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Abstract 

Background:  Puberty is characterized by significant physical, hormonal, and psychological changes, which may be 
especially challenging for individuals with autism spectrum disorder (ASD). Although the etiology of ASD remains 
uncertain, studies suggest imbalances in hormones, such as testosterone, may modulate the autism phenotype. 
While differences in fetal and postnatal testosterone have been reported, there is limited literature regarding tes-
tosterone variations during adolescence in ASD. We investigated morning salivary testosterone levels in youth with 
ASD and typical development (TD) to explore hypothesized differences, expecting elevated hormonal levels in ASD 
compared to TD.

Methods:  Youth with ASD (n = 140) and TD (n = 104), ages 10 to 13 years, were enrolled as part of a longitudinal 
study on pubertal development. Pubertal stage was determined by gold standard physical examination, and salivary 
testosterone was collected in the morning immediately upon waking and 30 min after waking and averaged across 
3 days. Diagnostic (ASD/TD) and sex (male/female) differences, as well as interactions with age and puberty, were 
examined using robust linear mixed effect models.

Results:  Youth with ASD showed significantly elevated testosterone concentrations compared to same-age TD peers. 
After the inclusion of natural cubic splines to account for nonlinearity in age, a significant age-by-sex interaction 
emerged with distinct developmental slopes for males and females. At younger ages, females had higher testoster-
one, until about 11.5 years of age, when levels began to plateau, while male testosterone concentrations continued 
to rapidly increase and surpass females. As expected, more advanced pubertal development was associated with 
elevated testosterone. In contrast, no significant effect of parent-reported social communication symptoms was 
observed.

Limitations:  Limitations include an unequal sex distribution, non-representative sample (e.g., cognition and race/
ethnicity), and inability to examine afternoon/evening testosterone due to detection limits.
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Background
Autism spectrum disorder (ASD) is a neurodevelop-
mental condition characterized by impairments in social 
communication and interaction, as well as restricted and 
repetitive behaviors [1]. As such, many individuals with 
ASD have difficulty tolerating and adapting to changes. 
Adolescence, including the pubertal development period, 
is marked by tremendous physiological, psychologi-
cal, and social change [2]. For individuals with ASD, the 
uncertainty of pubertal development may be especially 
challenging, enhancing vulnerability during this dynamic 
transition. Furthermore, atypical physiological arousal 
and social stress during adolescence likely contribute to 
poor emotional health (e.g., [3, 4]), emphasizing the need 
to better understand this critical period, especially for 
vulnerable individuals such as youth with ASD.

Adolescence and the hypothalamic–pituitary–gonadal 
(HPG) axis
Adolescence marks the developmental transition of juve-
nile social and cognitive processes to their adult versions. 
While often used interchangeably in describing adoles-
cence, puberty uniquely refers to biological maturation, 
particularly that of sexual systems, and the physiologi-
cal effects of resultant changes to the endocrine system, 
including activation of the HPG axis [5]. The HPG axis 
is a primary driver in pubertal development, critical to 
maintaining homeostasis, facilitating sexual maturation 
(e.g., [6, 7]), and secreting gonadal hormones such as tes-
tosterone or estradiol.

The HPG axis undergoes three particularly important 
periods of activation. First, gonadotropin-releasing hor-
mone (GnRH) may be detected in the fetal hypothala-
mus as early as 15  weeks of gestation and modulates 
the downstream secretion of gonadotropins (follicle-
stimulating hormone [FSH] and luteinizing hormone 
[LH]) from the anterior pituitary and sex hormones (tes-
tosterone and estradiol) from the gonads [8]. However, 
HPG activity decreases in later stages of pregnancy and 
resurges again postnatally in the first few months of life 
within a ‘minipuberty’ (e.g., [9–11]). During this period, a 
sexual dimorphism occurs, with higher LH levels in bio-
logically male newborns and higher FSH levels in biologi-
cally female newborns (e.g., [12, 13]). Following postnatal 

activation, the HPG axis undergoes a period of functional 
quiescence that persists throughout childhood until 
the third phase of activation, namely, pubertal onset, in 
which LH, FSH, testosterone, and estradiol levels rise and 
facilitate complete sexual maturation [14].

Hormones produced by the HPG axis have an exten-
sive network of receptors in the brain and in peripheral 
tissues. The levels of these hormones are tightly regu-
lated by a complex feedback loop, which serves to main-
tain normal concentrations of hormones in the brain 
and periphery. In early pre- and perinatal development, 
these sex hormones contribute to sex-specific neural cir-
cuitry organization, while hormonal changes at puberty 
activate sex-specific behavior arising from neural differ-
ences (see organizational–activational hypothesis; [15]). 
Indeed, HPG axis activation has been shown to signifi-
cantly impact neuronal growth, development, and mod-
ulation [7]. For example, the sex steroids (e.g., estradiol, 
testosterone, etc.) have been shown to modulate neurite 
growth and migration, as well as dendritic spine density, 
thus contributing to the development of sexually dimor-
phic brain regions (e.g., [16, 17]). Furthermore, in ani-
mal studies, the timing of testosterone secretion during 
adolescence is directly related to the expression of sex-
specific social behaviors (e.g., mating) [18]. The timing of 
HPG activation throughout critical developmental peri-
ods may therefore have important implications for neu-
rodevelopment and psychological functioning.

The HPG axis and autism
Considering the role of sex steroids and neuroendocrine 
processes in influencing brain and behavior development, 
a focus of previous research has been on the early impact 
of androgen hormones (e.g., testosterone) in autism. 
Especially relevant to this exploration of testosterone in 
ASD is the diagnostic bias within the neurodevelopmen-
tal condition, with a recently estimated 3:1 ratio of males 
to females [19]. Furthermore, the Extreme Male Brain 
theory (EMB), an extension of the empathizing–system-
izing (E–S) theory [20], posits that ASD can be character-
ized as an extreme exhibition of the male brain, in which 
individuals with ASD will tend to display lower scores on 
behavioral measures related to empathizing and average 
or above-average performance on measures related to 

Conclusions:  Testosterone may play a unique role in the presentation of ASD, especially during periods of dynamic 
hormonal changes including puberty. Inherent developmental (age, puberty) and sex-based (male, female) factors 
play a more prominent role in changes in testosterone levels during adolescence. Even so, future research is war-
ranted to determine the differential expression and impact of exposure to excess testosterone during the pubertal 
transition for youth with ASD.
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systemizing [20, 21]. With the overlap of autism symp-
tom presentation and psychological/behavioral charac-
teristics often associated with the male brain, the role of 
hormonal factors in driving early development and pres-
entation of symptoms associated with autism continues 
to garner interest within the field.

Investigations have explored variations in testoster-
one levels between individuals with ASD and TD, largely 
focusing on prenatal and organizational effects, leading 
to the development of theories surrounding the potential 
association between ASD and such hormones. The previ-
ously termed fetal androgen theory (now prenatal steroid 
theory; [22, 23] implicates prenatal effects of androgens 
on developing autism [24, 25], theorizing observed dif-
ferences in trait presentation result from heightened 
exposure to androgens, such as testosterone, during fetal 
development [26]. Indeed, evidence suggests testoster-
one plays a role in human social and emotional behavior, 
with prenatal exposure serving as an important indica-
tor of brain organization and development [24, 25]. For 
example, high fetal testosterone has been linked to poor 
eye contact [27], poor social relationships [28], and less 
empathy [29]. Furthermore, researchers analyzed fetal 
testosterone levels in amniotic fluid samples and com-
pared them to the presence of ASD-related traits in TD 
toddlers between 18 and 24 months using the Quantita-
tive Checklist for Autism in Toddlers (Q-CHAT), finding 
a significant positive relationship between fetal testos-
terone levels and Q-CHAT scores [30]. In children aged 
6–10 years, autistic traits as reported by the parent were 
positively correlated with previously measured fetal tes-
tosterone [31]. However, a large longitudinal study exam-
ining the umbilical cord blood of 707 children found no 
correlation between testosterone concentrations and the 
number of autistic traits [32].

