster pubertal tempo as measured by 

changes in DHT (e.g., greater DHT rise over the course of the study) was not correlated with 

faster genital development tempo (Figure 3) or pubic hair development tempo for White or 

non-White boys (Figure 4). Thus, hypothesis 1 was only partially confirmed for pubertal 

tempo: only in models of testosterone with secondary sex characteristics, and differing for 

White and non-White boys.

Associations of timing and tempo of gonadal steroids—Earlier timing of 

testosterone development was correlated with slower tempo of testosterone development in 

White and non-White boys (Figure 1), though this association only reached trend-level for 

non-White boys in the model including pubic hair development (Figure 2). Earlier timing of 

DHT development was correlated with slower tempo of DHT development in White boys in 

the model including genital development (Figure 3). However, this association only reached 

trend-level for White boys in the model including pubic hair development (Figure 4). Timing 

of DHT development was uncorrelated with tempo of DHT development for non-White boys 

(Figures 3, 4).

Associations of timing and tempo of secondary sex characteristics—Timing 

and tempo of genital development were not correlated in either White or non-White boys 

(Figures 1, 3), nor was there was a correlation of timing with tempo of pubic hair 

development in White or non-White boys (Figures 2, 4).

Associations of gonadal steroid timing with secondary sex characteristic 
tempo—Earlier testosterone timing was correlated with slower genital development tempo 

in non-White boys and at trend-level (p ≤ .10) in White boys (Figure 1). Testosterone timing 

was not correlated with pubic hair development tempo in White or non-White boys (Figure 

2). For White and non-White boys, DHT timing was uncorrelated with genital development 

tempo (Figure 3). For White and non-White boys, DHT timing was also uncorrelated with 

pubic hair development tempo (Figure 4).

Associations of secondary sex characteristic timing with gonadal steroid 
tempo—Earlier genital development timing was correlated with slower testosterone 

development tempo in White and non-White boys (Figure 1). Earlier pubic hair development 

timing was correlated with slower testosterone development tempo in non-White but not 

White boys (Figure 2). Earlier genital development timing was correlated with slower DHT 

development tempo in White and non-White boys (Figure 3). Earlier pubic hair development 
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timing was correlated with slower DHT development tempo in White but not non-White 

boys (Figure 4).

Associations with substance use involvement—Partially confirming hypothesis (2), 

earlier timing of testosterone development was correlated with substance use involvement 

for White boys but not non-White boys (Figures 1, 2). There were no other correlations of 

timing or tempo of puberty with substance use involvement in any models (Figures 1–4), 

contrary to hypothesis (3).

Discussion

The present study was the first to confirm associations between the timing and tempo of 

pubertal development as measured via hormones (indexing the underlying neuroendocrine 

changes) and Tanner Stages (indexing visible physical changes). This work builds on 

previous studies examining different ways to measure pubertal stage in adolescence, and 

extends this literature by examining a larger swath of the pubertal process as opposed to 

specific snapshots of that process in time. We further showed that even though the measures 

of timing and tempo were correlated across measurement strategy, they were differentially 

related to substance use involvement at age 16: only early timing of testosterone was 

associated with increased substance use involvement. This finding suggests that early timing 

of puberty may be related to substance use in White boys through physiological rather than 

psychosocial mechanisms. Further, although we could not formally test for ethnicity 

differences due to measurement invariance, patterns of findings suggest that there may be 

ethnicity differences in relations among measures of puberty and puberty-substance use 

associations.

Associations of timing and tempo across measures

Findings showing associations of pubertal timing as measured by testosterone and DHT with 

genital and pubic hair timing are essentially replications of cross-sectional findings showing 

associations of pubertal stage with hormone measures, and confirmed our first hypothesis. 

This is not surprising, since timing in these models corresponds to the predicted level of 

development at 9.42 years for each boy. As in Shirtcliff et al., (2009), both genital and pubic 

hair development were associated with testosterone levels early in the pubertal process. We 

extended these findings to show the same associations with DHT, and that these associations 

hold for White and non-White boys.

