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Background: Sex differences are present in many neuropsychiatric conditions that affect emotion and approach-avoidance behavior. One
potential mechanism underlying such observations is testosterone in early development. Although much is known about the effects of
testosterone in adolescence and adulthood, little is known in humans about how testosterone in fetal development influences later neural
sensitivity to valenced facial cues and approach-avoidance behavioral tendencies.
Methods: With functional magnetic resonance imaging we scanned 25 8 –11-year-old children while viewing happy, fear, neutral, or
scrambled faces. Fetal testosterone (FT) was measured via amniotic fluid sampled between 13 and 20 weeks gestation. Behavioral
approach-avoidance tendencies were measured via parental report on the Sensitivity to Punishment and Sensitivity to Rewards
questionnaire.
Results: Increasing FT predicted enhanced selectivity for positive compared with negatively valenced facial cues in reward-related regions
such as caudate, putamen, and nucleus accumbens but not the amygdala. Statistical mediation analyses showed that increasing FT predicts
increased behavioral approach tendencies by biasing caudate, putamen, and nucleus accumbens but not amygdala to be more responsive
to positive compared with negatively valenced cues. In contrast, FT was not predictive of behavioral avoidance tendencies, either through
direct or neurally mediated paths.
Conclusions: This work suggests that testosterone in humans acts as a fetal programming mechanism on the reward system and influences
behavioral approach tendencies later in life. As a mechanism influencing atypical development, FT might be important across a range of
neuropsychiatric conditions that asymmetrically affect the sexes, the reward system, emotion processing, and approach behavior.
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any neuropsychiatric conditions affecting emotion processing and approach-avoidance behavioral tendencies
(e.g., conduct disorder, psychopathy, attention-deficit/hyperactivity disorder, substance abuse, depression, bipolar disorder,
cluster B personality disorders, intermittent explosive disorder, autism) (1) show sex differences in age of onset, risk, prevalence, and
symptomatology (2–10). It is also noteworthy that developmental
time periods for critical sex steroid surges co-occur with time periods where vulnerability for many of these conditions is elevated
(e.g., adolescence), suggesting that mechanisms related to sexual
differentiation might play a unique role (11). However, much more
work is needed to understand how underlying developmental biological mechanisms related to sexual differentiation (e.g., sex chromosome or sex hormone effects) (12) might help to explain sex
differences in these conditions. Unlike work in nonhuman species
(13), it is not possible in humans to ethically and independently
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manipulate factors related to both sex chromosomes and sex hormones within a single study. Thus, in humans it is necessary to focus
on each factor separately. In this study we focus on the role of
testosterone during fetal development as one developmental biological mechanism that might influence phenotypic development
in directions that might increase susceptibility for various neuropsychiatric conditions that asymmetrically affect the sexes.
In adolescence and adulthood, testosterone might increase susceptibility for such neuropsychiatric conditions by tipping the
balance between approach and avoidance (14). For example,
testosterone in adulthood decreases avoidance by attenuating
unconscious fear-responses (15–17) and reducing sensitivity to
punishment (18). Similar effects are found in adolescents (19). However, testosterone also increases sensitivity to approach-cues by
enhancing attention to social threat (20 –22), sensation seeking,
motivation to act (23–25), and risk-taking and sensitivity to rewards
(18,26). Functional magnetic resonance imaging (fMRI) studies in
adolescence and adulthood mirror these effects. Testosterone reduces amygdala response to quick presentations of threat (27) but
increases response to longer presentations of threat (28 –31) and
also increases ventral striatal (e.g., ventral caudate, nucleus accumbens, putamen) response to reward (32–34). Thus, in later life testosterone creates an imbalance between approach and avoidance.
However, it is still unclear whether testosterone earlier in development plays a critical prior role in influencing approach-avoidance in
brain and behavior.
Despite these later influences of testosterone, work in nonhuman species has shown that early developmental surges should be
considered. Early androgens surges can exert “organizational” influence on brain development by laying down permanent cellular
and molecular foundations that are necessary for later expression
of sex differences (35–39). This idea is similar to the more general
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idea of fetal programming, which suggests that early events in
prenatal development permanently influence developmental
paths and outcomes in later life (40). Steroid hormones are wellpositioned as fetal programming mechanisms, because they exert
substantial epigenetic influence on early brain development that
lay the foundations for later interaction with the genome and environmental influences to create variation in neural and behavioral
phenotypes (41– 44). Thus, understanding the prior influence of
testosterone on human brain development is important for understanding how it might program neural circuitry for biased responsiveness later in life and potentially lead individuals down multiple
atypical developmental paths.
Here we present the first investigation in humans of how testosterone during fetal development predicts later neural response to
valenced facial cues and individual differences in behavioral approach-avoidance tendencies. We tested a unique cohort of 25
boys (8 –11 years) whose fetal testosterone (FT) was measured from
amniotic fluid at 13–20 weeks gestation. Participants were scanned
with fMRI while viewing negative (fear), positive (happy), neutral, or
scrambled faces. This paradigm is known to elicit response in both
amygdala and ventral striatum (45), which are also known to be
influenced by testosterone (27–34). We predicted that increases in
FT would predict decreased reactivity to negatively valenced facial
cues and increased reactivity to positively valenced facial cues
within amygdala and striatum. Furthermore, we predicted that
such FT-mediated influence on neural response would predict behavioral approach-avoidance tendencies.

