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a  b  s  t  r  a  c  t

Women  on  average  outperform  men  in cognitive-empathic  abilities,  such  as the  capacity  to infer  motives
from the  bodily  cues  of  others,  which  is vital  for  effective  social  interaction.  The  steroid  hormone  testos-
terone  is  thought  to play  a role  in  this  sexual  dimorphism.  Strikingly,  a previous  study  shows  that  a
single  administration  of testosterone  in  women  impairs  performance  on  the  ‘Reading  the Mind  in Eyes’
Test (RMET),  a task  in which  emotions  have  to  be  inferred  from  the  eye-region  of  a  face.  This effect
was  mediated  by  the 2D:4D  ratio,  the  ratio  between  the length  of the index and  ring  finger,  a proxy  for
fetal  testosterone.  Research  in  typical  individuals,  in  individuals  with autism  spectrum  conditions  (ASC),
and  in  individuals  with  brain  lesions  has  established  that  performance  on  the  RMET  depends  on  the  left
inferior  frontal  gyrus  (IFG).  Using  functional  magnetic  resonance  imaging  (fMRI),  we  found  that  a  single
administration  of testosterone  in 16  young  women  significantly  altered  connectivity  of  the  left  IFG  with

the  anterior  cingulate  cortex  (ACC)  and the  supplementary  motor  area  (SMA)  during  RMET  performance,
independent  of  2D:4D  ratio. This  IFG-ACC-SMA  network  underlies  the  integration  and  selection  of  sen-
sory  information,  and  for action  preparation  during  cognitive  empathic  behavior.  Our  findings  thus  reveal
a neural  mechanism  by  which  testosterone  can  impair  emotion-recognition  ability,  and  may  link  to  the
symptomatology  of ASC,  in  which  the  same  neural  network  is  implicated.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Human social interaction is characterized by the employment
f cognitive empathy: our capacity to infer motives, intentions,
houghts and feelings from the bodily cues of others (Baron-
ohen, 1995; Frith and Frith, 1999). The ability to identify
motional expressions of others shows sexual dimorphism: on
verage, women outperform men, a difference for which accu-
ulating evidence suggests an underlying role for the steroid
ormone testosterone (Baron-Cohen, 2003; Baron-Cohen et al.,
005). Indeed, a single administration of testosterone has been
emonstrated to reduce emotion recognition abilities in typical

∗ Corresponding author at: Department of Experimental Psychology, Utrecht Uni-
ersity, Heidelberglaan 2, 3584 CS Utrecht, The Netherlands.

E-mail address: p.a.bos@uu.nl (P.A. Bos).

ttp://dx.doi.org/10.1016/j.psyneuen.2016.03.006
306-4530/© 2016 Elsevier Ltd. All rights reserved.
young women  (van Honk et al., 2011a). After testosterone adminis-
tration (compared to placebo) women  show impaired performance
on the ‘Reading the Mind in the Eyes’ Test (RMET: Baron-Cohen
et al., 2001). On the RMET, both basic and complex mental states
(emotions, motives, intentions, and thoughts) need to be inferred
from pictures of the eye-region of the face alone. This effect of
testosterone on the RMET varied with a proxy of fetal testosterone
(fT), the 2D:4D ratio (Breedlove, 2010). A lower 2D:4D ratio, a proxy
for higher levels of fT, predicted greater impairment on the RMET
after testosterone administration (van Honk et al., 2011a).

Exposure to fT is also an important underlying factor in the eti-
ology of autism spectrum conditions (ASC) (Baron-Cohen, 2003;
Baron-Cohen et al., 2015a, 2005), a condition characterized by
impaired ability in emotion recognition (Baron-Cohen, 1995), for

which the RMET was developed as a sensitive measure (Baron-
Cohen et al., 2001). In the current pharmacological functional
Magnetic Resonance Imaging (fMRI) study, typical young women

dx.doi.org/10.1016/j.psyneuen.2016.03.006
http://www.sciencedirect.com/science/journal/03064530
http://www.elsevier.com/locate/psyneuen
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psyneuen.2016.03.006&domain=pdf
mailto:p.a.bos@uu.nl
dx.doi.org/10.1016/j.psyneuen.2016.03.006
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erformed the RMET during neuroimaging after a single testos-
erone and placebo administration, in a double-blind design, to
nvestigate the neural mechanisms by which testosterone brings
bout its down-regulating effect on cognitive empathic abilities.