Tempo of genital development and tempo of pubic hair development were each associated 

with tempo of testosterone but not DHT in non-White boys. This provides some 

confirmation of our first hypothesis with regard to tempo, but associations of tempo across 

measures were not found in several cases (e.g., secondary sex characteristics with DHT 

tempo, any associations in White boys). Similarly, the effect of initial levels of testosterone 

on genital development tempo was attenuated to trend-level (e.g., non-significance) a) when 

examining the effect of testosterone on pubic hair (rather than genital) development and b) 

examining the effect of DHT (rather than testosterone) on genital development tempo. This 

is perhaps not surprising: testosterone is the hormone driving genital development, whereas 

DHT is synthesized from testosterone. Therefore, associations of DHT with secondary sex 
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characteristics may be residual or non-primary. Indeed, there were generally fewer 

associations of DHT with secondary sex characteristics across models and ethnicity, relative 

to testosterone.

The initial association of gonadal steroids and pubic hair development stage was generally 

attenuated over time, as noted by the lack of associations among measures of initial hormone 

levels with pubic hair tempo and measures of tempo of gonadal hormones and pubic hair 

(except non-White boys’ testosterone and pubic hair development). Interestingly, there were 

no associations of gonadal steroid tempo and secondary sex characteristic tempo in White 

boys in any model, suggesting that there could be ethnicity differences in the attenuation of 

initial associations of multiple aspects of pubertal maturation over time (although statistical 

tests of these differences were not possible in this sample due to measurement invariance). 

Ethnicity differences in tempo and associations with behavioral phenotypes particularly in 

boys continue to be an important area for future research, as more work is needed to a) 

replicate, and b) explain these findings.

Pubic hair timing was associated with tempo of testosterone (for non-White boys) and DHT 

(for White boys), but not the opposite. This finding may suggest that the timing of adrenal 

changes has more of an influence on the progression of gonadal steroid increases across 

pubertal development than the opposite direction of effects (for the moment, setting aside 

the possible ethnic differences). It is important to note, however, that this analysis is not 

suited to testing hypotheses about the direction of effects explicitly. However, there is 

evidence from adrenal insufficiency patients who progress through gonadarche on-time that 

suggests that adrenarche does not initiate gonadarche (Havelock, Auchus, & Rainey, 2004; 

Urban, Lee, Gutai, & Migeon, 1980). Another examination of typically developing boys 

highlights the variability in synchrony and the order of pubertal development: approximately 

25% of boys showed pubic hair development prior to testicular development, 59% of boys 

showed testicular development prior to pubic hair development, and 16% showed 

synchronous development (Mouritsen et al., 2013), further suggesting that adrenarche is 

unlikely to cause gonadarche or vice versa in normal puberty. Future work is needed to 

determine a plausible explanation for why earlier pubic hair development timing may be 

associated with slower rises in gonadal steroids, and why different gonadal steroids are 

influenced for White and non-White boys, if this effect is replicated.

We generally found that earlier timing was associated with slower tempo. This finding 

occurred within hormone measures for White boys, and in associations of secondary sex 

characteristic timing with hormone tempo for White and non-White boys. Some studies of 

secondary sex characteristic development assessing change in pubertal stage over time in 

boys (in samples comprised of mostly White boys) have found similar associations of higher 

stage at a given age (e.g., earlier timing) with slower maturation (Cance, Ennett, Morgan-

Lopez, Foshee, & Talley, 2013; Mendle et al., 2010), whereas others have found null 

associations (secondary sex characteristics in the present study; Marceau et al., 2015). 

However, other studies have found associations of earlier timing with faster development of 

secondary sex characteristics (Beltz et al., 2014; Marceau et al., 2011). Patterns of findings 

suggesting that earlier timing predicts slower tempo, as found in analyses of gonadal steroids 

here, may be explained by a statistical artifact: a ceiling effect whereby youth who present at 
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a higher stage initially in the study may have a lower slope simply because they have less 

development remaining (Mendle et al., 2010). However, this is less likely to be the case 

when considering that the rise in gonadal steroids which have no specific cap based on the 

measure (as opposed to Tanner Stages which cap at 5), or based on the age/development at 

the end of the study (as gonadal steroids are expected to rise for about 4 more years past the 

end of this study; Braams et al., 2015). Thus, we find novel evidence that earlier onset of the 

pubertal rise in gonadal steroids and related secondary sex characteristics may be related to 

slower (or decelerating) rises in gonadal steroid across adolescence in boys. This effect, 

including its pertinence to particularly White boys, must be replicated and the potential 

molecular mechanisms investigated, before it can be interpreted without speculation.