In contrast, studies examining differences in postnatal 
(activational) androgen effects in individuals with ASD 
compared to TD controls have produced more variable 
results. In favor of an elevated testosterone hypothesis, 
a sample of prepubertal youth (ages 3–4 and 7–9 years) 
demonstrated elevated levels of adrenal hormones dehy-
droepiandrosterone (DHEA) and androsterone in males 
and females with ASD relative to age-matched TD con-
trols [33]. Furthermore, associations have been reported 
between plasma testosterone and problem behaviors in 
prepubertal males (3–15  years) with ASD [34–36]. Sig-
nificantly elevated serum and bioactive testosterone lev-
els have been found for adult females with ASD (after 
correcting for Body Mass Index and excluding partici-
pants on oral contraceptives), although the study found 
no difference between ASD and TD adult males [37]. 
Another study observed increased serum androstenedi-
one, a precursor molecule of testosterone, in adults with 

ASD across both biological sexes [38]. In contrast, a small 
study of pre- and post-pubertal youth did not find evi-
dence of testosterone or DHEA differences in ASD rela-
tive to TD [39], while a study of ASD males, ages 12–18, 
found lower levels of basal testosterone upon waking, and 
generally throughout the course of the diurnal rhythm 
[40]. Variability in findings on testosterone concentra-
tions in ASD has led researchers to hypothesize that sig-
nificant developmental effects contribute to observations 
of testosterone differences in ASD, where puberty may 
serve as a period of normalization for the observed ele-
vated levels of prepubertal testosterone associated with 
ASD-related traits, especially for males [41].

To date, research has largely focused on the role of tes-
tosterone during the fetal development period (organi-
zational) and future presentation of autism symptoms; 
therefore, less is known regarding any link between 
androgen levels and ASD symptoms and behavioral phe-
notypes later in development (activational effects), par-
ticularly during puberty and adolescence. The current 
study sought to examine morning salivary testosterone 
levels in a large, well-characterized sample of early ado-
lescents to observe potential diagnostic (ASD vs. TD) and 
sex (male vs. female) differences at pre- and peri-puber-
tal stages. Furthermore, hormonal concentrations were 
examined in association with development (age, puber-
tal status) and social functioning to explore the extent 
to which altered HPG axis functioning may be related to 
symptoms of ASD in the early adolescent period. It was 
hypothesized that youth with ASD would exhibit higher 
morning testosterone levels compared to the TD group 
and both ASD and TD male participants would exhibit 
higher morning testosterone levels relative to female 
participants. Additionally, developmental effects were 
predicted such that increase in age and pubertal develop-
ment would be associated with higher levels of testoster-
one. Moreover, it was predicted that results would reveal 
a positive association between elevated testosterone and 
more severe social symptoms.

Methods
Participants
Data were collected as part of a large, longitudinal study 
on pubertal development and stress [42]. The current 
study includes data from Year 1 enrollment when the 
children were between 10 and 13 years of age. In other 
words, the overarching aim of the larger study was to 
examine pubertal development (i.e., timing, tempo, 
and course) and stress (e.g., cortisol, heart rate) in 
youth with ASD compared to TD peers of comparable 
age. During Year 1, a similar number of participants in 
each group (ASD, TD) were recruited; however, a strict 
case–control matching was not employed. Of the total 
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sample of 244 youth, 140 had ASD (median age = 11.2, 
IQR = 10.5, 12.2) and 104 with TD (median age = 11.6, 
IQR = 10.6, 12.6). The ASD group included 36 (25.7%) 
females and the TD group included 46 (44.2%) females. 
Descriptive statistics for the sample are provided in 
Table 1.

Autism diagnosis was based on the Diagnostic and 
Statistical Manual-5 [1] and confirmed by: (1) a pre-
vious diagnosis by a psychologist, psychiatrist, or 
behavioral pediatrician with autism expertise; (2) cur-
rent clinical judgment, and (3) corroborated by the 
Autism Diagnostic Observation Schedule (ADOS-2; 
[43]) a semi-structured interview-based instrument 
administered by research-reliable personnel. Youth 
with ASD with a known genetic etiology (e.g., Fragile 
X syndrome) were excluded from enrollment. While 
genetic testing was not employed, it is suspected that 
the majority of the sample was idiopathic. The major-
ity of the sample (N = 93) had a previous diagnosis, 
yet the age of diagnosis was not tracked. Additional 
inclusion criteria included a required intelligence quo-
tient score (IQ) ≥ 70 for both ASD and TD groups, 
where IQ was estimated using the Wechsler Abbrevi-
ated Scale of Intelligence, Second Edition (WASI-II, 
[44]). Parents of youth in both groups completed the 

Social Communication Questionnaire (SCQ; [45]) to 
screen for symptoms of ASD; TD youth had to receive a 
score < 10 in order to be included in the study.

As part of the longitudinal study criteria, participants 
were not included if they reported any current use of 
medications known to alter the hypothalamic–pitui-
tary–adrenal (HPA) axis (e.g., corticosteroids; see [46]) or 
HPG axis (e.g., growth hormone). Youth with any medi-
cal condition known to impact pubertal development 
(e.g., Cushing’s Disease) were excluded, as were partici-
pants taking oral contraceptives, growth hormones, or 
nicotine all known to influence the HPA and/or HPG axis 
[47, 48]. Of the total sample, 65.2% of youth in the ASD 
group were taking at least one medication, while 17.5% of 
TD participants reported taking daily medication. Medi-
cation use included stimulants, melatonin, selective-ser-
otonin reuptake inhibitors, antihistamines, and central 
alpha-agonists.

The current study was carried out in accordance with 
the Code of Ethics of the World Medical Association 
(Declaration of Helsinki) and approved by the Vander-
bilt Institutional Review Board (IRB). Informed written 
consent/assent was obtained from all care providers and 
study participants, respectively, prior to inclusion in the 
study. Participation required two research visits to the 

Table 1  Demographic statistics

N is the number of non-missing values. 1Kruskal–Wallis, 2Pearson, 3Wilcoxon. TD, typical development; ASD, autism spectrum disorder; Md, median; IQR, interquartile 
range; GB, genital/breast; PH, pubic hair; SRS, social responsiveness scale; BMI, body mass index; T, testosterone (pg/ml)

N TD ASD Test statistic p value

(N = 104) (N = 140)

Md IQR Md IQR

Age 244 11.6 (10.6, 12.6) 11.2 (10.5, 12.2) F1,242 = 2.71 0.1013

GB stage 238 2 (1, 3) 2 (1, 3) F1,236 = 0.04 0.8353

PH stage 238 2 (1, 3) 1 (1, 3) F1,236 = 0.12 0.7333

SRS total T Score 240 46.0 (43.0, 51.5) 76.0 (69.0, 82.0) F1,238 = 544.4  < 0.0013

