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ABSTRACT

Experiments in male rodents demonstrate that sensitivity to the organizational effects of steroid hormones de-
creases across the pubertal window, with earlier androgen exposure leading to greater masculinization of the
brain and behavior. Similarly, some research suggests the timing of peripubertal exposure to sex steroids in-
fluences aspects of human psychology, including visuospatial cognition. However, prior studies have been
limited by small samples and/or imprecise measures of pubertal timing. We conducted 4 studies to clarify
whether the timing of peripubertal hormone exposure predicts performance on male-typed tests of spatial
cognition in adulthood. In Studies 1 (n = 1095) and 2 (n = 173), we investigated associations between recalled
pubertal age and spatial cognition in typically developing men, controlling for current testosterone levels in
Study 2. In Study 3 (n = 51), we examined the relationship between spatial performance and the age at which
peripubertal hormone replacement therapy was initiated in a sample of men with Isolated GnRH Deficiency.
Across Studies 1-3, effect size estimates for the relationship between spatial performance and pubertal timing
ranged from.

—0.04 and —0.27, and spatial performance was unrelated to salivary testosterone in Study 2. In Study 4, we
conducted two meta-analyses of Studies 1-3 and four previously published studies. The first meta-analysis was
conducted on correlations between spatial performance and measures of the absolute age of pubertal timing, and
the second replaced those correlations with correlations between spatial performance and measures of relative
pubertal timing where available. Point estimates for correlations between pubertal timing and spatial cognition
were —0.15 and —0.12 (bothp < 0.001) in the first and second meta-analyses, respectively. These associations
were robust to the exclusion of any individual study. Our results suggest that, for some aspects of neural de-
velopment, sensitivity to gonadal hormones declines across puberty, with earlier pubertal hormone exposure
predicting greater sex-typicality in psychological phenotypes in adulthood. These results shed light on the
processes of behavioral and brain organization and have implications for the treatment of IGD and other con-
ditions wherein pubertal timing is pharmacologically manipulated.
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1. Introduction

During pre- and perinatal development, androgens can permanently
organize cognition, behavior, and physiology across a wide range of
species (reviewed in Wallen, 2009; McCarthy, 2010). Experimental
work on this organizing role of early androgen exposure has been
carried out in a wide variety of taxa, including squamates, birds, ro-
dents and nonhuman primates (Adkins-Regan, 2012; Hews et al., 1994;
Pazol et al., 2009; Thornton et al., 2009; Wallen, 2005). Examination of
‘natural experiments’ in humans, or cases such as medical conditions in
which reproductive hormone action is altered by genetic factors, has
similarly indicated that early androgen exposure modulates sex typi-
cality in adulthood across a wide range of phenotypes (Hines, 2010).

Puberty has been hypothesized to represent a second period of brain
organization and sexual differentiation, as it is characterized by dra-
matic changes in hormone production, psychology, and behavior.
Following a neonatal period of ‘mini-puberty’ in which the hypotha-
lamic-pituitary-gonadal axis operates at nearly adult levels in the first
several months of life, childhood levels of gonadotropins and gonadal
hormones (androgens and estrogens) are virtually undetectable in both
sexes. During the peripubertal reawakening of the hypothalamic-pi-
tuitary-gonadal axis, levels of the gonadotropins follicle stimulating
hormone (FSH) and luteinizing hormone (LH) increase in both sexes
(Apter, 1980; Lee and Migeon, 1975; Lee et al., 1976). Androgen pro-
duction (Lee and Migeon, 1975; Lee et al., 1976), and particularly
testosterone production (Handelsman et al., 2016), increases in both
sexes, with post-pubertal and adult androgen levels in men typically
exceeding those of women by an order of magnitude (Handelsman
et al., 2016). Experimental research on laboratory animals and ob-
servational data in humans suggest that these pubertal hormones exert
marked organizational effects on the brain and behavior. For example,
male hamsters gonadectomized prior to puberty differed from males
gonadectomized after puberty in their sexual (Bloch and Mills, 1995;
Schulz et al., 2004), agonistic (De Lorme and Sisk, 2013; Schulz et al.,
2006; Shrenker et al., 1985), and anxiety-related (Brown et al., 2015;
Primus and Kellogg, 1989) behaviors. Similarly, female rodents gona-
dectomized or otherwise deprived of estradiol prior to puberty were less
female-typical in their sexual (Bakker et al., 2002), play (Smith et al.,
1998), defensive (Field et al., 2004), and maternal (Kercmar et al.,
2014) behaviors.

Many human sex differences in psychological phenotypes either
emerge or become exaggerated during puberty, and persist across
adulthood (Berenbaum and Beltz, 2011; but see Herlitz et al., 2013).
For example, depression and anxiety disorders are twice as common in
women as in men (reviewed in Altemus et al., 2014), while substance
abuse and risk-taking behaviors are higher in men (Becker and Hu,
2008; Byrnes et al., 1999), and these sex differences emerge at puberty.
Though males outperform females in some measures of spatial cogni-
tion beginning as early as infancy (Moore and Johnson, 2008), some
spatial cognitive sex differences increase significantly from childhood
to adolescence and puberty (Geiser et al., 2008; for review, see Lauer
et al.,, 2019) and are large in magnitude by adulthood (Voyer et al.,
1995). Such differences are most pronounced for tasks of mental rota-
tion specifically (Linn and Petersen, 1985). Performance on male-typed
spatial tasks (i.e., tasks wherein males exhibit a performance ad-
vantage) also appears to be largely independent of current androgen
levels in adulthood (Herlitz et al., 2013; Puts et al., 2010; Schultheiss
and Zimni, 2015). That this cognitive sex difference is exaggerated at
puberty and is seemingly unrelated to adult circulating androgens
suggests that the underlying neural architecture may be organized by
peripubertal hormone action.