Methods and Materials
Participants
Participants were recruited as part of a longitudinal study of the
effects of FT on cognitive, behavioral, and brain development. Initial screening consisted of reviewing medical records of patients
who underwent amniocentesis in the Cambridgeshire (United
Kingdom) region. Individuals were excluded if: 1) the amniocentesis
revealed a chromosomal abnormality; 2) there was a twin pregnancy; 3) the pregnancy ended in termination or miscarriage; 4)
relevant information was absent from the medical records; or 5)
medical practitioners indicated it would be inappropriate to contact the family. Any child that presented with any developmental
abnormalities postnatally was also excluded from testing. Twentyeight right-handed typically developing boys were successfully
scanned, but 3 were excluded for excessive motion, leaving 25 for
the main analyses (mean age ⫽ 9.52, SD ⫽ .96, range: 8 –11 years).
Our use of a male-only sample was employed to eliminate potential
nonhormonal confounds that systematically vary across male and
female subjects (e.g., sex chromosome effects) (12). Informed consent was obtained from all the legal guardians of the participant in
accordance with procedures approved by the local research ethics
committee. This cohort has been previously reported in published
works examining the relationship between FT and structural magnetic resonance imaging measures (38,46).
FT Collection and Measurement
Fetal testosterone was measured from amniotic fluid samples
collected between 13 and 20 weeks of gestation (mean ⫽ .76
nmol/L, SD ⫽ .35 nmol/L, range ⫽ .25–1.70 nmol/L). This is within
the 8 –24-week period that is critical for human sexual differentiation (47). Six participants from the sample had missing data with
regard to the exact time of amniocentesis. However, analysis of the
remaining 19 participants (mean ⫽ 16.37, SD ⫽ 1.33, range ⫽
14 –19) showed that there was no relationship between gestational
www.sobp.org/journal
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age at sampling and FT level (r ⫽ .17, p ⫽ .47), confirming prior work
showing absence of a relationship (48). Thus, all 25 participants
were included in the final analyses.
FT was assayed via radioimmunoassay. Amniotic fluid was extracted with diethyl ether, which was evaporated to dryness at
room temperature, and the extracted material was re-dissolved in
an assay buffer. Testosterone was assayed by the DPC ‘Count-aCoat’ method (Diagnostic Product Corporation, Los Angeles, California), which uses an antibody to testosterone coated onto propylene tubes and a 125-I labeled testosterone analogue. The detection
limit of the assay with the ether-extraction method is approximately .05 nmol/L. The coefficient of variation (CV) for betweenbatch imprecision is 19% at a concentration of .8 nmol/L and 9.5%
at a concentration of 7.3 nmol/L. The CVs for within-batch imprecision are 15% at a concentration of .3 nmol/L and 5.9% at a concentration of 2.5 nmol/L. This method measures total extractable testosterone.
Task Design and Behavioral Measures
Participants were scanned while viewing fear, happy, neutral,
and scrambled faces taken from the standard Karolinska Directed
Emotional Faces set (49). Specific stimuli were chosen from the
Karolinska Directed Emotional Faces on the basis of unanimous
ratings of the target expression from five independent judges.
For each trial a face was presented on the screen for 2000 msec,
followed by a central crosshair for 750 msec, followed by an intertrial interval of 312 msec before the onset of the next trial. Conditions were presented in separate blocks, with 8 trials/block. Each
block lasted 24.5 sec and was repeated four times in pseudorandom
order. Throughout the experiment, participants were instructed to
press a button with their right index finger whenever a face was
presented. Stimulus presentation was implemented with DMDX
software (http://www.u.arizona.edu/⬃kforster/dmdx/dmdx.htm),
and stimulus presentation was synchronized with the onset of the
functional run to ensure accuracy of event timing.
Individual differences in behavioral approach-avoidance tendencies were assessed by caregiver report on a modified version of
the Sensitivity to Punishment and Sensitivity to Rewards questionnaire (50). Previous factor analyses suggest that the Sensitivity to
Punishment and Sensitivity to Rewards questionnaire can be split
into 4 subscales: Punishment, Impulsivity/Fun-Seeking, Drive, and
Reward Responsivity. The Punishment scale was used as our measure of avoidance tendencies and was termed “BIS” after Gray’s
“behavioral inhibition system” (51). For behavioral approach tendencies, we created a summary score by summing across all
items on the other three scales (Impulsivity/Fun-Seeking, Drive,
and Reward Responsivity). We term this summary score “BAS”
after Gray’s “behavioral activation system” or “behavioral approach system” (51).
fMRI Data Acquisition
All imaging took place at the Wolfson Brain Imaging Centre at
Addenbrooke’s Hospital, Cambridge, United Kingdom, on a Siemens Tim Trio 3 Tesla magnet (Siemens Medical Solutions, AG,
Erlangen, Germany). Our functional imaging run consisted of 200
whole-brain functional T2*-weighted echoplanar images (slice
thickness, 3 mm; .75 mm skip; 32 axial slices; repetition time, 2000
msec; echo time, 30 msec; flip angle, 90°; matrix, 64 ⫻ 64; field of
view, 192 mm; interleaved slice acquisition). The first six timepoints
of the run were discarded to allow for T2 stabilization effects. In
addition, a high-resolution T1-weighted three-dimensional magnetization-prepared rapid acquisition gradient-echo (MP-RAGE) structural image was acquired for registration purposes (slice thick-
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ness ⫽ 1 mm; repetition time ⫽ 2300 msec; echo time ⫽ 2.98 msec;
field of view ⫽ 256 ⫻ 240 ⫻ 176 mm; flip angle ⫽ 9°; voxel size ⫽ 1
mm3 isotropic).
Data Analysis
fMRI data preprocessing and first-level statistics were implemented in SPM8 (http://www.fil.ion.ucl.ac.uk/spm). The preprocessing steps were conducted in the following manner: functional
data were slice-timing corrected and realigned to the mean functional image. Next, the realigned and slice-timing corrected functional data were co-registered to the high-resolution MP-RAGE. The
high-resolution MP-RAGE was then segmented into cerebrospinal
fluid and gray and white matter, with prior tissue probability maps
for this step generated from the Template-O-Matic toolbox (http://
dbm.neuro.uni-jena.de/software/tom/) (52), set for the age range
of 8 –11 years. The normalization transformation matrix from the
segmentation step was then applied to the functional and structural
images, thus transforming it into standard anatomical space on the
basis of the ICBM 152 brain template (Montreal Neurological Institute)
at a resolution of 2 mm (isotropic) voxels. Smoothing was applied at 4
mm full-width-at-half-maximum (FWHM), to retain sensitivity for
smaller regions such as the amygdala and ventral striatum.
First-level analyses were performed with the general linear
model in SPM8. Each trial was convolved with the canonical hemodynamic response function. High-pass temporal filtering with a
cutoff of 128 sec was applied to remove low-frequency drift in the
time-series, and global changes were removed by proportional
linear scaling. Serial autocorrelations were estimated with a restricted maximum likelihood algorithm with an autoregressive
model of order 1. Five contrasts from the first-level analyses were
used in subsequent second-level analyses. Here we compared fear
or happy faces against two high-level control conditions of neutral
faces or scrambled faces (i.e., Fear ⬎ Neutral, Fear ⬎ Scrambled,
Happy ⬎ Neutral, Happy ⬎ Scrambled). Last we compared happy