BMI percentile 239 53 (30, 88) 69 (39, 96) F1,237 = 6.12 0.0143

Waking T day 1 206 5.4 (2.1, 13.5) 7.8 (1.1, 27.6) F1,201 = 1.70 0.1933

Post-waking T day 1 203 3.3 (0.3, 13.1) 5.5 (0.6, 17.0) F1,201 = 1.84 0.1763

Waking T day 2 206 5.1 (1.7, 12.3) 6.2 (1.4, 28.5) F1,204 = 1.45 0.2303

Post-waking T day 2 202 3.1 (0.6, 12.1) 6.1 (0.7, 15.8) F1,200 = 2.81 0.0953

Waking T day 3 203 4.1 (1.4, 13.4) 8.1 (3.0, 29.9) F1,201 = 5.01 0.0263

Post-waking T day 3 197 3.6 (1.0, 9.9) 5.4 (1.4, 16.7) F1,195 = 1.91 0.1683

N Proportion Proportion Test statistic

Sex: female 244 0.442 46/104 0.257 36/140 Χ2 = 9.17 0.0022

Race 244 Χ2 = 12.06 0.0072

 White 0.856 (89/104) 0.814 (114/140)

 Black 0.019 (2/104) 0.121 (17/140)

 Asian/Pacific Islander 0.000 (0/104) 0.007 (1/140)

 Multiracial 0.125 (13/104) 0.057 (8/140)
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University. At visit 1, diagnostic and cognitive meas-
ures were administered to confirm study eligibility. Dur-
ing this visit, participants and their families were given 
instructions on collecting salivary samples at home 
(details below) and allowed the opportunity to practice 
to ensure understanding of the technique prior to leaving 
the lab.

Pubertal and psychosocial measures
Recent research with the sample comparing physical 
examination to parent- and self-report demonstrated that 
physical examination is the optimal approach for more 
precise pubertal measurement [49]. Therefore, physical 
examination scores were used in the current study.

Physical examination (PE)
Physical examination procedures were followed accord-
ing to the protocol previously reported by Corbett et al. 
[49]. In short, the PE was completed by a trained, licensed 
study physician to reliably identify pubertal development 
and assign Tanner stage [50, 51]. The examination ascer-
tained two measures with 5 stages for genitals (G1–G5 
for boys), breasts (B1–B5 for girls; GB stage), and pubic 
hair (P1–P5 for both genders; PH stage). The examina-
tion consisted of visual inspection and categorization of 
pubertal and genital maturation. To be consistent with 
the original Tanner staging and to maximize participa-
tion, palpation of breasts or measurement of testes was 
not conducted. As part of the larger study, participants 
provided self-reported perceived physical status, while 
parents reported on child’s pubertal development. Physi-
cians were blinded to self- and parent reports.

Social responsiveness scale (SRS‑2) [52]
The SRS-2 is a parent-report questionnaire of social 
symptoms associated with an ASD diagnosis. Symp-
toms are rated across several domains, including social 
motivation, cognition, communication, awareness, 
and restricted/repetitive behaviors. Domain and total 
scores are presented as standardized T scores. The SRS 
shows high sensitivities (0.74–0.80) and specificities 
(0.69–1.00) for ASD [53]. Analyses included SRS total T 
scores in order to examine the total range of ASD-related 
symptoms.

Salivary testosterone collection
Salivary testosterone can be measured reliably and non-
invasively utilizing small amounts of saliva, making it an 
ideal measure in studies of children and youth (e.g., [54, 
55]). Salivary samples were collected 4 times per day 
from the home over 3 consecutive weekdays using estab-
lished protocols [56, 57]. It has been previously demon-
strated that testosterone levels are highest in the morning 

and decline throughout the day [54]. In children and 
adolescents, testosterone concentrations are significantly 
lower than in adults. Given the relatively young age of the 
participants, afternoon and evening testosterone concen-
trations were often below the assay’s level of detection 
(2.5 pg/ml), a common problem in salivary testosterone 
research, particularly for younger children and early ado-
lescents [58, 59]. As such, the current study focused on 
morning testosterone concentrations, collected immedi-
ately upon waking and 30-min after awakening.

Samples were collected by passive drool through a 
straw into 2.0  ml screw cap microcentrifuge tubes dis-
tributed by Thermo Fisher Scientific. As many partici-
pants struggled to produce adequate saliva needed for 
assay, a salivary stimulant, namely, Trident® original fla-
vor sugarless gum was provided. According to previous 
reports [58], and our own testing [60], the use of the gum 
does not significantly affect testosterone concentrations 
compared to passive drool with no stimulant. Partici-
pants were provided with direct instruction and a mini-
manual of step-by-step passive drool procedures. They 
were instructed to avoid food and drink consumption 
for one hour prior to sample collection. If the participant 
became ill, home sampling was rescheduled until after 
the participant was healthy. For females, the menstrual 
cycle was documented, and basal testosterone was col-
lected during the mid-Follicular to early-Luteal phase to 
reduce variability across the menstrual cycle [61]. Sam-
ples were refrigerated until the next study visit (approxi-
mately 3–5  days post-saliva collection), at which point 
the study team stored samples in an ultra-low tempera-
ture (− 80 C) freezer until being sent for assay.

Testosterone assay
The salivary testosterone radioimmunoassay (RIA) 
performed in Hormone Assay and Analytical Services 
Core Laboratory of the Vanderbilt Diabetes Research 
and Training Center was developed in the laborato-
ries of the Division of the Diabetes, Endocrinology and 
Metabolism, Department of Medicine, Vanderbilt Uni-
versity Medical Center, Nashville, TN, 37232. The pri-
mary antibody to testosterone was purchased from MP 
Biomedicals, Cat#: 07-189113. Testosterone-19-Carbox-
ymethlyether-BSA was used as the antigen to generate 
antiserum in rabbits. The antibody is highly specific to 
testosterone. Cross-reactivity in the testosterone bio-
synthetic pathway is 5α-dihydrotestosterone (3.4%), 
5α-androstane-3β,17β-diol (2.2%), 11-oxotestosteron 
(2.0%), 6β-hydroxytestosterone (0.95%), androstenedi-
one (0.56%), progesterone (< 0.01%), and estradiol-17β 
(< 0.01%).

The assay is performed with testosterone I-125 from 
MP Biomedicals, Cat: #07-189121. Prior to assay, saliva 
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was stored at –  20  °C, then thawed and centrifuged at 
3460  rpm (2650  g) for 15  min to separate the aqueous 
component from mucins and other suspended particles. 
All samples were run in duplicate. The sensitivity of the 
assay is 0.0025 ng/ml. The inter-assay SD when a pool of 
human saliva was assayed repeatedly was ± 0.0013 ng/ml 
(n = 31, mean = 0.0063 ng/ml).

Statistical analyses
For all aims, we used linear mixed-effects models to 
account for repeated measurements within subjects using 
a random intercept and considered covariates age, sex, 
diagnosis, period, pubertal stage, and SRS total score. For 
all models, unless otherwise noted, natural cubic splines 
with 3 degrees of freedom (4 knots) were used to allow 
for non-linearity in the effect of age. For hypothesis test-
ing, we used type 2 sum of squares so that lower order 
terms are tested without their higher order interactions 
included in the model. Robust standard errors were 
obtained to account for model misspecification. Mod-
els were fit within R using the nlme package. We used a 
robust effect size index, denoted S, which is defined in a 
wide array of settings and is proportional to ½ Cohen’s d 
[62].

