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Abstract
Sexually differentiated behaviour appears to emerge from a complex interaction of biological and socio-cultural factors, with 
prenatal exposure to steroid hormones such as testosterone thought to play a key role. Due to large sex differences being 
present from a very early age, much research has focussed on the influence these hormones may have on play preferences 
during childhood. We present an overview of the literature and a random-effects meta-analysis linking amniotic testosterone 
with sexually differentiated play preferences (k = 9, n = 493). The overall effect size estimate was in the theory-consistent 
direction (i.e., with higher levels of testosterone associated with more male-typical play preferences), though not statistically 
significant (r = 0.082, p = 0.274). However, after three hypothesised missing studies were imputed via the trim and fill proce-
dure, a significant correlation emerged (r = 0.166, p = 0.014). Nevertheless, one sample was observed to exert a particularly 
large influence on the outcome of the analysis. Notably this was the second biggest sample and related to the largest effect 
size estimate. Though far from conclusive, the overall findings are consistent with the idea that individual differences in 
prenatal testosterone within the typical range predict sexually differentiated play preferences in early life. However, these 
effects may be small in magnitude and appear to vary considerably across studies.
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Introduction

Sex differences are present for a range of behaviours that 
emerge during early human development (Hines, 2004). 
One of the most widely reported and consistently replicated 
findings is that male and female children differ, on aver-
age, in their play preferences. Although we do not have a 
full understanding of the exact origins and mechanisms by 
which these preferences develop, it appears likely that a 
complex interaction between biological and environmental 
influences occurs. Interestingly, sex differences reminiscent 
of those reported in humans have also been noted in other 
mammalian species, an observation that implies a common 
evolutionary origin (LaFreniere, 2011).

Sex differences in human play behaviour manifest very 
early in life as a male inclination towards ‘rough-and-tum-
ble’ (e.g., play fighting), and preferences by both boys and 
girls for same-sex play partners and stereotypically sex-typ-
ical toys (e.g., vehicles for boys, dolls for girls). The mag-
nitude of the sex difference for play behaviours appears to 
be particularly large for toy preferences, which is also larger 
than the size of the sex differences found in most areas of 
cognition and personality (Hines, 2010). A recent meta-anal-
ysis (k = 75) by Davis and Hines (2020) confirmed that boys 
prefer male-typical toys (d = 1.83) and girls prefer female-
typical toys (d = 1.60), that both boys (d = 3.48) and girls 
(d = 1.21) prefer gender-typical toys over gender-atypical 
toys, and that these effects are very large in magnitude. It 
was also noted that boys’ preference for male-typical toys 
and girls’ preference for female-typical toys increases with 
age. Todd et al. (2018) reported similar findings for a meta-
analysis (k = 16) of children’s toy choices during free play 
activities and noted that the effects were not moderated by a 
variety of social/cultural factors including the presence of an 
adult, the study context, the gender inequality index of the 
country in which the study was conducted, and the inclusion 
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or exclusion of gender-neutral toys. It was also noted that 
boys play more with male-typical toys in lab studies than 
when observed at home, with the authors speculating that 
the testing context may make sexually differentiated behav-
iours more salient, particularly for boys, thereby influenc-
ing toy preferences. Furthermore, compared with findings 
from older studies, girls in more recent studies played less 
with both male-typical and female-typical toys whereas 
boys in more recent studies played less with male-typical 
(but not female-typical) toys. This finding, however, con-
trasts somewhat with the larger meta-analysis by Davis and 
Hines (2020), which did not observe a significant association 
between the year of study and the magnitude of the observed 
sex difference. Taken together though, the pattern of findings 
reported from this literature is generally consistent with both 
biological and environmental influences contributing to the 
development of childhood play preferences.

As previously indicated, children also show reliable sex 
differences in the degree to which they engage in active play, 
with boys being more inclined towards rough-and-tumble 
and aggressive/contact play compared to girls (Hines, 
2013a). Notably, this finding has been replicated across cul-
tures (DiPietro, 1981; Maccoby, 1998; Smith & Connolly, 
1980), as well as in other primate species (Fagen, 1981; 
Smith, 1982). A further sex difference has been found in 
playmate preferences, with boys and girls both preferring 
same-sex playmates more than other-sex playmates (Hines & 
Kaufman, 1994; Maccoby, 1988; Maccoby & Jacklin, 1987; 
Martin & Fabes, 2001). This difference has been found to 
be particularly strong when children are engaged in unstruc-
tured activities and when adults are not present (Thorne, 
2001). Despite individual variation among each type of 
play, sex differences have been found consistently, thereby 
warranting attention to the invariably complex interaction 
between specific social and biological factors involved in 
their development.