An important question is whether gonadal steroids exert similar
organizational effects throughout the pubertal window (termed the
Constant Sensitivity Hypothesis; CSH; Fig. 1, panel A), or whether
sensitivity to gonadal hormones declines with age resulting in eventual
insensitivity in adulthood (termed the Decreasing Sensitivity
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Fig. 1. Dotted lines reflect endogenous hormone production across develop-
ment, while the shaded box represents sensitivity to hormone-driven organi-
zational effects. It is possible that sensitivity to hormone-driven brain organi-
zation remains constant across perinatal and peripubertal development, the
constant sensitivity hypothesis (CSH; panel A); alternatively, sensitivity to
hormone-driven brain organization may decrease across this window, the de-
creasing sensitivity hypothesis (DSH; panel B). If so, earlier puberty should be
associated with greater sensitivity to hormone-driven brain organization, and
greater sex typicality in adulthood. Figure adapted from Schulz and Sisk (2016).

Hypothesis; DSH; Fig. 1, panel B). The DSH was developed from work in
rodents (Schulz et al., 2009a; Schulz and Sisk, 2016; Schulz et al.,
2009b; Sisk and Zehr, 2005) and predicts that earlier puberty should
result in higher sex-typicality on measures of behavior and psychology
that sexually differentiate at puberty. In male Syrian hamsters gona-
dectomized before puberty, sexual behavior (mounts and intromissions)
differed as a function of whether testosterone was reinstated early, on-
time, or late within the peripubertal window, with earlier treatment
organizing more male-typical sexual behavior (Schulz et al., 2009b).
In humans, earlier recalled pubertal timing has predicted greater
substance abuse (Copeland et al., 2010; Downing and Bellis, 2009;
Graber et al., 1997; Hedges and Korchmaros, 2016; Tschann et al.,
1994; Wilson et al., 1994), depression (Angold et al., 1998; Copeland
et al., 2010; Graber et al., 1997; Kaltiala-Heino et al., 2003; Kaltiala-
Heino et al., 2004), and anxiety (Zehr et al., 2007), and recent meta-
analyses (Dimler and Natsuaki, 2015; Ullsperger and Nikolas, 2017)
suggest that the effect of pubertal timing on these phenotypes is small-
to-moderate in magnitude as defined by Cohen (1988) - for example,
the effect of pubertal timing on externalizing behaviors reported in
Dimler and Natsuaki (2015) was r = 0.18. Earlier pubertal timing may
predict certain cognitive phenotypes as well. Waber (1976) suggested
that earlier pubertal timing should predict lower spatial cognition in
both sexes because, on average, girls both undergo puberty before boys
and score lower on tests of spatial cognition (for review of mixed-sex
studies, see Newcombe and Dubas, 1987). Investigations of the effect of
pubertal timing (based on self-reports of pubertal timing) in adolescent
boys and adult men have produced conflicting results, with some
finding positive (Sanders and Soares, 1986), negative (Beltz and
Berenbaum, 2013; Doll et al., 2016), and null (Geary and Gilger, 1989;
Gilger and Ho, 1989; Herlitz et al., 2013; Vuoksimaa et al., 2012) re-
sults. The two published studies in which earlier pubertal timing pre-
dicted greater visuospatial cognition in men were both designed to test
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the DSH (Beltz and Berenbaum, 2013; Doll et al., 2016), and all but two
studies (Herlitz et al., 2013; Vuoksimaa et al., 2012) have relied on
recalled pubertal timing.

Although it is a practical measure for retrospective studies (e.g.,
Beltz and Berenbaum, 2013; Doll et al., 2016), recalled pubertal timing
may be prone to reporting error (Brooks-Gunn et al., 1987; Dubas et al.,
1991; Shirtcliff et al.,, 2009), and the timing of observable pubertal
changes does not necessarily correspond with the beginning of pubertal
hormone exposure (Witchel and Plant, 2013). Experimental manip-
ulation of peripubertal hormone exposure is obviously both unfeasible
and unethical in humans. However, we have identified a human disease
model in which a closely analogous “experiment of nature” occurs.
Individuals with Isolated GnRH Deficiency (IGD) are unable to produce
gonadal hormones due to nonfunctional or absent gonadotropin-re-
leasing hormone (GnRH) neurons in the hypothalamus. About 50% of
IGD patients meet diagnostic criteria for Kallmann Syndrome, which is
characterized by IGD and anosmia and has an estimated prevalence of
1:30,000 male — 1:125,000 female live births (Laitinen et al., 2011). As
GnRH-releasing neurons initiate gonadotropin secretion and then go-
nadal hormone synthesis, the lack of function or absence of these
neurons necessarily means the absence of sex steroid hormone pro-
duction (Han and Bouloux, 2012; Crowley and Pitteloud, 2017). It is
notable however that hormone exposure of individuals with IGD is like
that of typically developing males and females during the first trimester
of gestation, when maternal human chorionic gonadotropin (hCG) acts
as luteinizing hormone (LH) by binding to their shared receptor, sti-
mulating the production of androgens and estrogens (Choi and Smitz,
2014; Seminara et al., 1998). As pregnancy progresses, hCG decreases,
and individuals with IGD are thus unable to produce gonadal hormones
secondary to their hypothalamic GnRH deficiency and consequent go-
nadotropin deficiency. Consequently, men and women with IGD not
only lack reproductive hormone activity from after the first trimester to
the ‘mini-puberty’ period during the first few months of early life, but
they also then require gonadal steroid hormone replacement therapy
(HRT) to initiate puberty and must continue a treatment regimen
throughout adulthood. Puberty is usually induced in men through
transdermal or injectable testosterone treatment, and in women,
through oral or transdermal estradiol treatment (Boehm et al., 2015).
Additional treatments include pulsatile GnRH therapy and gonado-
tropin therapy, though such treatments are often reserved for induction
of fertility in adulthood (Boehm et al., 2015). Because individuals with
IGD are not exposed to endogenous pubertal hormones prior to the
initiation of HRT, it is possible to pinpoint the timing of pubertal hor-
mone exposure in this human disease model and associate this age with
cognitive phenotypes in adulthood. Of the existing studies of IGD, only
one has assessed cognition (Hier and Crowley, 1982), some have as-
sessed other aspects of psychology (Dwyer et al., 2014), but none has
tested the association between age of HRT initiation and adult pheno-
types.