A

against fear (Happy ⬎ Fear) as a direct contrast of valenced facial
cues. These contrast images were input into second-level wholebrain random-effects analyses. Chronological age was used as a
covariate, and FT was the predictor variable of interest. Given our a
priori interest in the striatum and amygdala, we reduced the search
space for second-level analyses with an explicit mask combining
the caudate, putamen, nucleus accumbens, and amygdala defined
by the Harvard-Oxford subcortical atlas in FSL (http://www.fmrib.
ox.ac.uk/fsl/). Analyses were thresholded with a cluster-forming
height threshold of p ⬍ .025 and topological FDR control for multiple comparison correction at q ⬍ .05 (53).
Next, we used statistical mediation analyses to test whether FT
predicts behavioral approach or avoidance tendencies via influence on striatum and amygdala. Here we used anatomically defined regions of interest (ROIs) of caudate, putamen, nucleus accumbens, and amygdala from the Harvard-Oxford subcortical atlas
in FSL (http://www.fmrib.ox.ac.uk/fsl/) to extract mean percent signal change from each ROI for the valence contrast of Happy ⬎ Fear.
In these analyses, the predictor variable was FT, the outcome variable was either BAS or BIS, and the mediator was Happy ⬎ Fear ROI
response. Chronological age was included as a covariate. For statistical inference we used bootstrapping (100,000 resamples) to estimate whether 0 was within or outside the 95% bias-corrected and
accelerated bootstrap confidence intervals. All mediation analyses
were implemented in the M3 Mediation Toolbox (http://wagerlab.
colorado.edu/files/tools/mediation.html) (54) in Matlab 7.11.

Results
Behavioral Data
FT was not significantly related to BIS (i.e., Punishment) (r ⫽
⫺.03, p ⫽ .89), Impulsivity/Fun-Seeking (r ⫽ .01, p ⫽ .96), Drive (r ⫽
.26, p ⫽ .26), or Reward Responsivity (r ⫽ ⫺.25, p ⫽ .27) subscales.
These correlations remained nonsignificant after partialing out age.
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Figure 1. Correlations between behavioral approach system (BAS) score across all subscales, behavioral inhibition system (BIS) punishment subscale, and fetal
testosterone (FT). This figure presents correlation matrices representing (A) zero-order correlations and (B) partial correlations after partialing out chronological age across FT, BIS, and all BAS subscales. BASd, BAS drive subscale; BASi, BAS impulsivity/fun-seeking subscale; BASr, BAS reward responsivity subscale.
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Figure 2. Association between neural response to valenced information (Happy ⬎ Fear) and fetal testosterone (FT). This figure shows areas within the striatum
and amygdala where Happy ⬎ Fear activation is positively correlated with FT. Numbers indicate z-slice coordinate in Montreal Neurological Institute space.

FT also did not correlate with total BAS score (i.e., summing across
Drive, Impulsivity/Fun-Seeking, and Reward Responsivity subscales) (r ⫽ ⫺.0006, p ⫽ .99). Finally, although BIS and BAS were not
correlated with each other (r ⫽ ⫺.02, p ⫽ .93; after partialing out
age: r ⫽ .07, p ⫽ .77), all BAS subscales were highly correlated with
each other (all r ⬎ .40, all p ⬍ .05). See Figure 1 for correlation
matrices.
fMRI Data
No regions significantly correlated with FT across the contrasts
of Fear ⬎ Neutral, Fear ⬎ Scrambled, Happy ⬎ Neutral, and Happy
⬎ Scrambled. However, for Happy ⬎ Fear there were two bilateral
clusters showing a positive correlation with FT. The left hemisphere
www.sobp.org/journal

cluster comprised voxels within the dorsal portions of the caudate
nucleus and putamen but did not include voxels within nucleus
accumbens or amygdala. The right hemisphere cluster comprised
voxels across caudate, putamen, and nucleus accumbens but not
amygdala (Figure 2, Table 1). For results of activation analyses on all
contrasts irrespective of FT, see Table S1 in Supplement 1.
Next, we used statistical mediation analyses to test the hypothesis that FT predicts approach or avoidance behavioral tendencies
via its influence on neural response to valenced facial cues (i.e.,
Happy ⬎ Fear) within bilateral striatal or amygdala ROIs. The relationship between FT (i.e., predictor) and Happy ⬎ Fear ROI response
(i.e., mediator) is noted as “path a.” The relationship between Happy ⬎
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Table 1. Areas Where Happy ⬎ Fear Response Is Positively Associated
with FT
Region
Right Hemisphere
Caudate
Putamen
Nucleus accumbens
Left Hemisphere
Caudate
Putamen

MNI (x,y,z)

t

6,4,18
32,10,⫺4
12,8,⫺14

4.92
3.31
2.89

⫺20,6,16
⫺30,⫺2,14

4.55
3.72

Cluster
Size

p
(FDR)

1197

.0001

467

.02

Results from voxel-wise analysis where search space was reduced to
anatomically defined areas of the caudate, nucleus accumbens, putamen,
and amygdala. Thresholding consisted of a cluster-forming height threshold of p ⬍ .025 and topological false discovery rate (FDR) cluster-correction
at q ⬍ .05.
FT, fetal testosterone; MNI, Montreal Neurological Institute.