Testosterone and sexual differentiation

One biological factor that has been of considerable research 
interest is prenatal testosterone, with male foetuses being 
exposed to markedly higher levels compared to females. In 
male foetuses, the main source of androgens is the testes, 
with a smaller amount also derived from the adrenal glands; 
in females the main source is the adrenal glands, with a neg-
ligible amount additionally being produced by the ovaries 
(Martin, 1985). There is a steep rise in testosterone in males 
beginning around gestational week 7 when the SRY gene 
first initiates development of the foetal testes (Nassar & 
Leslie, 2021). Maximal sexual differentiation then occurs 
toward the early-mid second trimester. Notably, Abramovich 
(1974) reported that testosterone concentrations in umbilical 
cord plasma are 9 times higher in male than female foetuses 

measured between gestational weeks 12 and 18, and that 
this difference is much larger than that observed at term. As 
experimental animal research has revealed a linear effect of 
androgens in which greater exposure results in more male-
typical behaviours (Hines, 2011), it is plausible that andro-
gen exposure during critical periods of brain development in 
humans can contribute not only to between-sex differences 
but also to within-sex differences. However, as it is clearly 
unethical to manipulate hormone levels in human pregnan-
cies for research purposes, there is a necessary reliance on 
indirect methods (for a review, see Cohen-Bendahan et al., 
2005). These approaches primarily consist of studies that 
relate normal variability in prenatal testosterone to later 
sexually differentiated behaviours, as well as studies that 
examine individuals who experience atypical hormonal envi-
ronments due to endocrine disorders.

Play preferences and atypical androgen exposure

Rodent models show that the development of a male pheno-
type requires not only testosterone itself, but also function-
ing androgen receptors upon which to act (Sato et al., 2004). 
In humans, this mechanism can be investigated by studying 
individuals with complete androgen insensitivity syndrome 
(CAIS). Individuals with CAIS have a male karyotype (i.e., 
46XY) but do not possess functioning androgen receptors. 
Consequently, despite normal (or even elevated) production 
of testosterone, the hormone cannot affect developing tis-
sues, and so the condition results in female-typical develop-
ment both in terms of physical phenotype and behavioural 
outcomes. It is therefore relevant to note that sexually dif-
ferentiated play preferences are usually female-typical in 
46XY females with CAIS (Hines et al., 2003). However, 
in the current context, studies of CAIS inform us only of 
the developmental trajectories that can occur in the (effec-
tive) absence of testosterone. Furthermore, individuals with 
CAIS are assigned female and reared as such. Therefore, the 
effects of androgen insensitivity and those of socialisation as 
a female cannot be easily untangled (Jordan-Young, 2010). 
To better understand the effects of testosterone itself, we 
therefore turn to studies of congenital adrenal hyperplasia 
(CAH).

In approximately 90% of cases of CAH, there is a defi-
ciency of the 21-hydroxylase (21-OH) enzyme. This results 
in low concentrations of cortisol and high concentrations of 
adrenal androgens beginning at approximately the seventh 
week of gestation (Merke & Bornstein, 2005). Girls with 
CAH show elevated male-typical childhood play behaviour 
(Berenbaum & Hines, 1992; Hines et al., 2004; Meyer-Bahl-
burg et al., 2004), with an increase in the amount of time 
spent playing with boys’ toys and a decrease in the amount 
of time spent playing with girls’ toys when compared with 
unaffected female relatives (Berenbaum & Hines, 1992). 
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Furthermore, a ‘dose–response’ effect has been documented, 
with more interest in male-typical toys being found in girls 
with more severe forms of CAH (Nordenström et al., 2002; 
Servin et al., 2003). This observation corroborates animal 
research documenting a linear effect of androgens in which 
greater exposure results in more male-typical behaviours 
(Hines, 2011). However, findings have not always been 
consistent. For instance, Berenbaum and Snyder (1995) 
found that, compared to unaffected female relatives, girls 
with CAH did not prefer boys as playmates, but did prefer 
male-typical toys and activities, whereas Hines and Kauf-
man (1994) found that, compared to unaffected relatives, 
girls with CAH did not differ in their amount of rough-and-
tumble play, but did show a preference for male playmates. 
The null findings for rough-and-tumble could result from 
the play context (Hines, 2004); when playing with girls with 
CAH, boys may not have been responsive due to a general 
avoidance of rough-and-tumble play with girls. This is con-
sistent with the study by Pasterski et al. (2011), which found 
that girls with CAH chose playmates engaged in a mascu-
line activity, regardless of the sex of the playmate (i.e., their 
choices were driven more by the toys than by the sex of the 
playmate).