Results
To examine hypothesized diagnostic effects on testoster-
one concentrations, a linear mixed-effects model was fit 
with age, sex, diagnosis, period (e.g., waking vs. 30 min 
post-waking), and an age-by-diagnosis interaction. All 
these hypotheses were tested in the same model (by first 
testing the main effect of diagnosis and then testing the 
age-by-diagnosis interaction) to see whether age-related 
changes in testosterone differed by diagnosis. As shown 
in Table 2, there were significant main effects for nonlin-
ear age (p < 0.001) and diagnosis (p = 002), where testos-
terone levels increased with older age and ASD diagnosis 
(see Additional file 1: Table S1 for parameter estimates). 
Next, we tested the nonlinear age-by-diagnosis inter-
action to investigate whether age-related changes in 

testosterone differed by diagnosis; this effect was not sig-
nificant (Χ2 = 5.18, df = 3, p = 0.159, S = 0.104). While the 
nonlinear age-by-diagnosis was not significant, testos-
terone increases with age were more rapid for the ASD 
group (Fig. 1) and an exploratory model using linear age 
showed a significant age-by-diagnosis interaction with a 
small effect size (Χ2 = 4.72, df = 1, p = 0.030, S = 0.136).

To further examine the effects of age and sex on tes-
tosterone levels, an additional interaction term between 
nonlinear age and sex was added to the model. This inter-
action term had a strong association with testosterone 
(Χ2 = 22.38, df = 3, p < 0.001, S = 0.23), but did not quali-
tatively change the nonlinear age-by-diagnosis interac-
tion (Χ2 = 3.17, df = 3, p = 0.367, S = 0.029). To visualize 
the nonlinear age*sex interaction, we refit the model 
without the nonlinear age-by-diagnosis interaction 
(Table 3; Fig. 2). Lastly, a sex*diagnosis interaction term 
was added to examine whether sex differences in testos-
terone differed across ASD and TD groups; however, the 
interaction was not statistically significant (Χ2 = 0.02, 
df = 1, p = 0.879, S = 0.000).

While participants were excluded if taking oral contra-
ceptives, growth hormones, or other medications known 
to directly affect the HPG axis, five participants with ASD 
were taking Risperdal (Risperidone), which may affect 
steroidogenesis (see drug label at accessdata.fda.gov). To 
investigate whether differences in Risperidone prescrip-
tion were driving sex or diagnosis differences, we refit the 
model removing the five participants who were taking 
Risperidone and the results were qualitatively identical.

The second aim of the study was to examine the effects 
of the pubertal stage and social functioning on testoster-
one levels. To investigate this aim, we added fixed effects 
for GB stage and SRS Total Score to the model with non-
linear age, sex, diagnosis, and nonlinear interaction terms 
age*sex and age*diagnosis. Complete statistical results 
are given in Table 4. The model showed significant main 
effects for GB stage (p < 0.001), sex (p = 0.042), and age 
(p < 001). The interaction term for age*sex was signifi-
cant (p = 0.006), while there was no effect of diagnosis 
or age*diagnosis interaction. SRS total score did not sig-
nificantly predict testosterone levels (Table 4; Additional 
file 1: Table S2 for parameter estimates).

To determine whether results differed when including 
PH stage, rather than GB stage, models were repeated 
with PH stage as a predictor. As with GB stage, there 
was a significant main effect for PH stage (Χ2 = 58.29, 
df = 1, p < 0.001, S = 0.525). The interaction term between 
age*sex was significant (Χ2 = 13.57, df = 3, p = 0.004, 
S = 0.226), while there was no effect of diagnosis or 
age*diagnosis interaction (Χ2 = 2.69, df = 3, p = 0.442, 
S = 0.00. Further, SRS total score did not significantly 
predict testosterone levels (Χ2 = 0.319, df = 1, p = 0.572, 

Table 2  Type 2 sum of squares for main effects of diagnosis, sex, 
age, and a diagnosis*age interaction

Significant p values in bold

df, degrees of freedom; ns, natural cubic splines

Factor Χ2 df p Effect size (S)

Sex 0.98 1 0.323 0.0

Age (ns) 145.59 3 < 0.001 0.82

Diagnosis 9.59 1 0.002 0.20

Period 39.61 1 < 0.001 0.43

Diagnosis*age (ns) 5.96 3 0.114 0.12
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S = 0.00; PH results available in Additional file 1: Tables 
S3 and S4).

While reported models examined testosterone lev-
els as the outcome variable to allow for a consistent 
modeling framework, it is plausible that testosterone 
would itself predict social functioning (SRS) or puber-
tal development (GB/PH stage). To examine this pos-
sibility, we fit separate linear models with SRS score, 
GB stage, or PH stage as the outcome and testosterone 
as a predictor. Qualitatively, results were similar, with 
no significant main effect for testosterone as a predic-
tor of SRS total and a significant effect for testosterone 
as a predictor of GB and PH stage. Tables of the main 

effects for each model can be found in Additional file 1: 
Tables S5, S6, and S7.

Discussion
For decades, researchers have aimed to identify fac-
tors associated with autistic symptoms in an effort to 
develop and refine early diagnostic and intervention 
techniques. Of these efforts, the fetal androgen theory 
[26] proposed that exposure to increased androgen levels 
prenatally may increase the likelihood for later presenta-
tion of autistic-like traits [24–26]. Substantial literature 
has emerged to provide support for these theories—now 
expanded to include estrogens (prenatal steroid theory; 
[23])—where elevations in sex steroids, such as andros-
tenedione and testosterone, measured via amniotic fluid 
sampling or in umbilical cord blood, were associated with 
an increase in autistic symptoms in later toddlerhood and 
childhood (e.g., [28, 30–32]). Furthermore, a direct study 
of males born between 1993 and 1999 found those with 
an eventual diagnosis of autism had increased steroido-
genic activity, measured in the amniotic fluid, relative 
to typically developing controls [63]. The current study 
sought to extend past research by examining testoster-
one concentrations during a later period of high sex ster-
oid activity, namely puberty, to determine the extent to 

Fig. 1  Predicted waking testosterone by age in males with and without ASD

Table 3  Type 2 sum of squares for main effects of diagnosis, sex, 
age, and a sex*age interaction

Significant p values in bold

df, degrees of freedom; ns, natural cubic splines

Factor Χ2 df p Effect size (S)

Age (ns) 154.46 3 < 0.001 0.85

Sex 2.25 1 0.133 0.08

Diagnosis 3.87 1 0.049 0.13

Period 39.74 1 < 0.001 0.43

Sex*age (ns) 25.07 3 < 0.001 0.32
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which males and females with ASD continue to demon-
strate elevated testosterone compared to TD peers.

Across several of the statistical models, a significant 
difference in testosterone concentrations was observed 
between ASD and TD youth, with elevations in the ASD 
group confirming our hypotheses. The results appear 
consistent with much of the extant literature includ-
ing evidence for elevated testosterone prenatally (e.g., 
[63]). Furthermore, some limited findings in older chil-
dren [33, 64] or adults [38] with ASD have reported 

elevated testosterone or testosterone precursors. In 
contrast, other studies have cited no significant differ-
ences, or even lower testosterone, between ASD and 
TD, particularly around the prepubertal or post-pubertal 
period [39–41]. Nevertheless, our study extends previous 
research in prenatal samples to support continued testos-
terone and HPG axis differences during the adolescent 
period in ASD. Critically, the dynamic nature of adoles-
cence and pubertal development warrants careful consid-
eration when examining hormonal differences, including 
testosterone.

Given the complexities of HPG axis regulation as a 
function of age and development, we further explored 
possible diagnostic and age interactions. Although tes-
tosterone levels increased with older age and appeared to 
do so at a more rapid rate for ASD youth (Fig. 1), there 
were no significant interaction effects identified between 
diagnostic group status and age. In other words, while 
the presence of ASD may influence testosterone levels, 
age is likely a stronger predictor of elevations in testos-
terone during adolescence. Indeed, it is well established 
that the HPG axis during puberty is activated, resulting 
in a rise in testosterone and other sex steroids to enable 
sexual maturation [14].