The present research utilizes data from four studies to test the
prediction of the DSH that earlier peripubertal exposure to gonadal
steroids will lead to greater sex-typicality (i.e., higher scores) on male-
typed tests of spatial cognition in adult men. We present data on two
studies of typically developing men (Studies 1 and 2) and one study of
men with IGD (Study 3) in which participants completed tests of spatial
cognition on which there is an average male advantage. The timing of
exposure to pubertal hormones was assessed via recalled pubertal
timing in Studies 1 and 2, and from the recalled age of HRT initiation in
Study 3. In Study 1, participants also completed cognitive tasks that do
not typically exhibit significant sex differences, and in Study 2, parti-
cipants provided saliva samples for testosterone assays. In Study 4, we
meta-analyzed these results along with four previously published stu-
dies on pubertal timing and spatial cognition in humans.
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Table 1
Demographic information for all studies.

Mean (standard error) or % (n)

Study 1 (n = 1095)

Age 38.37 (0.39)
% Sex offenders 95.5% (1046)
% White 81.0% (997)
Age sexual preference” —0.24 (0.05)
Gender sexual 1:)referenceb —1.92 (0.06)
Age of puberty 12.92 (0.04)
FSIQ (M = 100, SD = 15) 98.04 (0.40)
VIQ (M = 100, SD = 15) 96.41 (0.42)
PIQ (M = 100, SD = 15) 101.40 (0.41)
Information (M = 10, SD = 3) 9.28 (0.09)
Similarities (M = 10, SD = 3) 9.34 (0.08)
Digit span (M = 10, SD = 3) 9.77 (0.08)
Arithmetic (M = 10, SD = 3) 9.29 (0.09)
Block design (M = 10, SD = 3) 10.88 (0.09)
Picture completion (M = 10, SD = 3) 9.61 (0.08)
Study 2 (n = 173)

Age 21.44 (0.43)
% Heterosexual 91.8% (169)
% White 78.8% (145)
Testosterone (pg/mL) 52.17 (1.17)
Age of puberty 13.86 (0.10)
MRT 10.23 (0.37)
Study 3 (n = 51)

Age 37.50 (2.02)
% Heterosexual 76.5% (39)
% White 76.5% (39)
Age of HRT initiation 19.66 (0.91)
MRT 7.13 (0.51)

FSIQ = Full Scale IQ, HRT = Hormone Replacement Therapy, MRT = Mental
Rotation Task.

@ Higher positive values indicate higher attraction to prepubescent and
pubescent individuals relative to adults.

b positive values reflect greater attraction to males, negative values reflect
greater attraction to females, and zero reflects no gender preference.

2. Study 1
2.1. Participants & general procedure

Participants were drawn from 1398 men referred to the Kurt Freund
Laboratory for the Centre for Addiction and Mental Health (CAMH;
Toronto, Ontario, Canada). The purpose of all referrals to the
Laboratory was to identify the participant's primary erotic preferences
by means of phallometric assessment. The sources of referrals included
participants' parole and probation officers, their lawyers, correctional
institutions, their physicians, and a miscellany of other agencies. A
second, smaller subset of men (n = 49) had no involvement with the
criminal justice system and initiated referrals to the Laboratory through
their physicians (See Table 1 for demographic information). All men
were typically developing insofar as they were not diagnosed with any
disorders of sexual development or congenital disorders associated with
alterations in hormone action (e.g., IGD, 5-alpha reductase deficiency).
While all assessments were performed for clinical purposes, all parti-
cipants included in the present analyses provided explicit permission
for their data to be used for research purposes.

2.2. Measures of pubertal age

Pubertal age was collected along with personal and family demo-
graphic information via a self-administered questionnaire. This ques-
tionnaire included a single item on pubertal age: “At what age did you
reach puberty? (Males: First sign of physical maturity—for example,
pubic hair, voice change, first ejaculation).”
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2.3. Measures of cognitive functioning

Participants' sexological assessments and questionnaires were sup-
plemented by a brief neuropsychological screening battery (see Cantor
et al., 2004, for further details). This battery included six subtests from
the Wechsler Adult Intelligence Scale—Revised (WAIS-R; Wechsler,
1981): Information, Similarities, Digit Span, Arithmetic, Picture Com-
pletion, and Block Design. Full Scale IQ (FSIQ) was estimated from the
subtests by the method detailed by Tellegen and Briggs (1967), using
the age-scaled subtest scores and the intercorrelations between those
subtests in the WAIS-R standardization sample. As the primary purpose
of neuropsychological evaluations was to determine participants' IQ,
more specialized tests of individual domains (e.g., mental rotation; see
Section 3.3 below) were not administered in Study 1. Following the
WAIS-R manual (Wechsler, 1981), we created a performance IQ (PIQ)
composite by aggregating scores on the Block Design and Picture
Completion subscales, both of which test aspects of visuospatial cog-
nition and show a male advantage (Cohen's d = 0.26 and 0.17, re-
spectively; Hines, 2003). We then created a verbal IQ (VIQ) composite
by aggregating scores on the Information, Similarities, Digit Span, and
Arithmetic subscales (Cohen's d = 0.28, 0.02, 0.00, and 0.32, respec-
tively; Hines, 2003). Based on these effect size estimates, the average
sex difference effect size should be generally small in magnitude
(Cohen, 1988), but slightly larger for PIQ (d = 0.22) than for VIQ
(d = 0.16). The inclusion of composites that differ in the magnitude of
their sex differences is important to distinguish between the hypothesis
that pubertal timing may affect cognitive sex-typicality, and the hy-
pothesis that pubertal timing may affect cognition more broadly (see
also Beltz and Berenbaum, 2013).