Studies into the mechanisms supporting cognitive empathic
bilities have identified several brain regions involved in the infer-
nce of mental states using the RMET. A study that included more
han a hundred patients with brain lesion shows that lesions in the
eft inferior frontal gyrus (IFG) impair performance on the RMET
Dal Monte et al., 2014), suggesting that left IFG is crucial for the
dentification of subtle emotional expressions. Consistent with this,
tudies comparing neural responses during the RMET between cul-
ures and throughout development have also revealed consistent
ctivation of the IFG, together with the posterior part of the supe-
ior temporal sulcus (pSTS) (Adams et al., 2010; Baron-Cohen et al.,
006, 1999; Moor et al., 2012). Interestingly, in relation to the role
f testosterone, sex differences have been observed in the function
f the left IFG (Baron-Cohen et al., 2006), and in connectivity of
he left IFG with the superior temporal cortices (Schmithorst and
olland, 2007). Also, the amount of exposure to fT and baseline

estosterone levels predicts brain structure (Koolschijn et al., 2014;
ombardo et al., 2012; Witte et al., 2010), and structural connec-
ivity of the IFG and pSTS (Peper et al., 2013; Rametti et al., 2012).
ltered activation and connectivity of the same regions have also
een implicated in the social deficits of ASC (Hadjikhani et al., 2007;
issers et al., 2012).

Although based on these studies a relation between testosterone
nd activation or connectivity of the left IFG can be predicted,
irect effects of testosterone administration on the IFG have not
et been reported. Studies have reported acute down-regulation
f prefrontal-amygdala functional connectivity after testosterone
dministration (Bos et al., 2012a; van Wingen et al., 2010), both
n the context of emotion processing paradigms. In these stud-
es, altered connectivity was observed in the absence of changed
ctivation in the prefrontal cortex, indicating that endocrine
anipulations can affect neural activity and connectivity inde-

endently. Thus, testosterone can be regarded a modulator of the
etwork involved in emotion recognition, provisionally by altering
onnectivity of the prefrontal cortex with other brain regions (van
onk et al., 2011b). Given these findings, we predict that testos-

erone will selectively affect connectivity of the prefrontal regions
nvolved in cognitive empathic abilities (i.e. left IFG), underlying the
own-regulation effect of testosterone during RMET performance
van Honk et al., 2011a).

. Methods and materials

.1. Participants

16 right-handed typical young women (mean age 20.8 years,
D 2.0) participated in the study, and were recruited at the univer-
ity campus of Utrecht University. Only women using single-phase
ral contraceptives were included, since contraceptive use sup-
resses cyclic fluctuations in levels of estrogens and progesterone
Fleischman et al., 2010). Also, no scans were performed dur-
ng menstruation. Also, participants were scanned at the same
ime of day on two separate days with an interval of at least a
eek. Only women were included, since our earlier study show-

ng behavioral effects of testosterone on the RMET was  also only
erformed in women (van Honk et al., 2011a), and because eth-

cal approval was restricted to females. (For further information

ee: substance administration). Participants had no history of psy-
hiatric, neurological, or endocrine abnormalities. Participants did
ot smoke and used no medication other than oral contraceptives.
hen compared to normative data from the general population, the
inology 68 (2016) 194–201 195

participants in the current study did not differentiate on self-
reported empathy (using the Empathy Quotient or EQ; see
Procedure). Our sample had a mean EQ of 44.1 (SD = 10.8) compared
to an average of 49.9 (SD = 12.0) in the normative data (Baron-
Cohen et al., 2015b). The experimental protocol was approved by
the Ethics Committee of the University Medical Centre Utrecht and
in accordance with the latest declaration of Helsinki. Participants
gave written informed consent prior to participation and received
payment afterwards.

2.2. Testosterone administration

The testosterone sample consisted of 0.5 mg  of testosterone,
5 mg  of the carrier cyclodextrin, 5 mg  of ethanol, and 5 ml  of water.
The placebo sample was identical to the drug sample, but with-
out containing testosterone. Both testosterone and placebo were
administered sublingually under supervision of the experimenter.
Extensive prior research established that 0.5 mg  of testosterone
in young women, without exception, results in an approximately
10-fold increase in blood levels of testosterone 15 min  after admin-
istration, and a return to baseline in 90 min  (Tuiten et al., 2000).
This 10-fold increase mostly reflects testosterone that is bound to
sex hormone binding globulin (SHBG) and albumin, whereas the
increase of the free fraction, which passes the blood brain bar-
rier and exerts its effects in the brain, is increased to a moderate
extent. A study into dose-dependent effects of sublingual testos-
terone administration indeed shows that the increase of the free
fraction by testosterone depends on the SHBG level in women
(van Rooij et al., 2011). Behavioral and physiological effects of the
administration, as demonstrated by enhanced vaginal pulse ampli-
tude, peak four hours after intake (Tuiten et al., 2000). Numerous
studies using various cognitive, emotional, and neural measures
have reported effects after this four hour delay (for a review, see:
Bos et al., 2012b). Therefore, the same four-hour delay was used in
the present study.