The most consistent finding across multiple models 
was the significant interaction effect between age and 

Fig. 2  Predicted testosterone at waking for males and females

Table 4  Type 2 sum of squares for main effects of diagnosis, sex, 
age, GB stage, SRS total, diagnosis*age, and sex*age

Significant p values in bold

df, degrees of freedom; ns, natural cubic splines

Factor Χ2 df p Effect Size (S)

GB stage 53.12 1 < 0.001 0.50

SRS total 0.01 1 0.915 0.00

Age (ns) 56.39 3 < 0.001 0.51

Sex 4.12 1 0.042 0.12

Diagnosis 0.54 1 0.464 0.0

Period 38.37 1 < 0.001 0.42

Sex*age (ns) 12.58 3 0.006 0.22

Diagnosis*age (ns) 5.07 3 0.167 0.10
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sex. Interestingly, females had higher testosterone at 
younger ages, but by age 11.5 years, males began to show 
higher testosterone levels compared to females, regard-
less of diagnosis (see Fig. 2). These findings are consistent 
with previous longitudinal research in TD youth rang-
ing from 8 to 29  years demonstrating unique sex-based 
differences in the developmental slope for testosterone 
[65]. Females in the current sample demonstrated an 
early increase in testosterone, followed by a plateauing by 
mid- to-late adolescence similar to research in neurotypi-
cal populations [65, 66]. In contrast to the female trajec-
tory described above, males showed a rapid testosterone 
increase which continued throughout later development 
stages (Fig. 2), also similar to previous reports [65]. These 
trajectories are consonant with known sex-based differ-
ences in hormonal expression (i.e., estrogen in females, 
testosterone in males [67], suggesting future research 
should carefully consider biological sex when examining 
hormonal differences between diagnostic groups.

In an effort to distinguish between adolescence (age) 
and pubertal effects while examining sex and diagnosis, 
additional models adjusted for the main effect of pubertal 
stage (GB and PH). As expected, more advanced pubertal 
stage was associated with increased testosterone. There 
was no main effect for diagnosis or an age-by-diagnosis 
interaction, suggesting ASD and TD youth did not dif-
fer in testosterone concentrations across advancing age 
when accounting for pubertal timing. The results were 
consistent when examining either GB or PH stage, show-
ing the expected rise in testosterone levels over pubertal 
growth. However, there was no effect of social function-
ing, as measured by the SRS, on testosterone levels for 
any of the aforementioned models, nor did testosterone 
levels predict SRS scores. Nevertheless, future research 
will need to closely examine the complex interplay of 
social functioning, development, hormonal activation, 
and diagnostic status to enhance understanding of hor-
monal effects on cognition and behavior throughout the 
lifespan.

On the surface, these results do not appear to align 
with a recent study comparing prenatal testosterone 
(pT) to autistic traits in adolescents and young adults 
aged 13 to 21 [68]. Similar to our current report, there 
were no direct associations between pT and autistic 
traits. In contrast, however, exploratory analysis sug-
gested a positive correlation between autistic traits and 
pT in those with earlier pubertal timing, which was 
stronger in males [68]. As such, there may be unique 
associations between pubertal timing, ASD symptoms, 
and biological sex. Notably, the females with ASD in 
the current sample evidenced advanced pubertal tim-
ing compared to TD females during early adolescence 
when the sample was 10 to 13 years of age [69], which 

may correspond with their higher levels of testosterone 
observed at these younger ages. Earlier pubertal timing 
was also observed in males with ASD albeit during mid-
dle adolescence [70]}, which again seems to align with 
the rise in testosterone in males. Despite this intriguing 
connection between pubertal testosterone, autism, and 
sex, there are notable differences in methods between 
the current study and Dooley et  al. (2022), which 
include: sample differences (confirmed ASD diagno-
sis vs. self/parent-report of autistic traits), sample age 
(10–13  years vs. 13–21  years), testosterone effects 
(pubertal/activational vs. prenatal/organizational), and 
pubertal development (Physical Exam Tanner stag-
ing vs. PDS questionnaire), respectively. Furthermore, 
while the current study did not find any relationship 
between ASD diagnosis and testosterone at varying 
developmental stages, we did not explore differences 
according to early-, normative-, or late-pubertal timing, 
nor did we examine a relationship with age of menarche 
in females. However, future studies following the cur-
rent sample across four years will be able to examine 
pubertal timing and tempo differences and testosterone 
levels throughout early-to-late adolescence. Overall, 
despite their differences, both studies suggest a poten-
tial overlap with regards to the association between tes-
tosterone levels, autistic traits, and pubertal timing.

The findings indicate that testosterone may play a role 
in the manifestation or presentation of ASD, especially 
during periods of dynamic hormonal changes, namely 
gestation and pubertal development. Inherent devel-
opmental (age, puberty) and sex-based (male, female) 
factors play a more prominent role in changes in testos-
terone levels during adolescence. While the prenatal ster-
oid theory [23] relates to prenatal, organizational effects 
of testosterone in autism, the current study focused 
on what are likely activational, behavioral influences of 
androgens during pubertal development. It remains to be 
determined whether fetal steroid levels directly correlate 
with pubertal levels [24, 25] and whether testosterone 
may modulate the autism phenotype after fetal develop-
ment [71, 72]. Future longitudinal studies of steroid levels 
from the prenatal to the pubertal period would provide 
more insight into both organizational and activational 
roles for testosterone in ASD. This notion is important to 
consider especially since findings during childhood and 
adolescence are mixed (e.g., [24, 31, 32, 39, 40, 68]). It 
is plausible there exists a more nuanced effect in which 
elevations in testosterone are observed in a subset of 
youth, such as those with earlier pubertal onset. Indeed, 
advanced pubertal onset has been observed in females 
with ASD during early adolescence [69] and more 
recently reported in females and males with ASD during 
early-to-middle adolescence [70].
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To date, the vast majority of research on testoster-
one has focused on the impact of fetal androgens on 
the autism phenotype. Results suggest that diagnosis 
in concert with other strong developmental predictors 
may contribute to autistic characteristics in a subgroup 
of youth. Future studies with larger, well-characterized 
samples are warranted to explore a) the influence of 
biological sex and developmental factors to determine 
changes in testosterone levels over the pubertal transi-
tion, b) whether differences in testosterone values extend 
into adulthood, c) other biological explanations of tes-
tosterone differences in ASD (e.g., genetics [73], physi-
cal health/body weight), and d) what impact testosterone 
changes or levels may have on the ASD symptom profile 
throughout development.

Limitations
There are many strengths to the study including the rig-
orous measurement of ASD, pubertal development, 
and morning salivary testosterone and a robust statisti-
cal design. Nevertheless, limitations exist. The current 
study sample was unequal in its male-to-female distribu-
tion, which may be notable when considering established 
sex-based hormonal differences, particularly during the 
pubertal period. Also, the sample was non-representative 
in terms of broader cognitive functioning and race/eth-
nicity; therefore, the extent to which findings generalize 
across the spectrum is uncertain. Finally, the detection 
limit in the assay prevented examining testosterone at 
time points other than morning samples.