2.4. Data analysis

For the present analyses, we selected participants who had valid
data on phallometric measures of the gender and age of their preferred
sexual partners (i.e., completed these measures and had data that could
be analyzed), age of puberty, age of learning English, race, age at ex-
amination, and FSIQ within the normal range (i.e., =70); participants
who had missing values for any of these variables were excluded from
analyses. Seventy-three participants were excluded because they had an
FSIQ < 70, and an additional 185 were excluded because they did not
have valid data on phallometric measures of gender and age preference
of their desired sexual partners. This resulted in a final sample of 1095
men (see Table 1 for demographic information). Compared to partici-
pants who did not have valid phallometric data, participants who had
valid phallometric data had PIQ and VIQ scores approximately 5 points
higher (both p < 0.01), and were more likely to self-identify as white
(p < 0.01). No other differences in variables included in analyses were
statistically significant.
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All analyses were performed using R. Data and code have been
uploaded as electronic supplementary material. PIQ and VIQ were the
outcome variables in our primary two multiple regression models.
Included covariates for this study and for all subsequent studies in this
paper were chosen based on prior literature and before analysis of our
data. In the model with PIQ as an outcome, VIQ was included as a
control, as different facets of cognition are highly correlated
(Detterman and Daniel, 1989; Spearman, 1904; Wechsler, 1981). As age
(Wechsler, 1981), gender sexual preference or sexual orientation
(Gladue et al., 1990; Peters et al., 2007; Rahman and Wilson, 2003), age
sexual preference (i.e., preference for the age of a sexual partner;
Cantor et al., 2004; Cantor et al., 2005; Hucker et al., 1986), race
(Barona et al., 1984; Kaufman et al., 1988), and sex offender status
(Cantor et al., 2005) have been shown to predict neuropsychological
performance, these variables were included as predictors of PIQ along
with self-reported age of puberty. Race was assessed as either white or
non-white via self-report, and gender and age sexual preferences were
measured through phallometric testing. These same variables were used
in the multiple regression predicting VIQ, with PIQ additionally entered
as a control. Post-hoc models assessing the effect of pubertal timing on
individual WAIS-R subtests were also run. Estimates presented are
standardized regression weights (), obtained using R's lm.beta
package. We statistically compared models with only linear effects to
models with both linear and quadratic effects of pubertal timing using
ANOVAs; in all cases, model fit was not significantly improved with the
inclusion of a quadratic term. Thus, results presented are of models
including only a linear term, and not quadratic term, for pubertal
timing.

2.5. Results

In a multiple regression with VIQ as the outcome variable, current
age (B = 0.14, t = 564, p < 0.001), age sexual preference
(B = —0.06,t = —2.44,p = 0.015), and PIQ (8 = 0.60, t = 23.43,
p < 0.001) significantly predicted VIQ; importantly, pubertal timing
(B = -0.03,t = —1.23,p = 0.218; ESM Fig. 1) did not. In a multiple
regression with PIQ as the outcome variable, race (8 = 0.09, t = 3.42,
p = 0.001, indicating higher PIQ in white versus non-white partici-
pants), gender sexual preference (3 = —0.07,t = —3.01, p = 0.003,
indicating a higher PIQ with greater attraction to females), VIQ
(B = 058, t = 23.43,p < 0.001), and pubertal timing (8 = —0.07,
t = —2.66,p = 0.008) significantly predicted PIQ (Fig. 2, panel A). See
ESM Table 1 for relationships between pubertal timing and individual
subscales.

A) B) C)
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Fig. 2. Relationships between age of exposure to peripubertal androgens and performance on spatial cognitive tasks showing a male advantage. (A) Study 1: WAIS-R
PIQ regressed on self-reported age of puberty in typically developing men (residuals after conditioning on age and gender preferences, current age, and race). (B)
Study 2: MRT regressed on self-reported absolute pubertal timing in typically developing men (residuals after conditioning on sexual orientation, current age, race,
and testosterone). (C) Study 3: MRT regressed on age of HRT initiation in men with IGD (residuals after conditioning on sexual orientation, current age, and race).
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3. Study 2
3.1. Participants & general procedure

Two hundred twenty-six male participants were recruited as part of
a study on the effect of pubertal timing on sexually differentiated
phenotypes in adulthood conducted at the Pennsylvania State
University. Recruitment materials were posted on various social media
sites and a university-sponsored psychology study participant pool and
advertised on the radio. All procedures were IRB-approved, and parti-
cipants provided informed consent. Participants were compensated
with either course credit or US$15. All test sessions were scheduled
between 9:00 AM and 12:00 PM to control for diurnal fluctuations in
testosterone production (Montanini et al., 1988). Upon arrival at the
lab, participants provided trained research assistants with a first saliva
sample via passive drool. Participants then completed a 45-minute
online survey at a private computer workstation. A second saliva
sample was taken before participants left. These two samples were then
mixed for analyses to mitigate the effect of pulsatile release patterns of
LH-induced testosterone secretion (Rose et al., 1972; Rowe et al.,
1974).

