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Abstract

Despite the well-documented importance of paternal caregiving for positive child development, 

little is known about the neural changes that accompany the transition to fatherhood in humans, or 

about how changes in hormone levels affect paternal brain function. We compared fathers of 

children aged 1–2 with non-fathers in terms of hormone levels (oxytocin and testosterone), neural 

responses to child picture stimuli, and neural responses to visual sexual stimuli. Compared to non-

fathers, fathers had significantly higher levels of plasma oxytocin and lower levels of plasma 

testosterone. In response to child picture stimuli, fathers showed stronger activation than non-

fathers within regions important for face emotion processing (caudal middle frontal gyrus [MFG]), 

mentalizing (temporo-parietal junction [TPJ]) and reward processing (medial orbitofrontal cortex 

[mOFC]). On the other hand, non-fathers had significantly stronger neural responses to sexually 

provocative images in regions important for reward and approach-related motivation (dorsal 

caudate and nucleus accumbens). Testosterone levels were negatively correlated with responses to 

child stimuli in the MFG. Surprisingly, neither testosterone nor oxytocin levels predicted neural 

responses to sexual stimuli. Our results suggest that the decline in testosterone that accompanies 

the transition to fatherhood may be important for augmenting empathy toward children.
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Introduction

Considerable evidence now attests to the importance of hormone changes for the onset and 

maintenance of paternal caregiving (reviewed in (Rilling 2013)). In particular, studies 

indicate that both oxytocin (OT) and testosterone (T) levels are altered when men become 

fathers (Gettler et al. 2011; Gordon et al. 2010), and that these changes are important for 

paternal nurturance (Feldman et al. 2011; Gettler et al. 2011; Gordon et al. 2010; Mascaro et 

al. 2013). However, it remains unclear how parenting-induced changes in OT and T 

influence brain function to support engaged fathering. Three plausible hypotheses have been 

offered.

One hypothesis is that these hormonal changes augment empathic responding to children in 

ways that promote positive child outcomes, and there is considerable indirect evidence to 

support the idea that a reduction in T and increase in OT may serve such a function in new 

fathers. Exogenous testosterone impairs the ability to read emotional facial expressions (van 

Honk et al. 2011). In addition, men with higher testosterone levels report less sympathy in 

response to unknown newborn infant cries (Fleming, Corter, Stallings, & Steiner, 2002), 

exhibit less affectionate touch towards their infant (Weisman et al. 2014), and are less 

involved in parental care (Alvergne et al. 2009; Gettler et al. 2011; Mascaro et al. 2013), 

which may reflect decreased empathic responding to children’s needs. Oxytocin is also 

involved in empathy and emotion processing more generally (Bartz et al. 2011), and perhaps 

with paternal empathy more specifically. For example, baseline plasma oxytocin levels 

predict infant-father synchrony, social engagement, and interaction styles of fathers with 

infants aged 4–6 months and 7 weeks (Feldman et al. 2011; Gordon et al. 2010). 

Furthermore, intranasal OT treatment caused fathers to touch their infants more and to 

engage in more social reciprocity with them (Weisman et al. 2012b), and altered the 

physical proximity and movement of fathers toward their infants during a play session 

(Weisman et al. 2013a). Intranasal OT also enhanced sensitivity and decreased hostility of 

fathers during play with their toddlers (Naber et al. 2010; Naber et al. 2013), and augmented 

the cortisol responses to a stressful stillface paradigm in fathers observed to have 

synchronous relationships with their infant, a finding interpreted as suggesting that OT 

enhanced the salience of infant social cues in available fathers (Weisman et al. 2013b).

If T or OT modulate empathy, they likely act on neural systems known to mediate empathic 

responding. Consistently, both the perception (audio and visual) and contemplation of the 

suffering of another elicits activation in the anterior insula (AI), particularly on the right side 

(Lamm et al. 2010), thought to represent a simulated mapping of the observed individual’s 

body state onto one’s own (Tania Singer, Critchley, & Preuschoff, 2009). The anterior insula 

is also consistently activated in response to infant cry stimuli (Mascaro et al. 2013; Rilling 

2013), suggesting that AI activity may be important for paternal empathy. In addition to the 

anterior insula, more basic motor simulation supports the ability to read emotional facial 

expressions (Carr et al. 2003; Jabbi and Keysers 2008), so it is possible that changes in OT 

or T alter a father’s simulation of children’s emotional facial expressions. This hypothesis 

predicts that T will be negatively correlated with responses to child stimuli in the AI and 

putative mirror system pathways, whereas OT will be positively correlated with these 

responses.
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A second hypothesis is that hormone changes in new fathers may support paternal 

nurturance by enhancing the reward value of child stimuli in ways that motivate caregiving. 