Associations with Substance Use

Beltz et al., (2014) used a split-half replication approach in a large sample and found that 

earlier timing and faster tempo of secondary sex characteristic development were sometimes 

associated with higher levels of substance use symptoms for boys (not found in both 

replicates). Considering their findings for earlier timing in light of the present findings, we 

draw the following hypothesis: perhaps the timing of hormone changes, as opposed to social 

changes, drives vulnerability to substance use in White boys. This hypothesis fits with 

evidence that hormone changes may drive behavioral changes related to 1) sensation-seeking 

and 2) sexual interest, that then can lead youth to engage in substance use either directly or 

through affiliation with deviant peer groups (perhaps driven by motivation for social 

dominance; Forbes & Dahl, 2010). Self-reported measures may only able to pick up this 

effect inconsistently, and because self-report measures are somewhat overlapping with 

hormone measures, as indicated by our findings.

As noted in previous literature (Mendle & Ferrero, 2012) there is a particular dearth in 

studies examining puberty-behavior associations in non-White boys. One study did show 

increased anxiety, depression, and externalizing problems for (self-reported) early maturing 

African American boys (Ge, Brody, Conger, & Simons, 2006), however, these early 

maturing African American boys did not show more substance use (Ge, Jin, et al., 2006). 

These findings and our new findings together suggest that the literature on boys’ puberty and 

substance use may not be relevant for non-White populations. It should be noted, however, 

that one other study did suggest that there were no racial/ethnic differences in perceived 

pubertal timing and substance initiation in boys (Lee et al., 2014).

We found no associations of tempo with substance use in White or non-White boys. Prior 

studies finding associations of slower (Marceau et al., 2015; Marceau & Jackson, 2017) or 

faster pubertal tempo with substance use (Castellanos-Ryan et al., 2013; Dick et al., 2001) 

used self-report measures of puberty. Further, the most rigorous prior study (also using self-

reported measures of puberty) found tenuous (positive) links that were not replicated (Beltz 

et al., 2014). The reasons for non-replication of this effect, including sample characteristics, 

measurement and modeling strategies, and potential moderators (especially that may 

systematically vary across samples) is certainly an important area for future research to 

investigate. The maturational deviance hypothesis (Petersen & Taylor, 1980) hypothesizes 

nonlinear associations of puberty and behavior, such that both early and late maturation 
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relative to peers marks vulnerability to maladjustment. The findings in the literature may be 

explained by the failure of these studies to test for nonlinear associations (a limitation we 

also suffer, as we were limited by only 3 assessments of puberty). Future work may 

investigate this possibility as well.

Limitations and future directions

There are several limitations in the current study. First, we had few repeated measures. Three 

assessments is sufficient to extrapolate a linear growth trajectory, but not enough to model 

the nonlinear nature of pubertal development that has been described for decades (Greulich, 

Dorfman, Catchpole, Solomon, & Culotta, 1942; Tanner, 1962). More repeated measures 

would also help to clarify the synchrony/asynchrony of adrenal and gonadal development. 

Relatedly, for assessments of testosterone and DHT, data were log transformed prior to 

fitting the linear growth curves. Thus, although linear changes were modeled, the real form 

of change estimated is exponential – that is, a significant linear slope reflects data that is 

actually increasing at an accelerating rate. Indeed, plots of our raw hormone data showed an 

accelerating increasing pattern over time, and growth models of the log transformed data fit 

better than growth curves of the raw data (available upon author request). For those reasons, 

this strategy was judged to be appropriate in this case (and also is consistent with the 

modeling choices made by Braams et al., 2015). Consequently, the estimated parameters for 

timing and tempo presented in Figures 1–4 reflect the median for hormone assessments 

(because of the log transformation, which is appropriate because medians are better 

estimates of center than means for skewed data) but reflect the mean for secondary sex 

characteristic assessments (because these data were not log transformed). The general 

interpretation of earlier timing and faster tempo is still appropriate for both measurement 

strategies, but alternative modeling choices should be considered in other data in the future.