3.2. Measures of pubertal age

Pubertal age was measured using a version of the male Pubertal
Development Scale (PDS; Petersen et al., 1988) modified for retro-
spective use (Doll et al., 2016; Zehr et al., 2007; see ESM for full
questionnaire). The modified PDS includes questions on the timing of
general pubertal development, and specific questions about the timing
of facial and body hair growth, vocal and skin changes, growth spurts,
spontaneous erections, and wet dreams. As these pubertal changes
occur at different ages (e.g., genital changes are typically observed
before the beginning of facial hair growth; Witchel and Plant, 2013),
composites including the timing of a range of pubertal development
characteristics likely provide more precise and accurate estimations of
pubertal timing, relative to measures of pubertal timing based on a
single question alone, as in Study 1 (for further discussion of the effects
of measuring pubertal timing with single questions versus composites,
see Ullsperger and Nikolas, 2017). Questions on the PDS address both
the recalled age of these events and when participants noticed these
events relative to their peers (from much earlier than peers to much later
than peers). The PDS includes 6 questions about absolute ages of pub-
ertal changes. Of participants who completed the PDS, the mean
number of questions answered was 4.67 (SE = 0.10). Responses to
these questions were scaled and then averaged to create a composite
measure of absolute pubertal timing, and this composite measure was
used as a predictor in a multiple linear regression.

Responses to relative pubertal timing questions were also scaled and
then averaged to create a composite measure of relative pubertal
timing, with the exception of questions on timing of wet dreams and
spontaneous erections. This is because men are less likely to recall when
these events occurred relative to peers as these occur privately, and
because they load onto another component in a principal components
analysis (Beltz and Berenbaum, 2013; Doll et al., 2016). For further
details on factor loadings of the PDS, see Doll et al. (2016). Here we
present analyses using this composite measure; however, performing a
principal components analysis and using the first principal component
scores as the measure of relative pubertal timing as in Doll et al. (2016)
did not significantly affect our results. Relative and absolute composite
measures of pubertal timing correlated at r = 0.53, p < 0.001 (ESM
Fig. 2).

3.3. Measures of cognitive functioning

Visuospatial cognition was assessed using a computerized 3D
Mental Rotation Task (MRT). This task consisted of two four-minute
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blocks, each with 10 items (Vandenberg and Kuse, 1978). For each
item, participants viewed a two-dimensional representation of a three-
dimensional block figure (target figure) and four similar figures beneath
it. Participants were instructed to select the two figures beneath the
target that were rotated versions of the target figure and received a full
point on that item if both correct responses were chosen. Total MRT
scores could thus vary from zero to 20, and these total scores were used
as the outcome variable.

3.4. Testosterone measures

Saliva samples were analyzed at the Nipissing University
Biomarkers Lab (Nipissing University, North Bay, Ontario). Samples
were quantified using commercially available enzyme immunoassay
kits from DRG International. Sensitivity was 1.9 pg/mL, and intra- and
inter-assay CVs were 6.4% and 4.9%, respectively. Testosterone values
were standardized, and values greater than three standard deviations
from the mean were dropped.

3.5. Data analysis

For the present analyses, we selected participants who had valid
data on all covariates of interest. Forty-two participants did not provide
saliva for testosterone assays, 17 did not answer any PDS questions, 2
did not provide data on self-identified race/ethnicity, and 1 did not
provide data on sexual orientation. Excluding these participants re-
sulted in a final sample of 173 men (see Table 1 for demographic in-
formation). Participants who were included versus excluded in these
analyses did not significantly differ on any of these covariates or in their
MRT scores and absolute pubertal timing scores.

Data and R scripts for this study can be found as described in Section
2.4 Data analysis for Study 1. As detailed above, neuropsychological
performance is modulated by age, gender preference, and race. Thus,
age, self-identified sexual orientation, and self-identified white or non-
white race were included as covariates. As there is mixed support re-
garding an effect of circulating testosterone on mental rotation abilities,
testosterone was included as a covariate. We ran two models to predict
MRT: one using a composite measure of absolute age of pubertal timing,
and a second using a composite measure of relative pubertal timing to
predict MRT. The inclusion of a quadratic term for pubertal timing did
not significantly improve model fit in either model; thus, the models we
report on below include only linear effects of pubertal timing. We also
tested for interactions between testosterone and pubertal timing; as
these were not significant in the models with either absolute
(p = 0.966) or relative (p = 0.976) pubertal timing, only main effects
were included in the models reported below.

3.6. Results

In a multiple regression with the absolute measure of pubertal
timing predicting MRT, race (8 = 0.19, t = 2.39, p = 0.018, indicating
higher MRT in white versus non-white participants) significantly pre-
dicted MRT, while circulating testosterone (8 = 0.09, t = 1.15,
p = 0.252) did not. The effect of absolute pubertal timing was mod-
erate in size (3 = —0.13, t = —1.71, p = 0.090; Fig. 2, panel B),
though not statistically significant at @ = 0.05. In a multiple regression
with relative pubertal timing and the covariates as predictors of MRT,
only race (8 = 0.22, t = 3.00, p = 0.003, indicating higher MRT in
white versus non-white participants) significantly predicted MRT; tes-
tosterone (f = 0.09, t = 1.17, p = 0.245) and relative pubertal timing
(B = —0.02,t = —0.34, p = 0.735; ESM Fig. 3) did not.
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Fig. 3. Results of meta-analyses on the correlation between absolute (overall r = —0.15; panel A) and relative (overall r = —0.12; panel C) pubertal timing and

spatial rotation, and of omit-one-study analyses (—0.17 < r < —0.11; panels B and D).

4. Study 3
4.1. Participants & general procedure

Sixty-two men with IGD were recruited as part of the same protocol
described in Study 2. Men with IGD were referred by physicians at the
Reproductive Endocrine Unit at Massachusetts General Hospital and the
Reproductive Physiology and Pathophysiology group at the National
Institute of Child Health and Human Development (n = 30). Men were
also recruited through solicitations on IGD-specific email listservs,
forums, and support groups (n = 32). All procedures were IRB-ap-
proved, and participants provided informed consent. Participants
completed the same online survey as those in study 2 and were in-
structed to complete the survey in a single session at the time and lo-
cation of their choosing. Compensation for survey completion was US
$25. (See Table 1 for demographic information.)