Fear ROI response and outcome variable (BIS or BAS), controlling for
the influence of FT, is noted as “path b.” The overall FT-outcome
relationship (ignoring the mediator) is the total effect or “path c,”
while the direct effect of FT on outcome variable, controlling for
Happy ⬎ Fear ROI response is noted as “path c’.” Finally, the “mediation effect” is noted as “a*b” and tests whether the difference
between path c and path c’ is significantly different from zero. In
other words, the mediation effect tests whether the inclusion of the
mediator (i.e., Happy ⬎ Fear ROI response) accounts for a significant
amount of variance in the relationship between FT and outcome

variable, compared with the total relationship between FT and
outcome variable when the mediator is not taken into account.
When BAS was the outcome variable, only striatal ROIs (i.e.,
caudate, putamen, and nucleus accumbens) showed significant
mediation effects (i.e., path a*b). The directionality of path coefficients suggested that such effects can be interpreted as increasing
FT influences increases in BAS scores via FT-mediated increases in
striatal bias for positive (happy faces) compared with negatively
valenced facial cues (fear faces). No mediation effect was observed
within the amygdala. However, path b was significant for the
amygdala. This suggests that amygdala valence selectivity is positively associated with BAS when controlling for FT-influence on BAS
(Figure 3A–D, Table 2). When BIS was the outcome variable, no ROIs
showed mediation effects, and no paths incorporating the mediator were significant (i.e., path b, path c’) (Table 3).

Discussion
In this study we investigated whether FT in human male subjects
acts as a fetal programming mechanism on the developing brain
and behavioral approach-avoidance tendencies. We further tested
whether any prior influence of FT on behavioral approach-avoidance tendencies was mediated by FT-influence on the reward system. First, we found no correlation between FT and BIS or BAS (both
with and without partialing out age effects). This suggests that,
without taking into account any influence FT has on the brain, FT
does not influence BIS or BAS. However, fMRI analyses showed that
FT was a significant predictor of striatal but not amygdala sensitivity
to valenced facial cues. In particular, we only found effects under

Figure 3. Path diagrams of relationships between fetal testosterone (FT), neural mediators in the striatum or amygdala, and total behavioral approach system
(BAS) score summing across all subscales. (A) Path diagram when nucleus accumbens (NAcc) Happy ⬎ Fear response is the mediator between FT and BAS. (B)
Path diagram when putamen Happy ⬎ Fear response is the mediator between FT and BAS. (C) Path diagram when caudate Happy ⬎ Fear response is the
mediator between FT and BAS. (D) Path diagram when amygdala (Amyg) Happy ⬎ Fear response is the mediator between FT and BAS. Path a is the
relationship between the predictor (FT) and the mediator (region of interest [ROI]). Path b is the relationship between the mediator (ROI) and the outcome
(BAS), controlling for the predictor (FT). Path c’ is the relationship between the predictor (FT) and the outcome (BAS) controlling for the mediator (ROI). Path
c is the total effect of the relationship between the predictor (FT) and the outcome (BAS), irrespective of the mediator. Path a*b is the difference between path
c and path c’. Path coefficients and standard errors (in parentheses) are noted for each path. *p ⬍ .05, **p ⬍ .01.
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Table 2. Mediation Analyses Results with BAS as the Outcome Variable
Region
Amygdala
Path coefficient
STE
p
Caudate
Path coefficient
STE
p
Nucleus Accumbens
Path coefficient
STE
p
Putamen
Path coefficient
STE
p

Path a

Path b

Path c’

Path c

Path a*b

.39
.40
.32

9.24
4.13
.04

⫺4.28
5.68
.22

⫺.67
6.24
.70

3.62
4.31
.25

.87
.52
.01

9.13
3.64
.01

⫺8.41
5.74
.04

⫺.66
6.23
.70

7.74
5.49
.02

.84
.50
.01

8.73
3.50
.02

⫺7.98
6.05
.07

⫺.67
6.15
.71

7.31
5.55
.01

.69
.41
.005

10.98
4.75
.02

⫺7.89
5.84
.06

⫺.65
6.22
.71

7.23
4.71
.01

Results from mediation analyses where fetal testosterone is the predictor, mean Happy ⬎ Fear region of interest response is the mediator, and
total behavioral approach system (BAS) score summing across all subscales
is the outcome variable. Path a is the relationship between the predictor and
the mediator. Path b is the relationship between the mediator and the
outcome, controlling for the predictor. Path c’ is the relationship between
the predictor and the outcome controlling for the mediator. Path c is the
total effect of the relationship between the predictor and the outcome,
irrespective of the mediator. Path a*b is the difference between path c and
path c’. Hypothesis testing and statistical significance was evaluated with
bootstrapping. An effect was statistically significant if the value 0 was not
within the 95% bias-corrected and accelerated bootstrap confidence intervals.
STE, standard error.

the direct contrast of valenced facial cues (i.e., Happy ⬎ Fear). The
restricted nature of this type of FT-influence for the valence contrast— but not when compared with neutral or scrambled faces—
might suggest subtle influences on sensitivity to valenced information rather than a more general effect for only one type of valenced
information (e.g., only positive or only negative). This point might
be particularly important in future work, because the FT-influence
might only be pronounced when unambiguously positive and negative information-processing are contrasted against each other.
With statistical mediation analyses we also observed that valence selectivity in striatal nuclei such as caudate, putamen, and
nucleus accumbens mediate FT influence on BAS but not BIS. This
means that increasing levels of FT predicts later increases in behavioral approach but not avoidance tendencies by organizing the
striatum for biased selectivity for positive over negatively valenced
information. In contrast to the striatum, no such FT-mediation effects were observed for amygdala when the outcome was BIS or
BAS. However, conceptually replicating prior work, we found that
amygdala response was positively associated with BAS (55). These
results provide important developmental biological insights into
individual differences in approach behavior and emotion processing in the general population. Individual differences in how the
brain responds to emotion are well-documented. For instance, personality traits modulate the degree to which amygdala and ventral
striatum respond to positive or negatively valenced information
(56,57). The current results suggest that FT is an early developmental biological mechanism that might explain later emergence of
individual differences in biased neural response to valenced information and behavioral approach tendencies.
The mediation results are also important in relation to the development of extremes of emotion processing and approach behavwww.sobp.org/journal