The ventromedial prefrontal cortex (vmPFC)/OFC is broadly implicated in reward (Rolls 

2000), and in parental reward more specifically (Parsons et al. 2013), and the medial portion 

of the OFC is thought to trigger innate and specific responses to children’s faces 

(Kringelbach et al. 2008). In addition to the OFC, rodent models of maternal behavior point 

to the importance of the mesolimbic dopamine (DA) system in the appetitive drive to 

nurture offspring, with DA-producing cell bodies in the ventral tegmental area (VTA) 

projecting to the nucleus accumbens (NA) to motivate proactive care of infants (Numan and 

Stolzenberg 2009). Oxytocin acts at the VTA to facilitate DA release in NA (Numan and 

Stolzenberg 2009), which facilitates maternal behavior in rats presumably by enhancing 

parental motivation and the reward value of offspring. Recent research showing the effects 

of intranasal OT administration on the VTA response to social stimuli in nulliparous women 

supports the idea that OT interacts with dopamine to enhance social reward processing in 

humans (Groppe et al. 2013), and it may be that increases in OT in new fathers function 

similarly in the VTA to enhance the reward value of child stimuli (Mascaro et al. 2013).

A third hypothesis for understanding hormone changes in new fathers is derived from Life 

History Theory (LHT), which posits a trade-off between mating and parenting effort and 

proposes that the hormonal changes that accompany fatherhood bias men’s efforts and 

resources away from mating and toward parenting (Kaplan and Gangestad 2005; Wingfield 

et al. 1990). A large body of evidence supports the role of testosterone in mediating this 

trade-off. For example, experimental elevation of T increased mating effort and decreased 

parenting effort in socially monogamous birds (Hunt et al. 1999). In mammals, there is 

evidence that male parental behavior is more flexible with respect to hormonal changes. For 

example, male cotton-top tamarins increase T in response to their ovulating partner, but 

maintain high levels of parenting (Ziegler et al. 2004). Despite this added complexity, there 

is evidence that T supports mating effort at the expense of parenting effort among human 

males. As outlined above, men with higher testosterone levels tend to be less involved in 

parental caregiving. Furthermore, low levels of testosterone are associated with reduced 

libido among men (Wang et al. 2000). Within married couples, testosterone levels are 

negatively correlated with relationship quality and amount of time spent with one’s partner 

(Gray et al. 2002) and high levels predict divorce (Booth and Dabbs 1993) as well as 

polygyny (Alvergne et al. 2009). While there is less data to support the role of oxytocin in 

mediating LHT trade-offs, a recent study showed that self-administration of intranasal OT 

decreases approach behavior toward an unknown, attractive woman in partnered (but not 

single) males (Scheele et al. 2012). Taken together, these data suggest that changes in 

testosterone and oxytocin may alter neural responses to sexually provocative stimuli of 

unknown women in fathers compared to non-fathers in ways that decrease sexual pursuits 

that could conflict with parenting.

With these three functional explanations in mind, the current study investigated hormonal 

and neural differences between fathers and non-fathers and examined whether hormone 

differences predicted differences in brain function. To this end, we tested the following 

hypotheses: 1) Fathers will have significantly lower plasma testosterone levels and 

significantly higher plasma levels of oxytocin than non-fathers, 2) Fathers will have 
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significantly more neural activity in response to unknown child photo stimuli in regions of 

the brain important for empathy and reward, 3) Non-fathers will have significantly more 

neural activity in response to sexually provocative photographs of unknown women in 

regions of the brain important for reward and sexual motivation, and 4) Plasma T and OT 

will be correlated with brain responses to child and sexual stimuli.