Conclusions
Overall, youth with ASD demonstrated elevated testos-
terone compared to TD youth. While ASD had higher 
testosterone than TD, there is no evidence to suggest 
changes in concentrations over time differ significantly 
beyond the expected sex-based trajectories. Similarly, 
age and pubertal stage were highly predictive of elevated 
testosterone. Finally, despite hypothesized relationships 
between testosterone and social functioning, particu-
larly in ASD, it was not a significant predictor of testos-
terone. In summary, testosterone may play a unique role 
in the presentation of ASD, especially during periods of 
dynamic hormonal changes including puberty. Inher-
ent developmental (age, puberty) and sex-based (male, 
female) factors play a more prominent role in changes in 
testosterone levels during adolescence. Even so, future 
research is warranted to determine the differential 
expression and impact of exposure to excess testosterone 
during multiple critical periods of development (e.g., pre-
natal, postnatal, pubertal) t for youth with ASD.

Abbreviations
ADOS-2: Autism Diagnostic Observation Schedule, 2nd Edition; ASD: Autism 
spectrum disorder; BMI: Body mass index; DHEA: Dehydroepiandrosterone; 
EMB: Extreme male brain; E–S: Empathizing–sympathizing; FSH: Follicle-stim-
ulating hormone; GB: Genital (G)/breast (B); GnRH: Gonadotropin-releasing 
hormone; HPA: Hypothalamic–pituitary–adrenal; HPG: Hypothalamic–pituitary 
gonadal; LH: Luteinizing hormone; PE: Physical examination; PH: Pubic hair; pT: 
Prenatal testosterone; Q-CHAT: Quantitative Checklist for Autism in Toddlers; 
SRS-2: Social Responsiveness Scale, 2nd Edition; TD: Typical development; 
WASI-2: Wechsler Abbreviated Scale of Intelligence, 2nd Edition.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13229-​022-​00515-4.

Additional file 1. Excel workbook (.xlsx) for Tables S1–S7. Table S1: 
Parameter estimates of model including Sex, Nonlinear Age, Diagnosis, 
and Age*Diagnosis; Table S2: Parameter estimates of model including 
Diagnosis, Sex, Age, GB stage, SRS Total, Diagnosis*Age, and Sex*Age; 
Table S3: Type 2 Sum of Squares for Main Effects of Diagnosis, Sex, Age, 
PH stage, SRS Total, Diagnosis*Age, and Sex*Age; Table S4: Parameter 
estimates of model including Diagnosis, Sex, Age, PH stage, SRS Total, 
Diagnosis*Age, and Sex*Age; Table S5: Type 2 Sum of Squares for Main 
Effects of Testosterone, Diagnosis, Sex, Age, GB stage, Diagnosis*Age, and 
Sex*Age on SRS Total; Table S6: Type 2 Sum of Squares for Main Effects 
of Testosterone, Diagnosis, Sex, Age, Diagnosis*Age, and Sex*Age on GB 
Stage; Table S7:, Type 2 Sum of Squares for Main Effects of Testosterone, 
Diagnosis, Sex, Age, Diagnosis*Age, and Sex*Age on PH Stage.

Acknowledgements
The authors thank the Vanderbilt Hormone Assay and Analytical Core (sup-
ported by DK059637 and DK020593) for the completion of the testosterone 
assays. We are grateful to the children and their families for their many contri-
butions to our research.

Author contributions
RAM contributed to the design of the study, led data acquisition, coordinated 
completion of assays, and wrote the initial draft of the manuscript. ER and KM 
contributed to data collection and writing the initial draft of the manuscript. 
AK and SV contributed to the statistical design, analysis, interpretations of the 
data, and drafting and editing the manuscript. BAC designed the study, over-
saw data acquisition, analysis, and interpretation, and contributed to writing 
the initial draft of the manuscript. All authors participated in the preparation 
and editing of the manuscript and approved the final manuscript.

Funding
This study was funded by the National Institute of Mental Health (MH111599 
PI: Corbett) with core support from the National Institute of Child Health and 
Human Development (U54 HD083211, PI: Neul) and the National Center for 
Advancing Translational Sciences (CTSA UL1 TR000445). None of the funding 
sources were involved in the study design, collection, analysis and interpreta-
tion of the data, writing of the report, or the decision to submit the article for 
publication.

Availability of data and materials
The datasets used and analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The current study was carried out in accordance with the Code of Ethics of 
the World Medical Association (Declaration of Helsinki) and approved by the 
Vanderbilt Institutional Review Board (IRB). Informed written consent/assent 
was obtained from all care providers and study participants, respectively, prior 
to inclusion in the study.

https://doi.org/10.1186/s13229-022-00515-4
https://doi.org/10.1186/s13229-022-00515-4


Page 11 of 12Muscatello et al. Molecular Autism           (2022) 13:37 	

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Psychiatry and Behavioral Sciences, Vanderbilt University 
Medical Center, 1500 21st Avenue South, Nashville, TN 37212, USA. 2 Vanderbilt 
University, Nashville, TN, USA. 3 Department of Biostatistics, Vanderbilt Univer-
sity Medical Center, Nashville, TN, USA. 4 Vanderbilt Kennedy Center, Vanderbilt 
University Medical Center, Nashville, TN, USA. 5 Department of Psychology, 
Vanderbilt University, Nashville, TN, USA. 

Received: 21 July 2022   Accepted: 10 September 2022

References
	1.	 APA. Diagnostic and statistical manual of mental disorders (DSM-5). 5th 

ed. Arlington, VA: American Psychiatry Association; 2013.
	2.	 Hall GS. Adolescence: In psychology and its relation to physiology, 

anthropology, sociology, sex, crime, religion, and education, vol. 1, II. 
Englewood Cliffs, NJ: Prentice-Hall; 1904.

	3.	 Burke HM, Davis MC, Otte C, Mohr DC. Depression and cortisol responses 
to psychological stress: a meta-analysis. Psychoneuroendocrinology. 
2005;30(9):846–56.

	4.	 Rao U, Hammen CL, Poland RE. Longitudinal course of adolescent depres-
sion: neuroendocrine and psychosocial predictors. J Am Acad Child 
Adolesc Psychiatry. 2010;49(2):141–51.

	5.	 Sisk CL, Foster DL. The neural basis of puberty and adolescence. Nat 
Neurosci. 2004;7(10):1040–7.

	6.	 Sisk CL, Zehr JL. Pubertal hormones organize the adolescent brain and 
behavior. Front Neuroendocrinol. 2005;26(3–4):163–74.

	7.	 Vadakkadath Meethal S, Atwood CS. The role of hypothalamic–pituitary–
gonadal hormones in the normal structure and functioning of the brain. 
CMLS Cell Mol Life Sci. 2005;62(3):257–70.

	8.	 Kuiri-Hanninen T, Sankilampi U, Dunkel L. Activation of the hypotha-
lamic–pituitary–gonadal axis in infancy: minipuberty. Horm Res Paediatr. 
2014;82(2):73–80.

	9.	 Andersson AM, Toppari J, Haavisto AM, Petersen JH, Simell T, Simell O, 
et al. Longitudinal reproductive hormone profiles in infants: peak of inhi-
bin B levels in infant boys exceeds levels in adult men. J Clin Endocrinol 
Metab. 1998;83(2):675–81.

	10.	 Renault CH, Aksglaede L, Wojdemann D, Hansen AB, Jensen RB, Juul A. 
Minipuberty of human infancy—a window of opportunity to evaluate 
hypogonadism and differences of sex development? Ann Pediatr Endo-
crinol Metab. 2020;25(2):84–91.

	11.	 Winter JS, Hughes IA, Reyes FI, Faiman C. Pituitary-gonadal relations in 
infancy: 2. Patterns of serum gonadal steroid concentrations in man from 
birth to two years of age. J Clin Endocrinol Metab. 1976;42(4):679–86.