ior. Androgens have been hypothesized to be linked to neuropsychiatric conditions that asymmetrically affect the sexes (e.g.,
conduct disorder, psychopathy, attention-deficit/hyperactivity disorder, substance abuse, depression, bipolar disorder, cluster B personality disorders, intermittent explosive disorder, autism) (1–
11,14,18,58 – 63). Prior work within these conditions shows that
ventral striatal abnormalities are common, particularly in adolescence (64 –71). Adolescence is a time period for increased vulnerability to many of these conditions (11). Emerging work has shown
that the reward system in adolescence is more sensitive than in
adulthood (72–74). However, increased sensitivity to reward is reversed in adolescents who were characterized in early childhood as
having a behaviorally inhibited temperament (75). Although one
mechanism for sensitivity to reward in adolescence could be current testosterone levels (33,34), the current study suggests that
events in fetal development might play an earlier organizational
role in laying down cellular/molecular foundations in the reward
system that allow for enhanced vulnerability in adolescence.
Given the temporal precedence of FT in development, one explanation for current known effects of testosterone on the reward
system later in life (32–34) could be because it acts upon prior
organized neural circuitry influenced by FT in early brain development. Much precedence for this idea can be found in the nonhuman literature, where experimental control can be exerted over
hormones at early and later stages of development (12). In humans,
emerging work suggests that similar principles might apply. For
example, in two recent studies by van Honk et al. (37,39) it was
shown that current testosterone levels affected mentalizing ability
and social cooperation behavior, but this effect varied as a function
of fetal androgens and estrogens as measured by the proxy of
2D:4D digit ratio. Although the current study did not measure current testosterone, it is an open question for future research whether
Table 3. Mediation Analyses Results with BIS as the Outcome Variable
Region
Amygdala
Path coefficient
STE
p
Caudate
Path coefficient
STE
p
Nucleus Accumbens
Path coefficient
STE
p
Putamen
Path coefficient
STE
p

Path a

Path b

Path c’