Second, time of awakening was not assessed on the visit day, and as such we were unable to 

adjust for time since waking for hormone assessments. Because diurnal cycle was not of 

interest here, rather changes over time was, it is unlikely that this limitation introduced 

systematic bias related to the main study hypotheses. Nonetheless, more accurate timing, 

and more assessments (as opposed to the single day available) to obtain more robust 

measures of testosterone and DHT at each age would greatly increase the accuracy of 

results. Third, we had no measures of adrenal hormones. We might expect a stronger 

association of the tempo of changes in adrenal hormones influencing puberty (e.g., DHEA) 

and pubic hair development changes across pubertal development, relative to gonadal 

steroids. Adrenal hormone development is thus crucial to include in future studies, as 

adrenarche and gonadarche are separate processes, although linked in typical pubertal 

maturation (Grumbach & Styne, 2003). Fourth, our age-bands at each assessment were 

somewhat wide. The use of exact age at each assessment to some extent attenuates this 

limitation, but clearer results may emerge from studies including narrower age bands at each 

assessment. Fifth, we were unable to include girls in the present analysis due to low sample 

size and imprecise measurement of pubertal hormones. The present analysis would be 

interesting and important to conduct on females as well, especially given differences in 

puberty across the sexes. Finally, there is no reliability information available for nurse 

Tanner staging, as only one nurse conducted the evaluation of each participant. Nurses were 
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trained by a physician and conducted evaluations with picture references to improve 

accuracy. However, combined with particularly late development in this sample as compared 

with others (e.g., Marceau et al., 2011), the accuracy of the Tanner staging is unclear.

Conclusions

Despite these limitations, the present study takes an important step towards understanding 

the correspondence between hormonal (gonadal steroid) and visible (secondary sex 

characteristic) changes associated with the process of puberty in boys. Indeed, timing 

(indexed as the estimated stage/hormone level at 9.42 years of age) of gonadal steroid 

development was positively associated with the timing of secondary sex characteristic 

development, replicating cross-sectional findings examining stage-hormone level 

associations at a given age, particularly early in development. Our findings also showed a 

decrease in the correspondence of gonadal steroids and Tanner stages over time. And, this 

pattern of correspondence was extended to the tempo of puberty only as measured by 

testosterone and Tanner Stages in non-White boys hinting at the intriguing possibility of 

ethnicity differences in the process of puberty in boys. This pattern of findings may indicate 

that studies of pubertal milestones later in the pubertal process and studies of pubertal tempo 

through the use of secondary sex characteristic development (as is most prevalent in the 

current literature) may increasingly diverge from hormone assessments in findings and/or 

interpretation, particularly when indexing gonadarche vs. adrenarche, and particularly in 

White boys. This effect would help to explain why findings regarding associations of the 

tempo of puberty and behavioral outcomes are so mixed in the literature, which uses several 

different measurement strategies.

We also showed that despite associations of timing and tempo of puberty as assessed by 

hormones and secondary sex characteristics, particularly earlier in the pubertal process, it 

was specifically the early timing of pubertal maturation as assessed via testosterone that 

marked risk for substance use involvement, in White boys, at age 16 years. Understanding 

the role of the tempo of pubertal development for physical and mental health is a burgeoning 

field, and the present study underscores and extends an important message: that the ways in 

which puberty is measured (and whether the measures index adrenarche or gonadarche) has 

implications for whether and when significant associations of puberty with mental/

behavioral health outcomes emerge. Here, we offer preliminary evidence that testosterone 

changes are of primary importance for predicting (and thus identifying youth at-risk for) 

substance use outcomes in White boys. That is, physiological mechanisms may better 

explain this association than the more commonly tested psychosocial mechanisms. 

Especially in instances where pubertal maturation may better index development than 

chronological age (e.g., some aspects of brain development; Herting & Sowell, 2017), it will 

be important to consider the measurement of the pubertal process, beyond cross-sectional 

snapshots, and to measure the aspects of puberty (e.g., adrenarche, gonadarche, secondary 

sex characteristics visible to the individual or the casual observer) that best index 

development for the process under study.
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Figure 1. 
Dual process model of testosterone and genital development and associations with substance 

use involvement at age 16 years. Age1 is a variable containing each boys’ exact age at visit 