Although male-typical play preferences in girls with CAH 
are consistent with the idea that androgen excess during the 
prenatal period promotes bipotential areas of the brain to 
develop in a male-typical direction (Pasterski, 2008), such 
findings could also be explainable by socialisation. Never-
theless, Pasterski et al. (2005) reported that masculinised 
toy preferences in girls with CAH were present despite 
both mothers and fathers providing more encouragement of 
female-typical play to their CAH-affected daughters than to 
their CAH-unaffected daughters. However, a later study by 
Wong et al. (2013) reported that parents encouraged more 
male-typical and less female-typical toy play in their daugh-
ters with CAH compared to their unaffected daughters, and 
that these encouragement patterns partially mediated the 
association between CAH status and sex-atypical toy play. 
Although it might be inferred from the findings of this study 
that socialisation is primarily responsible for sex-atypical 
play preferences in girls with CAH, it is perhaps more plau-
sible that the parents simply encouraged the play styles 
and toy choices already favoured by their children (Hines, 
2015). Regardless, as the association between CAH and toy 
preference was only partially rather than fully mediated by 
parental encouragement, it seems clear that neither prenatal 
testosterone nor parental encouragement on its own can fully 
account for the observed effect. Taken together, the evidence 
from CAH studies suggests that both prenatal testosterone 
and socialisation play a role in the development of sexually 
differentiated play preferences. However, it should also be 
noted that questions have been raised concerning publica-
tion bias in this literature (Collaer & Hines, 2020; Hampson, 

2016; Richards et al., 2020), and that small sample effects 
may lead to overestimates of the true population effect size 
(Open Science Collaboration, 2015).

Prenatal testosterone and play preferences 
in typical development

Although studying individuals who experience atypical hor-
monal environments is informative in terms of hormone-
behaviour associations, this approach does not result in a 
perfect experiment (Blakemore et al., 2009). For example, 
males and females with CAH experience various hormo-
nal abnormalities, including low prenatal concentrations of 
glucocorticoids, which could influence the developing brain 
and subsequent behaviour (Nass & Baker, 1991). Likewise, 
as previously mentioned, most individuals with CAIS are 
assigned female and reared as such, and so the effects of 
androgen insensitivity and those of socialisation cannot be 
untangled easily. Furthermore, any observed behavioural 
effects may not be directly related to hormonal abnormali-
ties. Rather, there may be other factors which exist along-
side the experience of having a long-term illness that could 
potentially play a role. Ultimately, before firm conclusions 
can be drawn, findings from studies of individuals with clini-
cal conditions should be considered alongside research that 
implements alternative paradigms. We therefore turn next 
to studies that have assayed hormones from maternal serum 
and amniotic fluid in the idea of determining their influ-
ence on subsequently measured sexually differentiated play 
preferences.

A study by Udry et al. (1995) measured concentrations 
of total testosterone and sex hormone binding globulin 
(SHBG) sampled from maternal blood during each of the 
three trimesters and related these to self-reported question-
naires of gender-related behaviours in 250 female offspring 
when they were 27–30 years of age. Higher levels of SHBG 
(but not testosterone) measured during the second trimester 
(14–26 weeks’ gestation) predicted less male-typical behav-
iour. Hines et al. (2002) later examined sexually differen-
tiated behaviour in 3.5-year-old children and related these 
behaviours to testosterone measured from maternal blood 
between gestational weeks 5 and 36 (mean = 16 weeks). 
A linear relationship between maternal testosterone and 
sexually differentiated behaviours, including play with 
sex-typical toys, was found in girls but not boys. Although 
this finding might indicate that early testosterone exposure 
plays a role in the development of sexually differentiated 
play behaviour (at least in girls), it should also be noted 
that testosterone in the maternal blood did not differ in 
pregnancies with male versus female foetuses. The findings 
may therefore be explainable by more masculine moth-
ers socialising their daughters in a male-typical direction 
(Cohen-Bendahan et al., 2005). Alternatively, these results 
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could reflect testosterone exposure from different sources 
in male versus female foetuses. Prenatally, males are pre-
dominantly exposed to androgens produced by the testes, 
with a relatively small amount coming from the adrenal 
glands; females, however, secrete androgens mainly from 
the adrenal glands, with a small amount also coming from 
the ovaries, and their level of production is thought to show 
a genetic resemblance to that of their mother (Harris et al., 
1998). Therefore, masculinised play behaviours in girls that 
appear to result from higher testosterone production in utero 
could ultimately reflect a genetic predisposition. Following 
on from this, the maternal and foetal hormonal environments 
may not directly influence one another, and a similarity in 
hormone concentrations could be explainable entirely by 
shared genetic factors.