2.3. Procedure

The experimental setup of this study follows a randomized,
counterbalanced, cross-over, placebo-controlled, testosterone
administration paradigm. Upon arrival, the administration and
fMRI procedure were explained to the participants who were given
the opportunity to ask questions. Afterwards participants gave
informed consent and were screened on a questionnaire for alco-
hol and drug use. They also filled out the Empathy Quotient (EQ)
and Systemizing Quotient-Revised (SQ-R) (Baron-Cohen, 2009), as
these questionnaires have shown clear on average sex differences
(Wheelwright et al., 2006) and are correlated with exposure to
fT (Auyeung et al., 2006). Four hours prior to fMRI data acquisi-
tion, participants received testosterone or placebo administration,
due to the delay in physiological effects as explained above. After
administration participants were instructed to refrain from phys-
ically and psychologically intensive tasks. Before being asked to
take their place in the MRI  scanner, participants filled out a short-
ened version of the profile-of-mood-states (POMS) questionnaire
to obtain an index of their mood (Shacham, 1983). After this, par-
ticipants were screened using a MRI-checklist and a metal detector,
and were instructed to position themselves on the scanner bed
as comfortably as possible and to try to relax. Head movement
was minimized by foam pads that were placed between the RF-
coil and the participant’s head. Further instructions during the

scan session were given by intercom. During the scan session, the
participants performed two additional experimental tasks (pub-
lished elsewhere: Bos et al., 2010, 2012a). The current task was
always performed first. After the second session, participants were
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ebriefed, given payment, and asked to guess the day of adminis-
ration to control for blindness regarding to the administration.

.4. RMET

The task currently used is an adaptation of the original ‘Reading
he Mind in the Eyes’ Test (Baron-Cohen et al., 2001), which was
eveloped to be sensitive to individual differences and to impair-
ent in adults with ASC. It consists of 36 pictures of the eye-region

f faces that depict a specific emotion. In the original version of
he task each picture has four possible answers among which the
articipant has to choose the correct one. To simplify the display,

n order to avoid excessive eye movement during reading, we first
howed the participants an emotion-word (e.g. shy, hostile, playful)
or one second, after which the picture of the eyes was presented
or three seconds (Fig. 1A). Participants were instructed to indi-
ate whether the word matched the picture after the offset of the
icture by pressing either left (match) or right (does not match)
sing a button box in their right hand. Reaction times were cal-
ulated for the matched and non-matched trails of the emotion
nd control condition, and was collapsed over correct and incor-
ect responses. The matched and non-matched answers were taken
rom the original RMET. As a control condition, the same pictures

ere shown while preceded by a matched or non-matched non-
motional word describing a feature of the pictures (e.g. woman,
urly hair, heavy eye-brows, ear visible). This resulted in 144 tri-
ls (36 pictures, where the preceding word was emotion matched,
motion non-matched, control condition matched, control condi-
ion non-matched). Since the participants performed the task twice
both in the placebo and testosterone condition), the 144 trials were
ivided over two versions of the task to avoid learning effects. Every
timulus was displayed twice in the both versions of the task, and
ll answers categories were equally divided over the two versions.
hese two versions of the task were counterbalanced to the drug
rder and stimuli were randomly presented within both sessions.

All trials were presented in the middle of the screen, and were
nterleaved with a fixation cross with a random duration (aver-
ged at 5.5 s). In addition, 15 null events (fixation cross a 9.5 s)
ere added in both task versions to secure enough rest through-

ut the experiment. Our design was developed to avoid excessive
ye-movement during the task, which might have been a confound
n previous studies (Bartlett et al., 2011), where the stimuli were
resented simultaneously with several answer categories (Adams
t al., 2010; Baron-Cohen et al., 2006; Moor et al., 2012). In addition,
ifferences in difficulty between the conditions is better controlled

or, as in these previous experiments the control condition only
ncluded sex and age judgments. Although our design was opti-

ized for imaging purposes, the changes in the task have made it
ess sensitive for measuring behavioral effects. Since participants

ere no longer able to see both matched and non-matched con-
ition at the same time (as in the original version), the difficult

tems in our version of the task are no longer discriminative for
roficiency in emotion-detection. In difficult items, both emotional
ategories might apply, and deciding that a non-matched answer
s correct, might reflect a more liberal response bias instead of less
roficiency on the RMET.