Path c

Path a*b

.38
.39
.31

.92
3.28
.82

⫺1.52
5.88
.78

⫺.84
5.02
.89

.67
2.01
.62

.87
.52
.01

.50
2.65
.91

⫺1.13
5.91
.83

⫺.85
5.03
.90

.28
2.62
.92

.84
.51
.009

.68
2.92
.97

⫺1.27
6.00
.88

⫺.82
5.01
.91

.45
2.92
.99

.69
.40
.005

⫺.06
3.22
.90

⫺.67
5.69
.93

⫺.83
5.00
.90

⫺.16
2.35
.89

Results from mediation analyses where fetal testosterone is the predictor, mean Happy ⬎ Fear region of interest response is the mediator, and
behavioral inhibition system (BIS) punishment subscale is the outcome
variable. Path a is the relationship between the predictor and the mediator.
Path b is the relationship between the mediator and the outcome, controlling for the predictor. Path c’ is the relationship between the predictor and
the outcome controlling for the mediator. Path c is the total effect of the
relationship between the predictor and the outcome, irrespective of the
mediator. Path a*b is the difference between path c and path c’. Hypothesis
testing and statistical significance was evaluated with bootstrapping. An
effect was statistically significant if the value 0 was not within the 95%
bias-corrected and accelerated bootstrap confidence intervals.
STE, standard error.
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activational effects of testosterone in adolescence place an individual at increased risk for various types of psychopathology because
of prior organizational foundations built during fetal development
and influenced by FT.
At a theoretical level, several hypotheses can be generated from
the current study. Atypical FT levels might be an individual risk
factor for various types of psychopathology by exerting early epigenetic influence on the expression of different sets of risk genes
(41,43,44). Multiple atypical developmental pathways might be
opened by FT-influence on behavioral approach tendencies and
reward system sensitivity to approach cues in the environment. FT
might also increase susceptibility to atypical environmental or
other biological (e.g., later androgen surges, cortisol) risk factors at
later points in development. Thus, the current work suggests promise in examining the prior influence of FT on the development of
multiple neuropsychiatric phenotypes that asymmetrically affect
the sexes.
There are some limitations and caveats for the current study.
First, the children in this study were approximately at the cusp of
prepuberty to early puberty, but measures of current testosterone
were unavailable. One reason for this is because in pilot work we
encountered significant difficulty in getting young children of the
same age range to produce a sufficient volume of saliva necessary
for the assays. However, because chronological age in this particular cohort likely covaries with age of onset of early puberty, older
children (i.e., 11 years) will likely be on the cusp of early puberty and
have higher current testosterone levels than younger children (i.e.,
8 years) and were more likely to be in the pre-pubertal stage and
adrenarche. All analyses incorporated chronological age as a covariate, and this likely exerted some statistical control over the unmeasured effect of current testosterone. Furthermore, as past work
has shown (33,34), the effects of current testosterone are in the
same direction as those documented in this study by FT, leaving the
possibility open that any current testosterone effects are dependent on earlier organizational influence of FT (37,39). However,
given that residual levels of pubertal testosterone after correcting
for age are known to predict individual differences in structural
brain development (76,77), future work is necessary for explicitly
contrasting any effects of current testosterone with FT.
Second, given that amniocentesis is typically conducted for clinical reasons (e.g., screening for chromosomal abnormalities) on
older mothers, the cohort we studied is a selective subsample of the
general population. Although all the participants in the current
study were considered “typically developing” children, this work
requires replication in a more representative sample of the general
population. Furthermore, follow-up work on larger datasets where
amniocentesis samples are available would benefit from comparing groups of individuals who are considered “typically developing”
from those with various types of psychopathology that asymmetrically affect the sexes.
Finally, it should be noted that the measure used for BIS and BAS
was a parental-report instrument. Although we included this type
of measure to bypass difficulties with self-reports of young children,
one caveat to this might be that parents might not be fully aware of
the behaviors of their child, especially with regard to adolescence.
Given that all the children in this study were likely prepubertal or at
the beginning of puberty, parental awareness of the behaviors of
their child are relatively less of an issue compared with children in
later adolescence. However, future work comparing the correspondence between self-report and parental-reports in relation to FT
would be valuable.
In summary, FT in humans plays an important fetal programming influence on the developing reward system and behavioral
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approach tendencies. Fetal testosterone exerts its influence on behavioral approach tendencies by biasing reward system sensitivity
to valenced information. This work not only is relevant to the development of individual differences in the general population but
might also be critical for understanding the mechanisms behind a
range of neuropsychiatric conditions that asymmetrically affect the
sexes, emotion processing, approach behavior, and the reward system (1–10).
The study was supported by grants from the Wellcome Trust, Medical Research Council, and Nancy Lurie Marks Foundation and was
conducted in association with the National Institute for Health Research Collaborations for Leadership in Applied Health Research and
Care for Cambridgeshire and Peterborough Foundation National
Health Service Trust. MVL was supported by the Wellcome Trust and
British Academy during this period of work. We are grateful to Richard
Bethlehem, Amber Ruigrok, Liliana Ruta, Rebecca Knickmeyer, Nick
Walsh, Mike Cohen, and three anonymous reviewers for valuable comments and discussions. We also thank the families who have taken part
in this longitudinal study.
ETB is half-time employed by the University of Cambridge and halftime by GlaxoSmithKline. All other authors report no biomedical financial interests or potential conflicts of interest.
Supplementary material cited in this article is available online.
1. Bijttebier P, Beck I, Claes L, Vandereycken W (2009): Gray’s Reinforcement Sensitivity Theory as a framework for research on personalitypsychopathology associations. Clin Psychol Rev 29:421– 430.
2. Baron-Cohen S, Lombardo MV, Auyeung B, Ashwin E, Chakrabarti B,
Knickmeyer R (2011): Why are autism spectrum conditions more prevalent in males? PLoS Biol 9:e1001081.
3. Coid J, Yang M, Tyrer P, Roberts A, Ullrich S (2006): Prevalence and
correlates of personality disorder in Great Britain. Br J Psychiatry 188:
423– 431.
4. Costello EJ, Mustillo S, Erkanli A, Keeler G, Angold A (2003): Prevalence
and development of psychiatric disorders in childhood and adolescence. Arch Gen Psychiatry 60:837– 844.
5. Lynch WJ, Roth ME, Carroll ME (2002): Biological basis of sex differences
in drug abuse: Preclinical and clinical studies. Psychopharmacology 164:
121–137.
6. Moffitt TE, Caspi A, Rutter M, Silva PA (1998): Sex differences in antisocial
behavior. Cambridge: Cambridge University Press.
7. Rutter M, Caspi A, Moffitt TE (2003): Using sex differences in psychopathology to study causal mechanisms: Unifying issues and research strategies. J Child Psychol Psychiatry 44:1092–1115.
8. Weissman MM, Bland RC, Canino GJ, Faravelli C, Greenwald S, Hwu HG,
et al. (1996): Cross-national epidemiology of major depression and bipolar disorder. JAMA 276:293–299.
9. Zahn-Waxler C, Shirtcliff EA, Marceau K (2008): Disorders of childhood
and adolescence: Gender and psychopathology. Annu Rev Clin Psychol
4:275–303.
10. Kessler RC, Coccaro EF, Fava M, Jaeger S, Jin R, Walters E (2006): The
prevalence and correlates of DSM-IV intermittent explosive disorder in
the National Comorbidity Survey Replication. Arch Gen Psychiatry 63:
669 – 678.
11. Nelson EE, Leibenluft E, McClure EB, Pine DS (2005): The social re-orientation of adolescence: A neuroscience perspective on the process and
its relation to psychopathology. Psychol Med 35:163–174.
12. McCarthy MM, Arnold AP (2011): Reframing sexual differentiation of the
brain. Nat Neurosci 14:677– 683.
13. De Vries GJ, Rissman EF, Simerly RB, Yang LY, Scordalakes EM, Auger CJ,
et al. (2002): A model system for study of sex chromosome effects on
sexually dimorphic neural and behavioral traits. J Neurosci 22:9005–
9014.
14. van Honk J, Harmon-Jones E, Morgan BE, Schutter DJ (2010): Socially
explosive minds: The triple imbalance hypothesis of reactive aggression. J Pers 78:67–94.
15. Hermans EJ, Putman P, Baas JM, Gecks NM, Kenemans JL, van Honk J
(2007): Exogenous testosterone attenuates the integrated central stress