1, age2 is a variable containing each boys’ exact age at visit 2, and age3 is a variable 

containing each boys’ exact age at visit 3. Unstandardized beta-weights are presented with 

standard errors in parentheses. Results for White boys appear above results for non-White 

boys. Estimated means for measures of timing (estimated log transformed hormone level or 

stage at 9.42 years) and tempo (change in log transformed hormone levels or number of 

stages per 2-year interval) and substance use (where 0 = the full sample mean) are presented 

in triangles. * p < .05, † p < .10.
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Figure 2. 
Dual process model of testosterone and pubic hair development and associations with 

substance use involvement at age 16 years. Age1 is a variable containing each boys’ exact 

age at visit 1, age2 is a variable containing each boys’ exact age at visit 2, and age3 is a 

variable containing each boys’ exact age at visit 3. Unstandardized beta-weights are 

presented with standard errors in parentheses. Results for White boys appear above results 

for non-White boys. Estimated means for measures of timing (estimated log transformed 

hormone level or stage at 9.42 years) and tempo (change in log transformed hormone levels 

or number of stages per 2-year interval) and substance use (where 0 = the full sample mean) 

are presented in triangles. * p < .05, † p < .10.
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Figure 3. 
Dual process model of dihydrotestosterone and genital development and associations with 

substance use involvement at age 16 years. Age1 is a variable containing each boys’ exact 

age at visit 1, age2 is a variable containing each boys’ exact age at visit 2, and age3 is a 

variable containing each boys’ exact age at visit 3. Unstandardized beta-weights are 

presented with standard errors in parentheses. Results for White boys appear above results 

for non-White boys. Estimated means for measures of timing (estimated log transformed 

hormone level or stage at 9.42 years) and tempo (change in log transformed hormone levels 

or number of stages per 2-year interval) and substance use (where 0 = the full sample mean) 

are presented in triangles. * p < .05, † p < .10.
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Figure 4. 
Dual process model of dihydrotestosterone and pubic hair development and associations 

with substance use involvement at age 16 years. Age1 is a variable containing each boys’ 

exact age at visit 1, age2 is a variable containing each boys’ exact age at visit 2, and age3 is 

a variable containing each boys’ exact age at visit 3. Unstandardized beta-weights are 

presented with standard errors in parentheses. Results for White boys appear above results 

for non-White boys. Estimated means for measures of timing (estimated log transformed 

hormone level or stage at 9.42 years) and tempo (change in log transformed hormone levels 

or number of stages per 2-year interval) and substance use (where 0 = the full sample mean) 

are presented in triangles. * p < .05, † p < .10.
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Table 1

Sample Descriptive Statistics

Visit 1 Visit 2 Visit 3

Age M (SD) 11.36 (0.92) 13.41 (0.98) 16.07 (0.47)

[min - max] [9.42 - 13.39] [11.29 - 15.66] [15.51 - 17.82]

Testosterone (ng/ml) M (SD) 1204.72 (1470.82) 3135.41 (2282.42) 6890.14 (2429.26)

[min - max] [143.00 – 5515.16] [242.00 – 9959.72] [1125.00 – 14284.03]

Dihydroxytestosterone (pg/mL) M (SD) 250.62 (174.24) 535.84 (258.58) 1066.18 (282.02)

[min - max] [56.00 – 786.27] [90.00 – 1346.97] [575.00 – 1936.78]

Genital Development M (SD) 1.59 (0.83) 2.82 (1.18) 3.98 (0.65)

 Tanner Stage 1 N (%) 284 (59.79%) 57 (15.83%) 0

 Tanner Stage 2 N (%) 120 (25.26%) 88 (24.44%) 2 (0.58%)

 Tanner Stage 3 N (%) 57 (12%) 108 (30%) 68 (19.65%)

 Tanner Stage 4 N (%) 12 (2.53%) 77 (21.39%) 205 (59.25%)

 Tanner Stage 5 N (%) 2 (0.42%) 30 (8.33%) 74 (20.52%)

Pubic Hair Development M (SD) 1.75 (0.87) 2.90 (1.16) 4.07 (0.66)

 Tanner Stage 1 N (%) 285 (60.13%) 71 (19.56%) 1 (0.29%)

 Tanner Stage 2 N (%) 141 (29.75%) 102 (28.10%) 2 (0.58%)

 Tanner Stage 3 N (%) 39 (8.23%) 93 (25.62%) 71 (20.58%)

 Tanner Stage 4 N (%) 9 (1.9%) 85 (23.42%) 208 (60.29%)

 Tanner Stage 5 N (%) 0 12 (3.31%) 63 (18.26%)
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