Although the findings of Udry et al. (1995) and Hines 
et al. (2002) differ, both studies indicate that the hormonal 
environment present during the second trimester appears to 
be most influential in the development of sexually differenti-
ated behaviour. This is noteworthy because, as mentioned 
previously, prenatal testosterone levels appear to exhibit 
maximal differentiation between males and females at this 
stage. However, as indicated above, questions remain regard-
ing how to interpret hormone-behaviour associations that 
involve testosterone assayed from the maternal circulation. 
As a more direct approach to measuring second trimester 
testosterone would appear to be beneficial, it is fortuitous 
that clinical amniocenteses are typically performed at this 
time. Furthermore, a meta-analysis (Baron-Cohen et al., 
2015; see supplementary materials of that paper) reported 
that the testosterone levels present in amniotic fluid extracted 
via this procedure are much higher for males than females 
(d = 1.71). Amniotic fluid testosterone has also been reported 
to exhibit maximal sexual differentiation between gestational 
weeks 12 and 20 (Nagamani et al., 1979; Warne et al., 1977). 
It is therefore considered likely that testosterone measured 
in this way is representative of a stage of gestation during 
which the brain and sexually dimorphic behaviours are mal-
leable to its organisational effects (Knickmeyer et al., 2005a; 
van de Beek et al., 2004).

Amniotic testosterone and sexually differentiated play 
have been examined in five independent cohorts. First, Grim-
shaw et al. (1995) observed no correlation between testoster-
one and spatial play measured at 7 years of age. Knickmeyer 
et al. (2005b) later detected no effect for maternally reported 
masculine/feminine play in 4–5-year-old offspring. Although 
significant correlations emerged for males and females in a 
larger study of this cohort (Auyeung et al., 2009) that used 
the Preschool Activities Inventory (PSAI) at age 8, other 
researchers in the UK (Spencer et al., 2021; see also Con-
stantinescu, 2009, p. 35) and Germany (Körner, 2018, p. 
35) did not replicate the finding. Inconsistent results have 
also been reported from a Dutch cohort: van de Beek et al. 

(2009) found no effect for children’s behaviour in structured 
toy play sessions at 13-months of age, though further longi-
tudinal analyses (Beking, 2018) revealed a different picture. 
There was no effect in boys but a significant testosterone-
by-age interaction in girls was found; more specifically, no 
associations were observed at 13-months or 2.5-years, but, 
contrary to established theory, higher testosterone concen-
trations predicted more female-typical play preferences at 
6.5-years.

Aims and hypotheses

The current study presents a meta-analysis of the association 
between amniotic fluid testosterone and subsequently meas-
ured sexually differentiated play preferences. We chose to 
focus on the specific methodology of amniotic fluid analysis 
for the following reasons: (1) large sex differences in tes-
tosterone assayed from amniotic fluid are reliably detected, 
whereas this is not the case for other measures such as ges-
tational maternal serum or perinatal umbilical cord blood, 
(2) amniocenteses are typically performed during the time 
of gestation at which testosterone exhibits its largest level 
of sexual differentiation, and (3) participant samples from 
amniotic fluid studies are more (albeit still not entirely) rep-
resentative of the general population than those from stud-
ies of clinical conditions such as CAH and CAIS. We also 
focussed on this specific methodology because there has 
been recent interest in the association between play prefer-
ences and testosterone measured using this technique (Spen-
cer et al., 2021) and because amniotic fluid studies have been 
posited as the most effective method currently available for 
examining associations between prenatal sex hormone expo-
sure and subsequent behavioural outcomes (Baron-Cohen 
et al., 2004; van de Beek et al., 2004). Taking account of 
findings from the wider literature, we predicted that amniotic 
testosterone would be positively correlated with male-typical 
play preferences and negatively correlated with female-typ-
ical play preferences.

Material and methods

Spencer et al. (2021, p. 7) recently remarked that “both neg-
ative and positive results contribute to our understanding 
of the size, as well as the reliability, of relations between 
testosterone and gender-related behaviors” and that their 
results “are of interest not only on their own, but also in the 
context of prior findings (e.g., for meta-analytic studies)”. 
With this in mind, we searched PubMed (71 hits), Google 
Scholar (227 hits), ProQuest (46 hits) and Scopus (78 hits) 
on March 1st 2021 using the terms “amniotic testosterone” 
AND “play*”. Four relevant peer-reviewed journal articles 
(Auyeung et al., 2009; Knickmeyer et al., 2005b; Spencer 
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et al., 2021; van de Beek et al., 2009) and two PhD theses 
(Beking, 2018; Körner, 2018) were identified; to these we 
added a further peer-reviewed paper (Grimshaw et al., 1995) 
and an MPhil thesis (Constantinescu, 2009) (see Table 1).