.5. 2D:4D ratio/testosterone saliva measurement

The ratio of the length of the right hand’s second digit divided by
he length of the fourth digit (2D:4D) is a marker for prenatal andro-
ens in humans (Breedlove, 2010), and has in our previous study

hown to predict the effect of testosterone administration on RMET
erformance (van Honk et al., 2011a). 2D:4D ratio was  measured by
wo independent raters (inter-rater correlation: r = 0.91; p < 0.001)
rom an image scan of the right-hand of the subjects, which is a
inology 68 (2016) 194–201

valid method to measure finger lengths. Lengths of the second and
fourth digits were measured from the ventral proximal crease of the
digit to the fingertip using an Adobe® Photoshop tool (Breedlove,
2010).

Baseline testosterone levels were obtained since these have
been shown to correlate with neural responses to faces (Bos
et al., 2012a; e.g. Derntl et al., 2009). Endogenous testosterone
levels were obtained using saliva sampling according to Granger
et al. (2004), which has been successfully applied in several pre-
vious studies (Bos et al., 2012a; e.g. Eisenegger et al., 2010).
Testosterone in saliva was measured after diethylether extraction
using a competitive radio-immunoassay employing a polyclonal
antitestosterone-antibody (Dr. Pratt AZG 3290). [1,2,6,7-3H]-
Testosterone (TRK402, Amersham Nederland B.V.) was used as a
tracer following chromatografic verification of its purity. The lower
limit of detection was 10 pmol/l and inter-assay variation was 16.1;
11.5; and 5.1% at 21; 100 and 230 pmol/l respectively (n = 4,5,5).

2.6. Scanning parameters

Scanning was performed on a 3 T Philips Achieva MRI  scan-
ner (Philips Medical Systems, Best, The Netherlands). Blood oxygen
level dependent (BOLD-) response was  measured with functional
T2*-weighted sagittal whole- brain images obtained throughout
the task. A 3D PRESTO sequence (Neggers et al., 2008) was  used with
the following parameters: 23 ms  echo time, 16 ms  repetition time;
224 × 224 × 136 mm field of view; flip angle of 9◦. 1020 scans with
a volume acquisition time of 0.813 s were obtained, each comprised
of 39 sagittal slices; voxelsize 3.5 mm isotropic.Subsequently a high
resolution T1-weighted anatomical scan with the following param-
eters was  acquired for co-registration and normalization purposes:
4.7 ms  echo time, 9.5 ms  repetition time, 240 × 221 × 160 mm  field
of view, 266 sagittal slices, flip angle of 8.0◦, voxelsize 0.6 mm
isotropic.

2.7. fMRI data processing and analyses

Preprocessing and subsequent analyses were performed with
SPM8 (http://www.fil.ion.ucl.ac.uk/spm). Functional scans of both
sessions were motion corrected to the first dynamic scan. Brain
extraction was  performed on the individual anatomical scans by
using unified segmentation, and applying the gray and white mat-
ter maps as a mask for the anatomical scans. Extracted brains
were used in further preprocessing steps leading to better fit dur-
ing coregistration. Subsequently, all volumes were normalized to
MNI-space using the MNI152 template and were resliced at 2 mm
isotropic voxelsize. Smoothing with an 8 mm full width at half max-
imum gaussian kernel was applied to the normalized functional
volumes.

A general linear model (GLM) was applied to both sessions to
investigate the effect of the emotion versus the control condition,
and its interaction with testosterone administration. Within both
sessions, neural responses to the onset of the pictures were mod-
elled using a 2 s boxcar function convolved with a hemodynamic
response function (hrf) as implemented in the SPM8 software.
Additional regressors of no interest which are entered into the
analyses to reduce unexplained variance in the data include the
realignment parameters, and a discrete cosine transform high pass
filter with a cut-off of 128 s. None of the participants had to be
removed from the data due to excessive head movement (more
than 2 mm).