4.2. Measures of pubertal age

Men with IGD completed a questionnaire about their HRT history.
This questionnaire required participants to list when they first began
HRT, and all subsequent changes in HRT regimens and gaps in HRT use.
The measure of pubertal timing used as a predictor in subsequent
analyses was self-reported age of HRT initiation, log-transformed to
correct skew. In a subset of patients (n = 17) for whom physician re-
cords of HRT initiation were available, self-reported and physician re-
corded age of HRT initiation were significantly correlated (r = 0.77;
p < 0.01).

4.3. Measures of cognitive functioning

The 3D MRT task as described in Study 2 was used to index mental
rotation abilities in men with IGD.

4.4. Data analysis

Age, self-reported sexual orientation, self-identified white or non-
white race, and age of HRT initiation were included as covariates to

predict MRT. Age of HRT initiation was missing for 9 participants, race
was missing for 2, and sexual orientation was missing for 1. Excluding
participants with missing data resulted in a final sample of 51 men (see
Table 1 for demographic information). Participants who were included
versus excluded in these analyses did not significantly differ on any of
these covariates or in their MRT scores and ages of HRT initiation. As in
Studies 1 and 2, we tested for both linear and quadratic effects of age of
HRT initiation. The inclusion of a quadratic term of HRT initiation did
not significantly improve model fit and was dropped from the final
model. We also tested whether MRT performance differed between men
with IGD and control men in Study 2, and if so, whether this difference
was mediated by absolute pubertal timing, measured as described in
Section 3.2 above to facilitate comparisons between groups. Absolute
pubertal timing correlated with age of HRT initiation at r = 0.38,
t = 2.90, p = 0.005. Mediation was tested using R's psych package.

4.5. Results

In a multiple regression with log-transformed age of HRT initiation
and the aforementioned covariates as predictors of MRT, no predictors
significantly explained variance in MRT at @ = 0.05, though the effect
size for age of HRT initiation (8 = —0.19,t = —1.3,p = 0.200; Fig. 2,
panel C) was moderate in size.

When controlling for age, sexual orientation, and race, group (i.e.,
IGD versus control) significantly predicted MRT (3 = —0.21, t = 2.65,
p = 0.009), with men with IGD scoring lower than controls. Absolute
pubertal timing also differed significantly as a function of group when
controlling for age, sexual orientation, and race (8 = 0.64, t = 10.81,
p < 0.001), as well as when these covariates were not entered
(B =0.72,t = 16.65,p < 0.001). Pubertal timing did not significantly
mediate group differences in MRT (8 = —0.37,t = 0.78, p = 0.438;
see ESM Fig. 4).

5. Study 4: meta-analysis

We conducted two meta-analyses using data from Studies 1-3, and
from other published studies assessing the link between pubertal timing
and adult visuospatial abilities. Studies assessing stage of pubertal
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development and neuropsychological function in adolescents, studies
that recruited only women, and studies that report statistics for men
and women analyzed jointly were excluded, as the goal of the present
meta-analysis was to specifically evaluate the effect of pubertal timing
on visuospatial abilities in adult men. PubMed search terms included
puberty*, mental rotation*, pubertal timing, timing of puberty, sexual
maturation, and spatial ability* (with asterisks indicating truncation).
These search terms yielded a total of 31 studies, 23 of which were
unique cases. Four studies met all our inclusion criteria and were in-
cluded in our meta-analyses (for studies, see Fig. 3).

Correlation coefficients between measures of pubertal timing and
measures of spatial ability were used as the effect size, and data were
analyzed using random effects models in the Comprehensive Meta-
Analysis software version 3 (Borenstein et al., 2005). A random effects
model allows for the presence of systematic variance (e.g., moderator
variables such as differences in the method of measuring spatial cog-
nition or pubertal timing) in addition to random sampling error var-
iance. In the first meta-analysis, we used correlations between spatial
performance and measures of the absolute age of pubertal timing as our
effect size. In computing the absolute measure of pubertal timing using
data from Doll et al. (2016), we scaled and averaged responses to items
targeting the absolute ages of pubertal changes as in Study 2. In the
second meta-analysis, we replaced zero-order correlations between
spatial performance and measures of absolute pubertal timing with
those for relative pubertal timing where available (Doll et al., 2016 and
Study 2). These analyses resulted in a total n of 1749 for our meta-
analysis using absolute measures and 1783 for our meta-analysis using
relative pubertal timing measures. We subsequently conducted ‘omit-
one-study’ analyses to determine whether the removal of any single
study would change our meta-analysis results.

The population point estimate for the correlation coefficient be-
tween absolute pubertal timing and spatial abilities was —0.15 (95%
confidence interval [CI] = —0.19, —0.10, z = —6.08, p < 0.001;
Fig. 3, panel C). The exclusion of single studies in the omit-one-study
analysis produced point estimates between —0.17 (when excluding
Study 1) and —0.14 (when excluding Doll et al., 2016; Fig. 3, panel D).
The 95% CI excluded a correlation coefficient of zero across all ana-
lyses, suggesting that observed relationship between pubertal timing
and spatial performance does not depend upon the inclusion of any
single study. The population point estimate for the correlation coeffi-
cient between relative pubertal timing and spatial abilities was —0.12
(95% CI = —0.17, —0.08, z = —5.02, p < 0.001; Fig. 3, panel A).
The exclusion of single studies in the omit-one-study analysis produced
point estimates between —0.13 (when excluding Study 2) and —0.11
(when excluding Study 1; Fig. 3, panel B). Again, the 95% CI excluded a
correlation coefficient of zero across all analyses.