Our first inclusion criterion for the meta-analysis was that 
studies reported primary data relating to testosterone assayed 
from amniotic fluid as well as sexually differentiated play 
preferences measured during infancy/childhood. The age-
range of participants included is therefore comparable to that 
of the recent meta-analysis of sex differences in play pref-
erences reported by Davis and Hines (2020) (i.e., 11 years 
or younger). We also specified that one or more effect size 
estimate for the level of association between amniotic tes-
tosterone and sexually differentiated play preferences should 
be available; if effect sizes were not included in the original 
articles (and could not be calculated from data presented 
therein), we contacted the author(s) to request this informa-
tion. To reduce the potential influence of publication bias, 
we included studies that met the above inclusion criteria 
regardless of whether they had been published in peer-
reviewed journals.

We conducted a random-effects meta-analysis using 
the R package metafor (Viechtbauer, 2010) to determine 
the strength and direction of correlation between amniotic 
testosterone and sexually differentiated play behaviour. 
We chose to use a random-effects rather than fixed-effects 
model because the former can account for heterogeneity in 
effect size estimates beyond that expected by chance/sam-
pling error whereas the latter cannot. In this way, a random-
effects model does not assume that there is a single ‘true’ 
population effect size for the phenomenon under observa-
tion (Borenstein et al., 2009). Effect sizes were standard-
ised across studies as Pearson’s r to allow for their direct 
comparison. However, as Pearson’s r is not normally dis-
tributed, we converted these to z prior to meta-analysis and 
then transformed the results back to Pearson’s r for ease 
of interpretation (Borenstein et al., 2009). Point estimates 
were stratified by sex, and, in cases where the same cohort 
was examined more than once, the larger/largest available 
sample was selected. When more than one outcome was con-
sidered, the mean of all relevant effect sizes was included. 
As Grimshaw et al. (1995) reported non-significant correla-
tions but the data are no longer accessible (G. Grimshaw, 
personal communication), effect sizes for this study were 
conservatively approximated as r = 0.000 (see Hönekopp & 
Watson, 2011).

There is a risk of bias associated when considering 
more than one effect size estimate from the same study/
article. In the current context, this issue is particularly rel-
evant because all but one of the studies presented separate 
effect size estimates for male and female subsamples (note 
that Körner [2018] did not examine females because most 
females included in the study measured below the detection 

threshold for testosterone). To account for this, we conducted 
both two- and three-level meta-analyses (Konstantopoulos, 
2011). The more commonly used two-level meta-analysis 
controls only for the random effect of the sample from which 
the estimate is drawn, whereas the three-level meta-analysis 
nests the random effect of sample within the study/article 
from which it is drawn. By doing so, the effect size estimate 
is adjusted to account for any correlation between samples 
derived from the same source.

Results

The three-level analysis returned an effect size estimate that 
was noticeably smaller than that of the two-level analysis 
(Table 2). However, the Akaike Information Criterion (AIC) 
for the two-level model (AIC = 1.802) was slightly lower 
than that of the three-level model (AIC = 2.256), suggesting 
the former to be a better fit for the data. As the likelihood 
ratio test comparing the two models was not statistically 
significant, χ2 = 1.546, p = 0.214, we retained the two-level 
model in subsequent analyses in the interests of parsimony.

The two-level meta-analysis (k = 9, n = 493) yielded a 
positive (theory-consistent) but non-significant effect size 
estimate, r = 0.082 (95% CI = -0.065, 0.224), p = 0.274 
(Fig. 1 for forest plot). A moderate level of heterogeneity was 
observed, Q(8) = 18.251, p = 0.019, τ2= 0.026, I2 = 56.30% 
(I2: 25% = low; 50% = moderate; 75% = high [Higgins et al., 
2003]), yet moderator analysis showed no statistically sig-
nificant effect of sex, Q(1) = 0.250, p = 0.617. The ‘leave one 
out’ procedure, which recalculates the meta-analytic esti-
mates whilst omitting each sample consecutively, showed 
that these findings only changed noticeably if the female 
subsample from the study by Auyeung et al. (2009) was 
removed. In this case, the effect size estimate became notice-
ably smaller, r = 0.032 (95% CI = -0.079, 0.143), p = 0.569, 
and significant heterogeneity was no longer observed, 
Q(7) = 5.166, p = 0.640, τ2 = 0.003, I2 = 12.49%.

Egger’s regression did not detect the presence of publica-
tion bias, z = -1.326, p = 0.185. However, it has been sug-
gested that this test lacks sensitivity (Higgins et al., 2003), 
and indeed three missing studies were estimated via the trim 
and fill procedure (Duval & Tweedie, 2000). When imputed, 
the resulting model returned a significant positive correla-
tion, r = 0.166 (95% CI = 0.034, 0.293), p = 0.014, again 
with a moderate level of between-sample heterogeneity, 
Q(11) = 27.649, p = 0.004, τ2 = 0.032, I2 = 61.57% (Fig. 2 
for contour-enhanced funnel plot).