The contrast maps of emotion stimuli versus baseline and con-

trol stimuli versus baseline in both sessions were entered in a
two-factorial ANOVA, with drug (testosterone versus placebo) and
emotion condition (emotion versus control stimuli) as within sub-
ject factors. Matched vs. non-matched conditions were not added

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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o the model, since during both conditions neural activation rep-
esents a cognitive process during which a facial expression is
ompared to a word, and by dividing the trials in two  categories,
art of the variance is explained of our effect of interest. Order was
ntered as a between subjects factor, and was  removed from the
nalyses if it showed not significant within the regions of interest.
ll calculated linear contrasts were subjected to a cluster-forming

hreshold of p < 0.001. To control for multiple comparisons this
oxelwise cluster-forming threshold was combined with a clus-
er threshold, and only clusters that survive a p < 0.05 Family Wise
rror (FWE) correction are reported. In addition to the whole brain
nalysis, small volume corrections (p < 0.05 FWE  cluster-level) were
pplied for the predefined regions of the interest: the STS, and
he IFG (orbital and triangular part), as based on the automated
natomical labelling (AAL) template (Tzourio-Mazoyer et al., 2002).
he superior temporal gyrus (STG) was used as the anatomical tem-
late since the STS is not incorporated in the AAL-template as a
eparate mask.

Finally, we performed a psychophysiological interaction (PPI)
nalysis to investigate the possible effect of testosterone on func-
ional brain connectivity during mindreading. As a seed region,
e took the peak value with a 6 mm sphere radius of the con-

rast emotion versus control stimuli. This sphere was masked by an
natomical template of the IFG based on the AAL template, since a
mall part of the sphere was located outside of the IFG as defined in
he AAL template (Tzourio-Mazoyer et al., 2002). The time course
f activation in the seed region, was extracted from the data, and
n interaction term for this time course was calculated for the con-
rast of emotion versus the control condition. Both time course and
PI term were entered in the regression model. Subsequently, PPI
ontrast maps of the testosterone and placebo sessions were sub-
ected to a paired sample T-test. Additionally, to further specify

hich condition brought forth the effect, one-sampled T-tests were
erformed on the emotion versus control contrast maps in both
rug sessions. The same corrections and thresholds were applied
s described in the analysis above.

. Results

.1. Behavioral data

First, the data was checked for outliers based on a criterion of 3
imes the SD above or below the mean. No outliers were detected.
he distribution of the data was further checked using the Shapiro-
ilk normality test. With the exception of the unmatched control

ondition after testosterone (W = 0.834, p = 0.008), and the matched
ontrol condition after placebo (W = 0.825, p = 0.006), none of the
umber of errors made by the participants deviated from nor-
ality (all W > 0.896, p > 0.05). The reaction times all violated the

ssumption of normality (all W < 0.849, p < 0.05). Since normality
as violated, we adopted a more conservative significance thresh-

ld of p = 0.01 in our further analyses (log-transformations with a

onventional threshold of p = 0.05 yielded similar results). Mean
nd SD of the behavioral data in the different conditions are pro-
ided in Table 1. Please note that subjects were instructed to wait
or the offset of the stimulus, which lasted 3 s, before responding.

able 1
ehavioral data of the different condition (18 trials); mean and SD.

condition number of errors 

placebo tes

emotion matched 3.75 (1.73) 4.7
emotion non-matched 5.13 (2.83) 4.5
control matched 2.44 (2.34) 2.5
control non-matched 1.88 (1.15) 2.1
inology 68 (2016) 194–201 197

Reaction times are given from the onset of the stimulus, since some
participants did not follow up on instruction (reaction times below
3 s).

A 2(drug) × 2(emotion/control) × 2(matched/non-matched)
ANOVA on the number of errors showed a main effect of emotion
condition (F(1,15) = 59.9, p < 0.001), but no effect of drug (F(1,15) =
0.18, p > 0.01), or interactions of drug with emotion condition
(F(1,15) = 0.002, p > 0.01) or matched/non-matched condition
(F(1,15) = 1.12, p > 0.01). Post-hoc pairwise comparisons showed
that participants were more accurate in the control condition
compared to the emotion condition (mean number of errors = 2.27
versus 4.53, p < 0.001).

A 2(drug) × 2(emotion/control) × 2(matched/non-matched)
ANOVA on the reaction times showed a similar main effect of
emotion condition (F(1,15) = 60.37, p < 0.001), but no effect of
drug (F(1,15) = 0.10, p > 0.01), or interactions of drug with emo-
tion condition (F(1,15) = 0.21, p > 0.01) or matched/non-matched
condition (F(1,15) = 1.28, p > 0.01). Post-hoc pairwise comparisons
showed that participants were faster in the control condition
compared to the emotion condition (reaction time = 2.04 versus
2.20, p < 0.001). Further covariation analyses showed that there
were no main effects, or interactions with drug administration or
emotion category of the 2D:4D ratio, baseline testosterone, or the
Systemizing Quotient/Empathy Quotient (SQ-R/EQ) (Baron-Cohen,
2009; Wheelwright et al., 2006) on the data (all p’s > 0.01).