www.sobp.org/journal

846 BIOL PSYCHIATRY 2012;72:839 – 847

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

response in healthy young women. Psychoneuroendocrinology
32:1052–1061.
Hermans EJ, Putman P, Baas JM, Koppeschaar HP, van Honk J (2006): A
single administration of testosterone reduces fear-potentiated startle in
humans. Biol Psychiatry 59:872– 874.
van Honk J, Peper JS, Schutter DJ (2005): Testosterone reduces unconscious fear but not consciously experienced anxiety: Implications for the
disorders of fear and anxiety. Biol Psychiatry 58:218 –225.
van Honk J, Schutter DJ, Hermans EJ, Putman P, Tuiten A, Koppeschaar H
(2004): Testosterone shifts the balance between sensitivity for punishment and reward in healthy young women. Psychoneuroendocrinology
29:937–943.
Mueller SC, Mandell D, Leschek EW, Pine DS, Merke DP, Ernst M (2009):
Early hyperandrogenism affects the development of hippocampal function: Preliminary evidence from a functional magnetic resonance imaging study of boys with familial male precocious puberty. J Child Adolesc
Psychopharmacol 19:41–50.
Wirth MM, Schultheiss OC (2007): Basal testosterone moderates responses to anger faces in humans. Physiol Behav 90:496 –505.
van Honk J, Tuiten A, Hermans E, Putman P, Koppeschaar H, Thijssen J, et
al. (2001): A single administration of testosterone induces cardiac accelerative responses to angry faces in healthy young women. Behav Neurosci 115:238 –242.
van Honk J, Tuiten A, Verbaten R, van den Hout M, Koppeschaar H,
Thijssen J, et al. (1999): Correlations among salivary testosterone, mood,
and selective attention to threat in humans. Horm Behav 36:17–24.
Aarts H, van Honk J (2009): Testosterone and unconscious positive
priming increase human motivation separately. Neuroreport 20:1300 –
1303.
Campbell BC, Dreber A, Apicella CL, Eisenberg DT, Gray PB, Little AC, et
al. (2010): Testosterone exposure, dopaminergic reward, and sensationseeking in young men. Physiol Behav 99:451– 456.
Bos PA, Panksepp J, Bluthe RM, van Honk J (2012): Acute effects of
steroid hormones and neuropeptides on human social– emotional behavior: A review of single administration studies. Front Neuroendocrinol
33:17–35.
Coates JM, Herbert J (2008): Endogenous steroids and financial risk
taking on a London trading floor. Proc Natl Acad Sci U S A 105:6167–
6172.
Stanton SJ, Wirth MM, Waugh CE, Schultheiss OC (2009): Endogenous
testosterone levels are associated with amygdala and ventromedial
prefrontal cortex responses to anger faces in men but not women. Biol
Psychol 81:118 –122.
Hermans EJ, Ramsey NF, van Honk J (2008): Exogenous testosterone
enhances responsiveness to social threat in the neural circuitry of social
aggression in humans. Biol Psychiatry 63:263–270.
van Wingen GA, Zylicz SA, Pieters S, Mattern C, Verkes RJ, Buitelaar JK, et
al. (2009): Testosterone increases amygdala reactivity in middle-aged
women to a young adulthood level. Neuropsychopharmacology 34:
539 –547.
Manuck SB, Marsland AL, Flory JD, Gorka A, Ferrell RE, Hariri AR (2010):
Salivary testosterone and a trinucleotide (CAG) length polymorphism in
the androgen receptor gene predict amygdala reactivity in men. Psychoneuroendocrinology 35:94 –104.
Derntl B, Windischberger C, Robinson S, Kryspin-Exner I, Gur RC, Moser
E, et al. (2009): Amygdala activity to fear and anger in healthy young
males is associated with testosterone. Psychoneuroendocrinology 34:
687– 693.
Hermans EJ, Bos PA, Ossewaarde L, Ramsey NF, Fernandez G, van Honk
J (2010): Effects of exogenous testosterone on the ventral striatal BOLD
response during reward anticipation in healthy women. Neuroimage
52:277–283.
Forbes EE, Ryan ND, Phillips ML, Manuck SB, Worthman CM, Moyles DL,
et al. (2010): Healthy adolescents’ neural response to reward: Associations with puberty, positive affect, and depressive symptoms. J Am Acad
Child Adoles Psychiatry 49:162–172, e161–165.
Op de Macks ZA, Moor BG, Overgaauw S, Guroglu B, Dahl RE, Crone EA
(2011): Testosterone levels correspond with increased ventral striatum
activation in response to monetary rewards in adolescents. Dev Cogn
Neurosci 1:506 –516.
Arnold AP (2009): The organizational–activational hypothesis as the
foundation for a unified theory of sexual differentiation of all mammalian tissues. Horm Behav 55:570 –578.

www.sobp.org/journal

M.V. Lombardo et al.
36. Phoenix CH, Goy RW, Gerall AA, Young WC (1959): Organizing action of
prenatally administered testosterone propionate on the tissues mediating mating behavior in the female guinea pig. Endocrinology 65:369 –
382.
37. van Honk J, Schutter DJ, Bos PA, Kruijt AW, Lentjes EG, Baron-Cohen S
(2011): Testosterone administration impairs cognitive empathy in
women depending on second-to-fourth digit ratio. Proc Natl Acad Sci
U S A 108:3448 –3452.
38. Lombardo MV, Ashwin E, Auyeung B, Chakrabarti B, Taylor K, Hackett G,
et al. (2012): Fetal testosterone influences sexually dimorphic gray matter in the human brain. J Neurosci 32:674 – 680.
39. van Honk J, Montoya ER, Bos PA, van Vugt M, Terburg D (2012): New
evidence on testosterone and cooperation. Nature 485:E4-E5.
40. Barker DJ (1998): In utero programming of chronic disease. Clin Sci
(Lond) 95:115–128.
41. McCarthy MM, Auger AP, Bale TL, De Vries GJ, Dunn GA, Forger NG, et al.
(2009): The epigenetics of sex differences in the brain. J Neurosci 29:
12815–12823.
42. Bale TL, Baram TZ, Brown AS, Goldstein JM, Insel TR, McCarthy MM, et al.
(2010): Early life programming and neurodevelopmental disorders. Biol
Psychiatry 68:314 –319.
43. Jessen HM, Auger AP (2011): Sex differences in epigenetic mechanisms
may underlie risk and resilience for mental health disorders. Epigenetics
6:857– 861.
44. Nugent BM, McCarthy MM (2011): Epigenetic underpinnings of developmental sex differences in the brain. Neuroendocrinology 93:150 –158.
45. Wager TD, Barrett LF, Bliss-Moreau E, Lindquist K, Duncan S, Kober H, et
al. (2008): The neuroimaging of emotion. In: Lewis M, Haviland-Jones
JM, Barrett LF, editors. Handbook of Emotions, 3rd ed. New York: Guilford
Press, 249 –271.
46. Chura LR, Lombardo MV, Ashwin E, Auyeung B, Chakrabarti B, Bullmore
ET, et al. (2010): Organizational effects of fetal testosterone on human
corpus callosum size and asymmetry. Psychoneuroendocrinology 35:
122–132.
47. Hines M (2004): Brain Gender. New York: Oxford University Press.
48. Sarkar P, Bergman K, Fisk NM, O’Connor TG, Glover V (2007): Amniotic
fluid testosterone: Relationship with cortisol and gestational age. Clin
Endocrinol (Oxf) 67:743–747.
49. Lundqvist D, Flykt A, Ohman A (1998): Facial Expressions of Emotion
(KDEF) [CD-ROM]. Stockholm, Sweden: Department of Clinical Neuroscience, Psychology section, Karolinska Institute.
50. Colder CR, O’Connor RM (2004): Gray’s reinforcement sensitivity model
and child psychopathology: Laboratory and questionnaire assessment
of the BAS and BIS. J Abnorm Child Psychol 32:435– 451.
51. Gray JA (1987): The Psychology of Fear and Stress. Cambridge: Cambridge
University Press.
52. Wilke M, Holland SK, Altaye M, Gaser C (2008): Template-O-Matic: A
toolbox for creating customized pediatric templates. Neuroimage 41:
903–913.
53. Chumbley J, Worsley K, Flandin G, Friston K (2010): Topological FDR for
neuroimaging. Neuroimage 49:3057–3064.
54. Wager TD, Davidson ML, Hughes BL, Lindquist MA, Ochsner KN (2008):
Prefrontal-subcortical pathways mediating successful emotion regulation. Neuron 59:1037–1050.
55. Beaver JD, Lawrence AD, Passamonti L, Calder AJ (2008): Appetitive
motivation predicts the neural response to facial signals of aggression.
J Neurosci 28:2719 –2725.
56. Calder AJ, Ewbank M, Passamonti L (2011): Personality influences the
neural responses to viewing facial expressions of emotion. Philos Trans R
Soc Lond B Biol Sci 366:1684 –1701.
57. Hamann S, Canli T (2004): Individual differences in emotion processing.
Curr Opin Neurobiol 14:233–238.
58. Rowe R, Maughan B, Worthman CM, Costello EJ, Angold A (2004): Testosterone, antisocial behavior, and social dominance in boys: Pubertal
development and biosocial interaction. Biol Psychiatry 55:546 –552.
59. van Goozen SH, Fairchild G, Snoek H, Harold GT (2007): The evidence for
a neurobiological model of childhood antisocial behavior. Psychol Bull
133:149 –182.
60. Angold A, Costello EJ, Erkanli A, Worthman CM (1999): Pubertal changes
in hormone levels and depression in girls. Psychol Med 29:1043–1053.
61. King JA, Barkley RA, Delville Y, Ferris CF (2000): Early androgen treatment decreases cognitive function and catecholamine innervation in
an animal model of ADHD. Behav Brain Res 107:35– 43.