Power calculations using G*Power 3.1 (Faul et al., 2009) 
were conducted to determine the sample size that would 
be required to observe a statistically significant effect for a 
two-tailed Pearson’s correlation with α set at p < 0.05 and 
80% power. Based on the uncorrected effect size estimate 
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(r = 0.082), n = 1,165 participants would be required; if using 
the effect size estimate corrected for hypothesised publica-
tion bias (r = 0.166), n = 282 would be required. However, 
if basing the calculation on the effect size produced when 
the female subsample from Auyeung et al. (2009) was omit-
ted (r = 0.032), a much larger sample (n = 7,662) would be 
necessary.

Discussion

The current paper presents a meta-analysis to test the 
hypothesis that second trimester amniotic testosterone con-
centrations correlate positively with male-typical play pref-
erences and negatively with female-typical play preferences 
during infancy/childhood. Although amniocentesis is rarely 
utilised within the behavioural sciences, we were able to 
identify nine samples that met our inclusion criteria (five 
male, four female). These samples together represent five 
independent cohorts: one each from Canada, Germany, and 
the Netherlands, and two from the UK. Although the initial 
effect size estimate returned by the meta-analysis was in the 
theory-consistent direction, it was not statistically signifi-
cant (r = 0.082, p = 0.274). However, when employing Duval 
and Tweedie’s (2000) trim and fill procedure to adjust for 
inferred publication bias, the effect size estimate doubled 
in magnitude and became statistically significant (r = 0.166, 
p = 0.014). The reason(s) for this is/are unclear, though our 
findings as a whole appear to be in line with the idea that 
individual differences in foetal testosterone concentration 
during the second trimester relate to sexually differentiated 
play preferences in infancy/childhood. Interestingly, this 
effect appears to be small in magnitude, and there was no 
moderating effect of sex, which suggests that prenatal tes-
tosterone exerts a similar influence on the subsequent play 
preferences of females as it does for males.

Our findings are generally consistent with the broader lit-
erature examining associations between prenatal testosterone 
and sexually differentiated play preferences, as well as with 
the notion that it is during the second trimester of pregnancy 
that testosterone exerts its largest influence on brain develop-
ment (Baron-Cohen et al., 2004; Hines et al., 2002). How-
ever, it should be noted that moderate between-sample heter-
ogeneity in the effect size estimates was observed. Although 
this observation suggests that systematic differences between 
studies likely contribute to variation in their outcome, we 
only conducted a moderation analysis for sex (male/female). 
We ran the analysis because of the obvious importance of 
this variable in the current context, and because sex-strat-
ified data were available for each of the identified studies. 
We did not conduct moderation analyses to explore other 
potential sources of heterogeneity because the reliability is 
known to be low when relatively few samples are included 

(Borenstein et al., 2009). Of note, it would have been par-
ticularly useful to consider different types of childhood play 
measures separately because toy preferences appear to show 
a particularly large sex difference, and because the magni-
tude of the sex difference is known to vary as a function of 
the method used as well as the types of toys (Hines, 2013a, 
b). Thus, the current study was unable to identify specific 
features of play which may be driving the observed effect.

Interestingly, the level of heterogeneity decreased mark-
edly (as did the overall effect size estimate) if the female 
subsample from Auyeung et al. (2009) was omitted from 
analysis. This sample notably represented not only the larg-
est effect size (r = 0.42) within the meta-analysis, but also 
the second largest sample size (n = 100). It therefore does not 
typify the undue influence sometimes exerted by small stud-
ies that report inflated effect size estimates. Furthermore, 
as an effect size from one of the largest samples included is 
often a good indicator of the overall outcome of a meta-anal-
ysis (Peters et al., 2007), this finding is not easy to interpret.

Although prenatal testosterone appears to play a role 
in the development of sexually differentiated play prefer-
ences, the small magnitude of the correlation (Cohen, 1988) 
derived from the meta-analysis means that most of the vari-
ance remains unexplained. Some of this variance undoubt-
edly reflects measurement error (both for amniotic testoster-
one as well as for infant/child play). A further consideration 
is the influence of additional environmental effects on play 
preferences, such as those exerted by parents, teachers, and 
peers. It seems most likely that a complex interaction occurs 
by which biological factors (e.g., differences in prenatal 
testosterone exposure) modify later environmental influ-
ences (e.g., parenting style) and that these environmental 
influences also modify the effects of those initial biological 
predispositions (Hines, 2013b; Udry, 2003). For instance, 
a child with a biological tendency toward sex-typical play 
preferences may elicit different responses from parents than 
would a child with biological tendencies toward sex-atypical 
play; these differential responses might then interact with the 
underlying biological predispositions to further modify the 
child’s behaviour. Ultimately, play behaviours are invariably 
the result of an intricate interplay between biological and 
social factors which act throughout development, starting 
very early in life.