	12.	 Bizzarri C, Cappa M. Ontogeny of hypothalamus-pituitary gonadal axis 
and minipuberty: an ongoing debate? Front Endocrinol (Lausanne). 
2020;11:187.

	13.	 Johannsen TH, Main KM, Ljubicic ML, Jensen TK, Andersen HR, Andersen 
MS, et al. Sex differences in reproductive hormones during mini-puberty 
in infants with normal and disordered sex development. J Clin Endocrinol 
Metab. 2018;103(8):3028–37.

	14.	 Peper JS, Brouwer RM, van Leeuwen M, Schnack HG, Boomsma DI, Kahn 
RS, et al. HPG-axis hormones during puberty: a study on the association 
with hypothalamic and pituitary volumes. Psychoneuroendocrinology. 
2010;35(1):133–40.

	15.	 Phoenix CH, Goy RW, Gerall AA, Young WC. Organizing action of prena-
tally administered testosterone propionate on the tissues mediating mat-
ing behavior in the female guinea pig. Endocrinology. 1959;65:369–82.

	16.	 Leranth C, Shanabrough M, Redmond DE Jr. Gonadal hormones are 
responsible for maintaining the integrity of spine synapses in the CA1 
hippocampal subfield of female nonhuman primates. J Comp Neurol. 
2002;447(1):34–42.

	17.	 Simerly RB. Wired for reproduction: organization and development of 
sexually dimorphic circuits in the mammalian forebrain. Annu Rev Neuro-
sci. 2002;25:507–36.

	18.	 Schulz KM, Molenda-Figueira HA, Sisk CL. Back to the future: the organ-
izational-activational hypothesis adapted to puberty and adolescence. 
Horm Behav. 2009;55(5):597–604.

	19.	 Loomes R, Hull L, Mandy WPL. What is the male-to-female ratio in autism 
spectrum disorder? A systematic review and meta-analysis. J Am Acad 
Child Adolesc Psychiatry. 2017;56(6):466–74.

	20.	 Baron-Cohen S. The extreme male brain theory of autism. Trends Cogn 
Sci. 2002;6(6):248–54.

	21.	 Baron-Cohen S, Richler J, Bisarya D, Gurunathan N, Wheelwright S. The 
systemizing quotient: an investigation of adults with Asperger syndrome 
or high-functioning autism, and normal sex differences. Philos Trans R 
Soc Lond B Biol Sci. 2003;358(1430):361–74.

	22.	 Baron-Cohen S, Auyeung B, Norgaard-Pedersen B, Hougaard DM, Abdal-
lah MW, Melgaard L, et al. Elevated fetal steroidogenic activity in autism. 
Mol Psychiatry. 2015;20(3):369–76.

	23.	 Baron-Cohen S, Tsompanidis A, Auyeung B, Norgaard-Pedersen B, 
Hougaard DM, Abdallah M, et al. Foetal oestrogens and autism. Mol 
Psychiatry. 2020;25(11):2970–8.

	24.	 Auyeung B, Lombardo MV, Baron-Cohen S. Prenatal and postnatal 
hormone effects on the human brain and cognition. Pflugers Arch. 
2013;465(5):557–71.

	25.	 Baron-Cohen S, Lombardo MV, Auyeung B, Ashwin E, Chakrabarti B, 
Knickmeyer R. Why are autism spectrum conditions more prevalent in 
males? PLoS Biol. 2011;9(6):e1001081.

	26.	 Baron-Cohen S, Knickmeyer RC, Belmonte MK. Sex differences in the 
brain: implications for explaining autism. Science. 2005;310(5749):819–23.

	27.	 Lutchmaya S, Baron-Cohen S, Raggatt P. Foetal testosterone and 
eye contact in 12-month-old human infants. Infant Behav Dev. 
2002;25(3):327–35.

	28.	 Knickmeyer R, Baron-Cohen S, Raggatt P, Taylor K. Foetal testosterone, 
social relationships, and restricted interests in children. J Child Psychol 
Psychiatry. 2005;46(2):198–210.

	29.	 Chapman E, Baron-Cohen S, Auyeung B, Knickmeyer R, Taylor K, Hackett 
G. Fetal testosterone and empathy: evidence from the empathy 
quotient (EQ) and the “reading the mind in the eyes” test. Soc Neurosci. 
2006;1(2):135–48.

	30.	 Auyeung B, Taylor K, Hackett G, Baron-Cohen S. Foetal testosterone and 
autistic traits in 18 to 24-month-old children. Mol Autism. 2010;1(1):11.

	31.	 Auyeung B, Baron-Cohen S, Ashwin E, Knickmeyer R, Taylor K, Hackett G. 
Fetal testosterone and autistic traits. Br J Psychol. 2009;100(Pt 1):1–22.

	32.	 Whitehouse AJ, Mattes E, Maybery MT, Dissanayake C, Sawyer M, Jones 
RM, et al. Perinatal testosterone exposure and autistic-like traits in the 
general population: a longitudinal pregnancy-cohort study. J Neurodev 
Disord. 2012;4(1):25.

	33.	 Majewska MD, Hill M, Urbanowicz E, Rok-Bujko P, Bienkowski P, Namys-
lowska I, et al. Marked elevation of adrenal steroids, especially androgens, 
in saliva of prepubertal autistic children. Eur Child Adolesc Psychiatry. 
2014;23(6):485–98.

	34.	 Pivovarciova A, Durdiakova J, Babinska K, Kubranska A, Vokalova L, Minarik 
G, et al. Testosterone and androgen receptor sensitivity in relation to 
hyperactivity symptoms in boys with autism spectrum disorders. PLoS 
ONE. 2016;11(2):e0149657.

	35.	 Pivovarciova A, Durdiakova J, Hnilicova S, Filcikova D, Ostatnikova D. 
Testosterone in relation to behavioral problems in pre-pubertal boys with 
autism spectrum disorders. Physiol Res. 2015;64(Suppl 5):S595-601.

	36.	 Pivovarciova A, Hnilicova S, Ostatnikova D, Mace FC. Bio-behavioral 
model of aggression in autism spectrum disorders-pilot study. Bratisl Lek 
Listy. 2015;116(12):702–6.

	37.	 Bejerot S, Eriksson JM, Bonde S, Carlstrom K, Humble MB, Eriksson E. The 
extreme male brain revisited: gender coherence in adults with autism 
spectrum disorder. Br J Psychiatry. 2012;201:116–23.

	38.	 Ruta L, Ingudomnukul E, Taylor K, Chakrabarti B, Baron-Cohen S. 
Increased serum androstenedione in adults with autism spectrum condi-
tions. Psychoneuroendocrinology. 2011;36(8):1154–63.

	39.	 Tordjman S, Anderson GM, McBride PA, Hertzig ME, Snow ME, 
Hall LM, et al. Plasma androgens in autism. J Autism Dev Disord. 
1995;25(3):295–304.



Page 12 of 12Muscatello et al. Molecular Autism           (2022) 13:37 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	40.	 Croonenberghs J, Van Grieken S, Wauters A, Van West D, Brouw L, Maes 
M, et al. Serum testosterone concentration in male autistic youngsters. 
Neuro Endocrinol Lett. 2010;31(4):483–8.

	41.	 Tan DW, Maybery MT, Clarke MW, Di Lorenzo R, Evans MO, Mancinone 
M, et al. No relationship between autistic traits and salivary testoster-
one concentrations in men from the general population. PLoS ONE. 
2018;13(6):e0198779.