Based on our previous behavioral study (van Honk et al., 2011a)
we ran exploratory correlational analyses to investigate a possible
effect of the 2D:4D ratio on the behavioral data. None of the corre-
lations survived the lowered statistical threshold of (p < 0.01). Only
a marginally significant negative correlation between the 2D:4D
ratio and the SQ-R was  observed (� = −0.59; p = 0.016, uncorrected
for multiple comparisons), consistent with the idea that high fT
results in stronger systemizing (Auyeung et al., 2006; Baron-Cohen,
2009). Furthermore, testosterone did not affect participants’ mood,
as there was  no effect on any of the profile of mood states (POMS)
scales (all p’s > 0.05). Also, participants’ guesses on which day they
had testosterone did not deviate from chance regarding the true day
of testosterone administration (binominal = 0.18 NS, two-tailed).

3.2. Imaging data

To investigate neural activation during the RMET, we first con-
trasted the emotion condition to the control condition, yielding a
large cluster of activation in the left IFG (Fig. 1B, Table 2 for inferen-
tial statistics), showing that our main area of interest was  indeed
activated. Our other region of interest, the pSTS, was  not selec-
tively activated during the cognitive empathy condition. However,
when we looked at the activation of both conditions versus rest,
it was significantly activated (Table 2), indicating that the con-
trol condition in our adapted RMET also elicited activation in this
region. For the opposite task-contrast (more activation of the con-
trol compared to the emotion task) several significantly activated

clusters were observed, most prominent in the middle frontal and
parietal regions, as well as in the inferior temporal cortex. These
regions comprise the neural network of visual attention and eye
movement (Desimone and Duncan, 1995; Lynch and Tian, 2006),

reaction time

tosterone placebo testosterone

5 (2.46) 2.09 (0.84) 2.21 (1.00)
0 (1.93) 2.25 (0.86) 2.26 (0.96)
6 (1.82) 1.97 (0.90) 2.06 (1.03)
9 (1.64) 2.02 (0.87) 2.10 (1.00)
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Fig. 1. (A) Display of one trial setup. (B) An axial slice of the T-maps for the contrast of emotion versus the control condition in the placebo and testosterone condition overlaid
onto  a T1-weighted canonical image. (C) Coronal and sagittal slices of the T-maps for the contrast placebo > testosterone, for the connectivity analysis based on the contrast
between the emotion condition and the control condition After testosterone administration, there is a significant reduction in connectivity between the seed region (left IFG)
and  the bilateral SMA  and ACC compared to placebo. Accompanying MNI-coordinates are presented below the slices, and for display purposes all T-maps are thresholded at
p  < 0.001 (see Table 2 for inferential statistics). For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.

Table 2
Peak T-values, p-values, cluster sizes, and MNI  coordinates for significantly activated voxels.

experimental effect peak voxel location T-value cluster size p-values

region x y z voxels

full factorial: main effect: stimuli > rest
fusiform gyrus L −32 −82 −17 19.21 66.895 <0.001*

lingual gyrus R 24 −88 −12 15.54 s.c. <0.001*

inferior frontal gyrus R 34 28 −6 10.34 s.c. <0.001**

inferior frontal gyrus L −56 14 30 10.15 s.c. <0.001**

superior temporal gyrus R 58 −44 12 5.04 s.c. 0.001**

main effect: rest > stimuli
precuneus L −10 −56 14 5.57 793 0.005*

angular gyrus L −50 −70 30 6.38 462 0.037*

superior temporal gyrus L −54 −32 10 4.41 127 0.032**

main effect: emotion > control
inferior frontal gyrus L −54 32 −4 7.17 714 0.008*

main effect: control > emotion
middle frontal gyrus R 32 18 56 11.34 3746 <0.001*

L −30 12 56 7.69 1981 <0.001*

superior parietal cortex L −26 −68 52 9.93 13.984 <0.001*

inferior temporal cortex L −56 −54 −10 9.26 904 0.003*

R 60 −44 −18 7.51 708 0.008*

R

w
h
c
o

f
i

, right; L, left; s.c., same cluster as above.
* Whole brain FWE  corrected at cluster-level.