BIOL PSYCHIATRY 2012;72:839 – 847 847

M.V. Lombardo et al.
62. Glenn AL, Raine A, Schug RA, Gao Y, Granger DA (2011): Increased
testosterone-to-cortisol ratio in psychopathy. J Abnorm Psychol 120:
389 –399.
63. Terburg D, Morgan B, van Honk J (2009): The testosterone-cortisol ratio:
A hormonal marker for proneness to social aggression. Int J Law Psychiatry 32:216 –223.
64. Abler B, Greenhouse I, Ongur D, Walter H, Heckers S (2008): Abnormal
reward system activation in mania. Neuropsychopharmacology 33:
2217–2227.
65. Buckholtz JW, Treadway MT, Cowan RL, Woodward ND, Benning SD, Li R,
et al. (2010): Mesolimbic dopamine reward system hypersensitivity in
individuals with psychopathic traits. Nat Neurosci 13:419 – 421.
66. Schlaepfer TE, Cohen MX, Frick C, Kosel M, Brodesser D, Axmacher N, et al.
(2008): Deep brain stimulation to reward circuitry alleviates anhedonia in
refractory major depression. Neuropsychopharmacology 33:368 –377.
67. Scott-Van Zeeland AA, Dapretto M, Ghahremani DG, Poldrack RA,
Bookheimer SY (2010): Reward processing in autism. Autism Res 3:53– 67.
68. Volkow ND, Fowler JS, Wang GJ, Swanson JM (2004): Dopamine in drug
abuse and addiction: Results from imaging studies and treatment implications. Mol Psychiatry 9:557–569.
69. Volkow ND, Wang GJ, Kollins SH, Wigal TL, Newcorn JH, Telang F, et al.
(2009): Evaluating dopamine reward pathway in ADHD: Clinical implications. JAMA 302:1084 –1091.
70. Heller AS, Johnstone T, Shackman AJ, Light SN, Peterson MJ, Kolden GG,
et al. (2009): Reduced capacity to sustain positive emotion in major

71.
72.

73.
74.
75.

76.
77.

depression reflects diminished maintenance of fronto-striatal brain
activation. Proc Natl Acad Sci U S A 106:22445–22450.
Scheres A, Milham MP, Knutson B, Castellanos FX (2007): Ventral striatal
hyporesponsiveness during reward anticipation in attention-deficit/
hyperactivity disorder. Biol Psychiatry 61:720 –724.
Ernst M, Nelson EE, Jazbec S, McClure EB, Monk CS, Leibenluft E, et al.
(2005): Amygdala and nucleus accumbens in responses to receipt
and omission of gains in adults and adolescents. Neuroimage 25:
1279 –1291.
Galvan A, Hare TA, Parra CE, Penn J, Voss H, Glover G, et al. (2006): Earlier
development of the accumbens relative to orbitofrontal cortex might
underlie risk-taking behavior in adolescents. J Neurosci 26:6885– 6892.
Van Leijenhorst L, Zanolie K, Van Meel CS, Westenberg PM, Rombouts SA,
Crone EA (2010): What motivates the adolescent? Brain regions mediating
reward sensitivity across adolescence. Cereb Cortex 20:61– 69.
Helfinstein SM, Benson B, Perez-Edgar K, Bar-Haim Y, Detloff A, Pine DS,
et al. (2011): Striatal responses to negative monetary outcomes differ
between temperamentally inhibited and non-inhibited adolescents.
Neuropsychologia 49:479 – 485.
Neufang S, Specht K, Hausmann M, Gunturkun O, Herpertz-Dahlmann B,
Fink GR, et al. (2009): Sex differences and the impact of steroid hormones on the developing human brain. Cereb Cortex 19:464 – 473.
Peper JS, Hulshoff Pol HE, Crone EA, van Honk J (2011): Sex steroids and
brain structure in pubertal boys and girls: A mini-review of neuroimaging studies. Neuroscience 191:28 –37.

www.sobp.org/journal