It is crucial to reemphasise that a statistically significant 
meta-analytic effect size estimate was only observed in the 
current study after we implemented the trim and fill proce-
dure to correct for hypothesised publication bias. It is also 
important to note that the trim and fill procedure is based on 
funnel plot asymmetry, and that this phenomenon can occur 
for reasons other than publication bias, such as heterogene-
ity in study quality, language of publication and adequacy 
of the statistical analysis, as well as chance (see Egger et al., 
1997). Furthermore, the trim and fill procedure was initially 
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intended as a form of sensitivity analysis (Duval & Tweedie, 
2000), and a detailed simulation study by Peters et al. (2007) 
generally upholds this suggestion. However, although Peters 
et al. (2007) noted that performance of the method is ‘not 
ideal’, they also stated that “when publication bias is pre-
sent the trim and fill method can give estimates that are less 
biased than the usual meta-analysis models” (p. 4544). They 
also noted that when there is substantial between-study het-
erogeneity in addition to evidence of publication bias, it may 
be appropriate to “give more weight to conclusions based 
on findings from the random-random effects trim and fill 
model” than the unadjusted model (p. 4557). Caution is, 
however, required when interpreting our findings because 

the number of samples included in the meta-analysis was 
small and so the imputation of three hypothesised studies 
will have exerted a relatively large influence on the outcome. 
Furthermore, publication bias might seem unlikely when 
considering that all peer-reviewed findings except those of 
Auyeung et al. (2009) were non-significant. However, it is 
notable that one study was presented solely within a PhD 
thesis (Körner, 2018), an earlier analysis of the Spencer et al. 
(2021) cohort appeared in an MPhil thesis a decade earlier 
(Constantinescu, 2009), and the longitudinal follow-ups of 
van de Beek et al. (2009) are in a PhD thesis (Beking, 2018) 
but not in a scientific journal article. Nevertheless, as each 
of these cohorts is represented within the meta-analysis, it 

Table 2  Results of two-
level and three-level meta-
analyses of the association 
between amniotic testosterone 
concentration and sexually 
differentiated play preferences

Model Meta-analytic effect size estimate Heterogeneity

r (95% CI) SE p Q df p τ2 I2

Two-level 0.082 (-0.065, 0.224) 0.075 0.274 18.251 8 0.019 0.026 56.30%
Three-level 0.061 (-0.151, 0.266) 0.092 0.529

Fig. 1  Forest plot displaying 
correlation between amniotic 
testosterone concentration and 
children’s sexually differenti-
ated play preferences for each 
sample included within the 
meta-analysis. Note. Square 
boxes and lines represent effect 
sizes and 95% confidence 
intervals, respectively, and the 
diamond indicates the overall 
meta-analytic effect size esti-
mate. F = female sample; M = 
male sample
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is intriguing that hypothesised missing studies were still 
detected. This outcome could imply that publication bias 
really is an issue within this literature, mirroring suggestions 
about research on CAH (Collaer & Hines, 2020; Hampson, 
2016; Richards et al., 2020). Regardless, considering the 
substantial difficulties associated with setting up amniotic 
fluid studies (e.g., ethics, finance, technical expertise, time-
constraints, effective collaboration with clinical staff already 
working full-time hours etc.), we encourage researchers to 
report the findings for all outcomes irrespective of their 
direction or level of statistical significance.

In the current study, we took the same approach as a 
recent review of behavioural sex differences (Xiong & Scott, 
2020) by focusing on the specific paradigm of amniotic fluid 
studies. Although advantageous because this methodology 
has been hailed as the most informative in terms of prenatal 
hormone-behaviour associations (Baron-Cohen et al., 2004; 
van de Beek et al., 2004), it remains questionable whether 

testosterone assayed via a stressful medical procedure 
(Ventura et al., 2012) conducted at a single and variable 
timepoint in samples which may not be entirely generalis-
able, are a valid approximation of those present throughout 
gestation. Indeed, the only study to correlate amniotic tes-
tosterone with that of the actual foetal circulation (Rodeck 
et al., 1985) reported no statistically significant relationship. 
Therefore, further exploration of the validity of this method 
is arguably warranted. However, as amniocentesis is now 
rarely performed (Akolekar et al., 2015), researchers may 
also need to look towards more recently developed tech-
niques of a less invasive nature.