** Small volume FWE  corrected at cluster-level.

hich corresponds to our control condition, in which participates
ad to indicate whether the faces in the pictures contained spe-
ific physical features (e.g. hair style, looking direction, detection

f wrinkles).

Testing for effects of testosterone on these regions, a two-
actorial ANOVA revealed no significant effects of drug, nor an
nteraction of drug with the emotion-condition. Thus, based on our
whole brain analysis, testosterone does not seem to affect brain
activity during cognitive empathy.

However, to test our hypothesis of whether testosterone would

act on functional connectivity during mindreading, we ran a con-
nectivity analysis for the contrast between the emotion condition
and the control condition. Since the left IFG was specifically acti-
vated during the recognition of emotions, this region was  chosen
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Table  3
Peak T-values, p-values, cluster sizes, and MNI  coordinates for significantly activated voxels.

experimental effect peak voxel location Cluster size T-values p-values

region x y z voxels

PPI analysis emotion > control condition
Paired sample T-test placebo > testosterone

Supplementary motor area R 6 −2 48 985 6.73 <0.001*

Placebo: one sample T-test positive contrast
Inferior parietal lobule L −28 −50 46 439 5.44 0.016*

Supplementary motor area R 6 −2 48 408 5.00 0.021*

Lingual gyrus L −16 −92 −18 474 4.77 0.012*

Testosterone: one sample T-test positive contrast
Postcentral gyrus L −60 −16 38 585 7.29 0.003*

Inferior occipital lobe L −38 −84 −6 317 5.47 0.041*

Testosterone: one sample T-test negative contrast
White matter L −30 −18 28 1369 6.63 <0.001*

R

a
t
a
c
t
a
S
i
a
b
o

t
e

4

i
t
I
d
t
t
a
c
t
h
a
2
w
t
S
h
t
f
b
a
h
a
f
a
f
e
a
t

, right; L, left.
* Whole brain corrected (FWE) at cluster level.

s a seed region. Crucially, this analysis shows a significant clus-
er encompassing the bilateral supplementary motor cortex (SMA)
nd anterior cingulate cortex (ACC) for the contrast of testosterone
ompared to placebo (Fig. 1C). We  subsequently ran one-sample T-
ests for the emotion versus control contrast within the placebo
nd testosterone session (Table 3). These tests showed that the
MA/ACC cluster was activated in the placebo condition, but not
n the testosterone condition. This shows that after testosterone
dministration, there is a significant reduction in connectivity
etween the left IFG and the bilateral SMA/ACC, for the contrast
f the emotion condition versus the control condition.

In none of the reported analysis did order of the drug adminis-
ration, digit ratio, or baseline testosterone levels have a significant
ffect on the data (all p’s > 0.05).

. Discussion

We  investigated the neural mechanism by which testosterone
mpairs the cognitive-empathic abilities during performance on
he RMET (van Honk et al., 2011a). The data show that the left
FG is activated specifically during the emotion-recognition con-
ition, that is, when participants had to infer the emotional state in
he stimulus. Critically, compared to the placebo-condition, testos-
erone reduced connectivity of the left IFG with the bilateral ACC
nd SMA  during emotion-recognition compared to the control
ondition. Although few studies have investigated the effect of
estosterone on functional brain connectivity, two previous studies
ave reported reduced frontal cortex connectivity in the context of
ffective and trust behaviors (Bos et al., 2012a; van Wingen et al.,
010). However in these studies connectivity with the amygdala
as reduced, whereas in the present study during the RMET, testos-

erone acted on functional connectivity of the IFG with the ACC and
MA. By altering this pattern of connectivity testosterone might
ave caused the earlier observed impairment in performance on
he RMET (van Honk et al., 2011a). This should be confirmed in
uture studies, as in the current study no effects of testosterone on
ehavioral measures were found. This is most likely caused by our
dapted task-design, which was optimized for neuroimaging, but
ad reduced sensitivity in finding behavioral effects (see Methods
nd Materials). Our adaptation of the RMET demonstrates altered
unctional connectivity during identification of emotions in others
fter testosterone, in the absence of an effect on behavioral per-

ormance on the task. Arguably, paradigms tailored to detecting
ffects on behavior are needed to reveal the effects of testosterone
dministration on a behavioral level. Indeed, a recent testos-
erone administration study employing the original version of the
RMET replicated the effect reported in van Honk et al. (2011a), by
showing impaired performance after testosterone administration
(Olsson et al., 2016).