6. Discussion

Building upon previous experimental and observational work, we
hypothesized that earlier peripubertal exposure to gonadal steroids
would increase performance on male-typed visuospatial cognitive tasks
in men. Across a meta-analysis including six samples of typically de-
veloping men (Studies 1 and 2, Beltz and Berenbaum, 2013, Doll et al.,
2016, Geary and Gilger, 1989, and Vuoksimaa et al., 2012) and a
sample of men with Isolated GnRH Deficiency (IGD; Study 3), earlier
peripubertal exposure to gonadal steroids predicted better performance
on male-typed spatial cognitive tasks. This pattern was not observed for
a cognitive measure that exhibits smaller sex differences (Study 1) and
was not explained by current testosterone levels (Study 2). The point
estimates for the correlation between pubertal timing and spatial abil-
ities (r = —0.15 and —0.12) were robust to the exclusion of any single
study in the meta-analyses and suggest a small-to-moderate (Cohen,
1988) population-level effect, and are similar in magnitude to corre-
lations between pubertal timing and externalizing behavior (Dimler and
Natsuaki, 2015) and psychopathology more broadly (Ullsperger and
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Nikolas, 2017). However, we note that these estimates reflect im-
precision in estimating both the timing of pubertal steroid exposure and
the underlying cognitive abilities putatively influenced by this timing.
Hence, the results of our meta-analyses are likely to represent an un-
derestimate of the true effect size. In Study 1, male-typed spatial cog-
nition was assessed via a composite of the Block Design and Picture
Completion subtests, which show smaller sex differences than the MRT
(Hines, 2003) and hence are likely to more weakly reflect the influence
of androgens. In addition, pubertal timing was assessed via a single self-
report item. In Study 2, male-typed spatial cognition was assessed via
the MRT, and pubertal timing was assessed via a more detailed self-
report questionnaire. Finally, in Study 3, male-typed spatial cognition
was assessed via the MRT, and pubertal timing was assessed most
precisely via self-reported date of HRT initiation. We note a trend to-
wards increasing effect size magnitudes with each presumed improve-
ment in measurement precision. Precise measurement of both male-
typed visuospatial performance and the age of onset of peripubertal
hormone production in IGD patients may explain why the observed
effect size estimate (—0.19) was greater in magnitude than all but one
effect size observed across studies using less precise measures. The re-
latively large effect size in Study 3 may also in part be attributable to
the high variation in pubertal onset among participants with IGD,
which should mitigate effects of range restriction present in Studies 1
and 2 on associations between pubertal timing and visuospatial per-
formance. These advantages of utilizing IGD as a disease model may
have more than compensated for any decreased sensitivity to androgen
as a result of IGD patients beginning puberty later, on average, than
participants in Studies 1 and 2.

Our results support the hypothesis of Sisk and colleagues (Schulz
and Sisk, 2016), which we have termed the DSH, that sensitivity to the
organizational effects of gonadal hormones declines across the pubertal
window (Fig. 1, panel B). By contrast, our results are inconsistent with
the CSH (Fig. 1, panel A). However, the pattern of association between
trait development and the timing of gonadal hormone exposure is likely
to differ across psychological phenotypes and their underlying neural
architectures. Neural sex differences that are organized by gonadal
hormones may appear at different times during perinatal development
(McCarthy et al., 2017). Thus, future work should examine a wide
range of sexually differentiated cognitive, psychological, and beha-
vioral phenotypes to determine their sensitivity to hormone-driven
organization during the pubertal window. Future work should also aim
to identify the mechanism that modulates putative differential sensi-
tivity to the effects of gonadal hormones. Direct studies on this are
critically lacking, but work from sexual imprinting in zebra finches
suggests that changes in dendritic morphology occur at certain devel-
opmental periods in the presence of certain stimuli (Bischof and
Rollenhagen, 1999). It is possible that in mammals, there are time-de-
pendent changes in dendritic morphology, but that these changes are
permanently modulated by timing of peripubertal gonadal hormone
action (Schulz et al., 2009b).

We also note that declining sensitivity to pubertal sex hormones
represents a possible developmental mechanism by which adult phe-
notypes may be linked to life history strategy (Del Giudice and Belsky,
2010; Del Guidice et al., 2016). Life history strategies are the age- and
stage-specific patterns and timing of events in organisms' lives, such as
birth, weaning, age of sexual maturation, and age of first reproduction
(Flatt and Heyland, 2011). According to life history theory, species and
individuals have been shaped by natural selection to vary in the relative
amount of resources allocated to somatic maintenance, defense, and
reproduction (Wells et al., 2017). Those with ‘faster’ life history stra-
tegies allocate more resources towards reproduction and should de-
velop physiological and behavioral traits that allow them to do so,
while those with ‘slower’ life history strategies allocate more resources
towards somatic maintenance and defense, and parenting (Del Giudice
and Belsky, 2010; Stearns, 1976). Age of reproductive maturity or
pubertal timing is often examined as a marker of life history tempo, and
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earlier pubertal timing predicts the development of sexually dimorphic
physical characteristics indicative of a faster, more mating-focused life
history strategy in young adult men (Doll et al., 2016). It follows that
earlier pubertal timing may also predict cognitive phenotypes that may
facilitate an emphasis on mating and reproduction. Functional hy-
potheses posit that spatial abilities could modulate mating success via
enhanced mate location (Gaulin, 1992; Miner et al., 2014), targeting of
same-sex competitors (Hill et al., 2017; Puts, 2010), and location of
prey items used to provision potential mates (Hawkes, 1990), though
tests of this hypothesis in humans are lacking. Nonetheless, in-
corporation of a life history framework in the study of pubertal timing
and adult cognitive phenotypes may prove useful in predicting which
phenotypes should be particularly sensitive to variation in pubertal
timing, and their potential functions.