	42.	 Corbett BA. Examining stress and arousal across pubertal development in 
ASD. Bethesda: National Institute of Mental Health; 2017.

	43	 Lord C, Rutter M, DiLavore PC, Risi S, Gotham K, Bishop SL. Autism diag-
nostic observation schedule, 2nd edition (ADOS-2). Torrance, CA: Western 
Psychological Services; 2012.

	44	 Wechsler D. Wechsler abbreviated scale of intelligence, 2nd edition 
(WASI-II). 2nd ed. San Antonio, TX: Pearson; 2011.

	45	 Rutter M, Bailey A, Lord C. Social communication questionnaire. Los 
Angeles: Western Psychological Services; 2003.

	46.	 Granger DA, Hibel LC, Fortunato CK, Kapelewski CH. Medication 
effects on salivary cortisol: tactics and strategy to minimize impact in 
behavioral and developmental science. Psychoneuroendocrinology. 
2009;34(10):1437–48.

	47.	 Foley P, Kirschbaum C. Human hypothalamus-pituitary-adrenal axis 
responses to acute psychosocial stress in laboratory settings. Neurosci 
Biobehav Rev. 2010;35(1):91–6.

	48.	 Kirschbaum C, Klauer T, Filipp SH, Hellhammer DH. Sex-specific effects of 
social support on cortisol and subjective responses to acute psychologi-
cal stress. Psychosom Med. 1995;57(1):23–31.

	49.	 Corbett BA, Muscatello RA, Tanguturi Y, McGinn E, Ioannou S. Puber-
tal development measurement in children with and without autism 
spectrum disorder: a comparison between physical exam, parent- and 
self-report. J Autism Dev Disord. 2019;49(12):4807–19.

	50.	 Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in 
boys. Arch Dis Child. 1970;45(239):13–23.

	51.	 Marshall WA, Tanner JM. Variations in pattern of pubertal changes in girls. 
Arch Dis Child. 1969;44(235):291–303.

	52	 Constantino JN, Gruber CP. Social responsiveness scale. 2nd ed. Torrance, 
CA: Western Psychological Services; 2012.

	53.	 Bölte S, Westerwald E, Holtmann M, Freitag C, Poustka F. Autistic traits and 
autism spectrum disorders: the clinical validity of two measures presum-
ing a continuum of social communication skills. J Autism Dev Disord. 
2011;41(1):66–72.

	54.	 Dabbs JM Jr. Salivary testosterone measurements: reliability across hours, 
days, and weeks. Physiol Behav. 1990;48(1):83–6.

	55.	 Navarro MA, Juan L, Bonnin MR, Villabona C. Salivary testosterone: rela-
tionship to total and free testosterone in serum. Clin Chem. 1986;32(1 Pt 
1):231–2.

	56.	 Corbett BA, Mendoza S, Abdullah M, Wegelin JA, Levine S. Cortisol circa-
dian rhythms and response to stress in children with autism. Psychoneu-
roendocrinology. 2006;31(1):59–68.

	57.	 Corbett BA, Mendoza S, Wegelin JA, Carmean V, Levine S. Variable cortisol 
circadian rhythms in children with autism and anticipatory stress. J 
Psychiatry Neurosci JPN. 2008;33(3):227–34.

	58.	 Granger DA, Schwartz EB, Booth A, Arentz M. Salivary testosterone 
determination in studies of child health and development. Horm Behav. 
1999;35(1):18–27.

	59.	 Granger DA, Shirtcliff EA, Booth A, Kivlighan KT, Schwartz EB. The 
“trouble” with salivary testosterone. Psychoneuroendocrinology. 
2004;29(10):1229–40.

	60.	 Corbett BA. Comparisons of salivary sampling collection method. Unpub-
lished data set.

	61.	 Roca CA, Schmidt PJ, Altemus M, Deuster P, Danaceau MA, Putnam K, 
et al. Differential menstrual cycle regulation of hypothalamic-pituitary-
adrenal axis in women with premenstrual syndrome and controls. J Clin 
Endocrinol Metab. 2003;88(7):3057–63.

	62.	 Vandekar S, Tao R, Blume J. A robust effect size index. Psychometrika. 
2020;85(1):232–46.

	63.	 Baron-Cohen S, Auyeung B, Nørgaard-Pedersen B, Hougaard DM, Abdal-
lah MW, Melgaard L, et al. Elevated fetal steroidogenic activity in autism. 
Mol Psychiatry. 2015;20(3):369–76.

	64.	 El-Baz F, Hamza RT, Ayad MS, Mahmoud NH. Hyperandrogenemia in 
male autistic children and adolescents: relation to disease severity. Int J 
Adolesc Med Health. 2014;26(1):79–84.

	65.	 Wierenga LM, Bos MGN, Schreuders E, Vd Kamp F, Peper JS, Tamnes CK, 
et al. Unraveling age, puberty and testosterone effects on subcortical 
brain development across adolescence. Psychoneuroendocrinology. 
2018;91:105–14.

	66.	 Ankarberg C, Norjavaara E. Diurnal rhythm of testosterone secretion 
before and throughout puberty in healthy girls: correlation with 17beta-
estradiol and dehydroepiandrosterone sulfate. J Clin Endocrinol Metab. 
1999;84(3):975–84.

	67.	 Grumbach MM, Styne DM. Puberty: ontogeny, neuroendocrinology, 
physiology, and disorders. In: Wilson JD, Foster DW, Kronenberg HM, 
Larsen PR, editors. Williams textbook of neuroendocrinology. 9th ed. 
Philadelphia, PA: W.B. Saunders Company; 1998. p. 1509–625.

	68.	 Dooley N, Ruigrok A, Holt R, Allison C, Tsompanidis A, Waldman J, et al. Is 
there an association between prenatal testosterone and autistic traits in 
adolescents? Psychoneuroendocrinology. 2022;136:105623.

	69	 Corbett BA, Vandekar S, Muscatello RA, Tanguturi Y. Pubertal timing dur-
ing early adolescence: advanced pubertal onset in females with autism 
spectrum disorder. Autism Res. 2020;13:2202–15.

	70.	 Corbett BA, Muscatello RA, Kim A, Vandekar S, Duffus S, Sparks S, et al. 
Examination of pubertal timing and tempo in females and males with 
autism spectrum disorder compared to typically developing youth. 
Autism Res. 2022. Online ahead of print.

	71.	 Geier DA, Geier MR. A prospective assessment of androgen levels in 
patients with autistic spectrum disorders: biochemical underpinnings 
and suggested therapies. Neuro Endocrinol Lett. 2007;28(5):565–73.

	72.	 Werling DM, Geschwind DH. Understanding sex bias in autism spectrum 
disorder. Proc Natl Acad Sci U S A. 2013;110(13):4868–9.

	73.	 Xu XJ, Shou XJ, Li J, Jia MX, Zhang JS, Guo Y, et al. Mothers of autistic chil-
dren: lower plasma levels of oxytocin and Arg-vasopressin and a higher 
level of testosterone. PLoS ONE. 2013;8(9):e74849.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Salivary testosterone in male and female youth with and without autism spectrum disorder: considerations of development, sex, and diagnosis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Limitations: 
	Conclusions: 

	Background
	Adolescence and the hypothalamic–pituitary–gonadal (HPG) axis
	The HPG axis and autism

	Methods
	Participants
	Pubertal and psychosocial measures
	Physical examination (PE)
	Social responsiveness scale (SRS-2) [52]

	Salivary testosterone collection
	Testosterone assay
	Statistical analyses

	Results
	Discussion
	Limitations

	Conclusions
	Acknowledgements
	References