Our analysis is limited in that it does not consider the 
possible influence of early postnatal testosterone exposure. 
Males notably experience a second surge in testosterone, 
sometimes referred to as ‘mini-puberty’ (for a review, see 
Lanciotti et al., 2018), that is produced largely from the 
testes during the first few postnatal months (Forest, 1990; 

Fig. 2  Contour-enhanced funnel 
plot for meta-analysis of amni-
otic testosterone concentration 
and children’s sexually differ-
entiated play preferences. Note. 
The filled circles represent indi-
vidual samples, and the unfilled 
circles represent hypothesised 
missing studies
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Forest et al., 1974; Quigley, 2002). Because brain develop-
ment continues into the second year of postnatal life, this 
testosterone surge could plausibly influence the development 
of a male-typical behavioural phenotype (Hines, 2011; Hines 
et al., 2016). Although testosterone measured from second 
trimester amniotic fluid and early postnatal saliva samples 
appear to be uncorrelated (Auyeung et al., 2012), and asso-
ciations between CAH status and male-typical play behav-
iour may be more consistent with prenatal than postnatal 
androgenic influence (Berenbaum et al., 2000), some studies 
have examined correlations between mini-pubertal testoster-
one and childhood play preferences. Notably, Lamminmäki 
et al. (2012) reported theory-consistent associations between 
infant play preferences and testosterone measured from uri-
nary samples obtained at repeated intervals throughout the 
first six months of postnatal life. A strength of their study is 
that sexually differentiated behaviour was assessed several 
months after the testosterone samples were obtained. This 
feature is important because it would allow sufficient time 
for the testosterone to have exerted organisational influences 
on the brain and behaviour, meaning that the observations 
made could not be attributable to transient (i.e., activa-
tional) effects of the hormone. Findings from studies that 
utilised saliva samples, on the other hand, have generally 
been equivocal (Alexander & Saenz, 2012; Alexander et al., 
2009). It is therefore relevant to note that these, and some 
other studies (Alexander & Saenz, 2011, 2012; Auyeung 
et al., 2012; Corpuz, 2021) that obtained saliva samples at 
approximately 3–6 months did not observe a significant sex 
difference for testosterone. It therefore seems plausible that 
the mini-pubertal testosterone peak is diminished by this 
point and so may not be detectible when measured from 
saliva samples. This notion is consistent with Huhtaniemi 
et al. (1986), who reported that salivary testosterone con-
centrations in 22 male infants were highest at 2–10 days of 
postnatal life. We therefore suggest that it may be fruitful 
for future research to focus on testosterone measured soon 
after birth rather than that measured several months later.

When interpreting behavioural sex differences in the 
context of normal variations in prenatal and early postnatal 
testosterone concentrations, it is important to consider other 
variables which may have contributed to an observed rela-
tionship. The sexual differentiation of the brain and behav-
iour, compared to that of the sexual structures, is complex 
and encompasses a broader timeframe and various environ-
mental and biological events (Jordan-Young, 2010). Also, a 
single sample of testosterone will not provide a completely 
accurate measure of the hormonal milieu experienced by 
the foetus or young infant. However, ethical constraints pre-
clude the opportunity to study hormones more directly dur-
ing times of early brain development in humans. Another 
factor to consider is that, although the presence of testos-
terone has been shown to influence sexually differentiated 

behaviours, higher testosterone does not inevitably promote 
a male-typical phenotype for all behaviours (Hines, 2004). 
Indeed, certain behaviours could be more susceptible to 
influence from the prenatal and/or early postnatal hormo-
nal environment than others. Also, different sexually dif-
ferentiated behaviours may have different critical periods of 
development. This idea is consistent with the observation 
that exposure to testosterone during early and late periods of 
prenatal development has differential effects on subsequently 
measured male-typical behaviours in female rhesus monkey 
(Goy et al., 1988) and rodent models (Rhees et al., 1997).

Conclusions

The current report presents a meta-analysis of studies linking 
amniotic testosterone with sexually differentiated human play 
preferences in infancy/childhood. Although the initial meta-
analysis returned a null result, a statistically significant posi-
tive correlation emerged once hypothesised publication bias 
was controlled for. However, one specific sample appeared 
to exert a particularly large influence on the outcome of our 
meta-analysis, and questions regarding publication bias within 
this field should encourage researchers with relevant data to 
publish their results, regardless of direction of effect or degree 
of statistical significance. We also suggest that the mini-puber-
tal testosterone surge warrants further investigation, and that 
researchers in this field should consider focusing their attention 
on samples obtained soon after birth, as sex differences do not 
appear to be reliably detected several months later.
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