Based on neuroimaging data of both typical individuals and
patients with lesions, the left IFG can be considered crucial for
mindreading ability during the RMET (Adams et al., 2010; Baron-
Cohen et al., 1999; Dal Monte et al., 2014; Moor et al., 2012),
although its exact role in this behavior is as yet unclear. IFG impor-
tantly integrates information from different modalities (Hagoort,
2005; Willems et al., 2009), and selects between competing options
(Zhang et al., 2004), thereby facilitating perception-action coupling
(Liakakis et al., 2011). The orbital part of the left IFG, corresponding
to the activation observed in the current study, is particularly impli-
cated in empathic behavior (Liakakis et al., 2011) and social decision
making (Bos et al., 2012a). The ACC, which together with the SMA
showed decoupling with the IFG after testosterone, is tightly linked
to subcortical regions (Etkin et al., 2011), and incorporates motiva-
tional and affective states in cognitive control processes (Pessoa,
2008; Shenhav et al., 2013), whereas the SMA  is involved in the
initiation of voluntary motor action (Desmurget and Sirigu, 2009).
Thus, together these regions are involved in integrating of sensory
information from different modalities with emotional states, and
selecting and initiating appropriate motor responses based on this
information.

Recent meta-analyses have shown the relevance of this network
in both empathic behavior (Fan et al., 2011) and emotion regula-
tion (Kohn et al., 2014). Specifically, the strength of the anatomical
connections between these regions has been related to trait empa-
thy (Parkinson and Wheatley, 2014), and functional connectivity
between the left IFG and the ACC is important during response
selection and inhibition (Kemmotsu et al., 2005). Our current data
shows that testosterone alters the connectivity in this specific
network, possibly explaining our previous finding of reduced min-
dreading abilities during the RMET by testosterone (van Honk et al.,
2011a). Since performance during the RMET depends on language
as well as on perceptual detection abilities (Olderbak et al., 2015),
future studies should aim to disentangle which of these aspects of
the RMET testosterone targets.

An important question is whether our data relates to the atyp-
ical neural processing in ASC, in which testosterone may  be an
important etiologic factor (Baron-Cohen et al., 2015a, 2005). There
is evidence for reduced long-range neural connectivity in people

with ASC (Abrams et al., 2013; Vissers et al., 2012). In relation to
the current data, a study by Kana et al. (2007) showed not only
atypical activation in the ACC and SMA  in people with ASC, but also
reduced synchronization between the ACC, SMA, and IFG. Thus, the
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ame network that is affected in ASC is also affected by testosterone
dministration during mindreading.

In this light, our findings are also of interest in relation to the
iterature on the neuropeptide oxytocin and cognitive empathy
Bos et al., 2012b). Oxytocin, in some respects the opposite to
estosterone, increases cognitive mindreading abilities (e.g. Domes
t al., 2007; Theodoridou et al., 2013), and also shows opposite
ffects on functional connectivity (Bethlehem et al., 2013; Bos
t al., 2012b). This fits with the view that oxytocin and testos-
erone have antagonistic properties in social-emotional behavior,
nd particular during cognitive empathy (Bos et al., 2012b; Domes
t al., 2007; van Honk et al., 2011a). The first clinical studies in
hich oxytocin has been administered to individuals with ASC

eem promising (Andari et al., 2010; Guastella et al., 2010), and
hese effects might have been caused by oxytocin acting on the
ame network presently targeted by testosterone, but in an oppo-
ite manner. However, to what extent our findings translate to ASC
eeds to be tested, considering that the current sample consisted
f typical young women. Also, the current study consisted of a rel-
tively small sample size, and therefore warrants replication in
arger samples including males. In addition, it is important to stress
he limitations of applying connectivity analyses in the context of
MRI using drug administration. Since fMRI inherently relies on rel-
tive changes, this methodology does not allow one to control for
hanges in baseline metabolic activity, or changes in overall resting
tate connectivity. Our effects should therefore be interpreted with
are.

In sum, here we show that during emotion-recognition from the
ye-region of the face, testosterone changes connectivity in a neu-
al network that comprises the IFG, ACC, and SMA. Our findings
ave clinical relevance, since this network is critical for the inte-
ration of sensory information, selection, and action preparation
Desimone and Duncan, 1995; Hagoort, 2005; Liakakis et al., 2011;
ynch and Tian, 2006; Willems et al., 2009; Zhang et al., 2004), and
s implicated in the symptomatology of ASC (Kana et al., 2007).
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