The study of natural quasi-experiments in humans, or people in
whom hormone production or action is congenitally altered such as
those with congenital adrenal hyperplasia (CAH; Hines, 2010; Hines
et al., 2004; Puts et al., 2008) or androgen insensitivity syndrome
(Hamann et al., 2014; Hines et al., 2003), have proved critical to our
understanding of hormone-driven organization of the brain and beha-
vior. This paper presents the first examination of a human disease
model wherein pubertal timing can be objectively determined to study
links between peripubertal hormone exposure and adult phenotypes.
That the direction of the association between pubertal timing and vi-
suospatial abilities was the same in typically developing and IGD men,
and that the strength of this association was greater in IGD men than in
all but one of the other effect sizes examined, suggests that the IGD
disease model may prove to be particularly valuable in assessing sen-
sitivity to hormone-driven organization for psychological traits that
would be theoretically predicted to be affected by pubertal timing. Our
results also suggest that IGD may be informative about the influence of
early hormonal exposure. Men with IGD performed below controls on
the MRT (see also Hier and Crowley, 1982), and this was not sig-
nificantly mediated by pubertal timing. This suggests that the group
difference in the timing of peripubertal androgen exposure is in-
sufficient to explain the difference in MRT, and that the lower pre- and
perinatal sex steroids presumed to characterize IGD may be responsible.
Thus, while CAH has been studied to elucidate the effects of chronically
high prenatal androgens on male-typed spatial tasks in females
(Hampson et al., 1998; Resnick et al., 1986; see Puts et al., 2008 for
meta-analysis), IGD may also clarify the effects of chronically low
prenatal sex hormones.

6.1. Clinical considerations

Pubertal timing is medically altered across a range of conditions.
GnRH agonists or antagonists may be used to block hormone produc-
tion in children with precocious puberty (Comite et al., 1981; Mansfield
et al., 1983), while exogenous hormones (e.g., Rosenfeld et al., 1982) or
GnRH pumps (Boehm et al., 2015; Hoffman and Crowley, 1982; Nass
et al.,, 2013) may be used in children with constitutionally delayed
puberty or IGD to induce puberty. Puberty blockers may also be pre-
scribed to gender nonconforming youth without congenital conditions
of the hypothalamic-pituitary-gonadal axis (Vance et al., 2014). Phy-
sicians may prescribe, and patients may receive, such treatments
without a thorough understanding of how pubertal timing may per-
manently affect a wide range of adult phenotypes (see Introduction).
The present study suggests that in addition to the effects of pubertal
timing on affective and externalizing disorders (Dimler and Natsuaki,
2015; Ullsperger and Nikolas, 2017), potential effects of pubertal
timing on cognitive phenotypes should be considered.

6.2. Limitations and future directions

The present study investigated cross-sectional associations between
measures of the timing of peripubertal androgen exposure and sexually
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differentiated aspects of cognition. Though our findings suggest a link
between pubertal timing and spatial abilities in men, we are unable to
draw conclusions about causation from cross-sectional data. Future
studies, with both typically developing participants and participants
with IGD, should thus utilize a longitudinal design, recruiting and
testing participants before puberty, and repeating testing into young
adulthood. Such studies would ideally document the progression of
external physical changes that accompany puberty, and also measure
hormone levels. The longitudinal documentation of physical and hor-
monal measures would effectively remove sources of measurement
error that may accompany self-reported pubertal timing. One of three
studies reported here measured cognitive phenotypes that both do and
do not exhibit significant sex differences (PIQ and VIQ, respectively, in
Study 1) and did not find an effect of pubertal timing on non-sexually
differentiated aspects of cognition (see also Beltz and Berenbaum,
2013). Future work should utilize female-typed, male-typed, and sex-
neutral cognitive measures to elucidate how pubertal timing may
modulate sex typicality. As most rodent work showing an effect of
pubertal timing on sex typicality has been conducted on males experi-
mentally administered androgens at different times (Schulz et al.,
2009a, b), it is unknown whether a similar mechanism is present in
females. The inclusion of both females and females in experimental
animal models, and the experimental administration of estrogens in
addition to androgens, will provide a more comprehensive under-
standing of pubertal sensitivity to hormones across sexes, and can guide
future translational work in humans. Brain imaging in such studies may
elucidate the biological basis of the emergence and maintenance of
sexually differentiated phenotypes. Though some work has examined
the link between current pubertal development and neural structure
(Herting et al., 2014; Peper et al., 2011a) and function (Peper et al.,
2011b), it is unknown whether pubertal timing predicts sex typicality in
the brain in adulthood. The sexual preference demographics of parti-
cipants in Study 1 are not representative and some have suggested that
atypical sexual preferences may result from prenatal pathologies
(Cantor et al., 2005), potentially limiting the generalizability of that
study's findings. In addition, Study 1 was also the only study not to use
the MRT to assess visuospatial abilities. We note, however, that sexual
preferences were statistically controlled in Study 1, and in our omit-
one-study analyses, the effect of pubertal timing on visuospatial per-
formance was robust to the exclusion of effect sizes from Study 1,
suggesting that our overall results were not biased or significantly af-
fected by the inclusion of the Study 1 sample. Finally, spatial abilities
may be linked to variables we did not control for our analyses. Whereas
some work finds an effect of education and academic program on
mental rotation and visuospatial abilities (Peters et al., 2006), studies
using the MRT specifically have failed to find an effect of education on
performance (Vuoksimaa et al., 2012). Future work should thus aim to
measure and statistically control for a wide range of variables that
could potentially modulate cognitive performance.

6.3. Conclusion

Across the three studies reported here and four prior investigations
of pubertal timing and cognition, earlier pubertal timing positively
predicted sex-typicality on measures of male-typed spatial abilities in
adult men, and the observed magnitude of the effect of pubertal timing
on cognition is similar to those previously reported on psychopathology
(Dimler and Natsuaki, 2015; Ullsperger and Nikolas, 2017). The asso-
ciation between pubertal timing and performance on sexually differ-
entiated aspects of cognition is consistent with the DSH, suggesting that
the sensitivity of the adolescent brain to the organizing effects of
pubertal hormones decreases across the pubertal window.
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