Materials and Methods

Subjects

We recruited 88 heterosexual, biological fathers of children age 1 or 2 who were currently 

cohabitating with the child’s mother using flyers posted around the Emory campus, at local 

parks, daycare centers, and with an electronic advertisement on Facebook. We also recruited 

50 heterosexual non-fathers that were unmarried and at least 25 years of age using flyers 

posted around the Emory campus. The study was approved by the Emory Institutional 

Review Board, and all participants gave written informed consent. Participants had normal 

or corrected-to-normal (with contact lenses) vision and were screened and excluded for self-

reported history of head trauma, seizures or other neurological disorder, psychiatric illness, 

alcoholism or any other substance abuse, serious medical illness, claustrophobia, and for 

ferrous metal in any part of body.

Fathers were between the age of 21 and 55 (M = 33.2, SD = 5.70) and had between 1 and 4 

children, with 2 as the modal number (M = 1.80, SD = 0.80) (see table 1 for descriptive 

statistics). 83 of the fathers were married to their partner. Three married fathers did not 

indicate how long they had been married, but for those that provided that information (n = 

80), the average amount of time married fathers had been married was 5.90 years (SD = 

3.55). For the 5 fathers that were not married to their partner, the average amount of time 

they had lived with their partner was 2.3 years (SD = 0.45). Non-fathers were between the 

age of 25 and 53 (M = 30.4, SD = 6.11). There was a significant difference in age between 

the fathers and non-fathers (t(133) = 2.63, p < 0.05). There was not a significant difference 

in education status.

We were unable to obtain blood samples for 5 fathers and 1 non-father due to difficulties in 

vascular access. Blood samples were acquired from 83 fathers and 49 non-fathers, however 

there was insufficient sample to measure plasma oxytocin values for one non-father (n = 48). 

In addition, testosterone values for one father were excluded because he mentioned after the 

blood draw that he took testosterone supplements (n = 82). Blood was drawn between 7:30 

and 15:25, and there was not a significant correlation between T or OT and time of blood 

draw. 63 fathers and 30 non-fathers completed fMRI scanning.

Photograph Stimuli

Unknown adult photographs were acquired from male and female trained actors who were 

asked to generate happy, sad, and neutral facial expressions. Unknown child photographs 

were obtained from male and female children. We captured eight pictures of unknown 

children making each facial expression during a play session. If the child did not make one 

of the facial expressions naturally, sad faces were elicited by the mother leaving the room or 
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taking a favorite toy or cell phone from the child, and happy faces were elicited with 

singing, dancing, or tickling. Men viewed ethnicity-matched unknown adults and children, 

and fathers viewed an unknown child that was the same sex as their own child. See 

supplementary figure S1 for examples of each condition. For the sexual task, photographs of 

men, women in sexually provocative clothing and poses, and women in non-provocative 

clothing or poses were selected from a Google image search. Prior to scanning, 10 male 

volunteers were recruited from the Emory University community to rate the photographs on 

arousal and attractiveness using a 7 point Likert scale (1 = very unattractive/unarousing, 7 = 

very attractive/arousing). The sexually provocative images were rated as both significantly 

more attractive (p < 0.001) and as more arousing (p < 0.001) than the non-provocative 

images (attractiveness: provocative M = 5.69, SD = 0.11; non-provocative M = 3.73, SD = 

0.15; arousal: provocative M = 5.88, SD = 0.11; non-provocative M = 3.06, SD = 0.12).

Hormones Assays

Blood samples were centrifuged at 4 °C within 20 min of blood draw. Plasma was collected 

and frozen at − 80 °C until assayed. Assays were performed in duplicate by the Biomarkers 

Core Lab of the Yerkes National Primate Research Center at Emory University using a 

coated-tube radioimmunoassay kit for testosterone (Coat-A-Count Total Testosterone, Cat 

No. TKTT1, Siemens, Los Angeles, CA). On the day of the assay, frozen plasma samples 

were thawed, centrifuged for 30 minutes at 3,000 revolutions per minute, and assayed 

according to the protocol provided by the manufacturer. The assay range for testosterone 

was 6.0–1667 ng/dL with a 50 µL sample size. Quality control samples were included with 

all assays and yielded an inter-assay CV% range of (low) 4.05% at 134.73ng/dL and (high) 

4.37% at 788.19 ng/dL and an intra-assay CV% range of (low) 2.07% at 136.11 ng/dL and 

(high) 2.28% at 785.81 ng/dL.

Oxytocin was assayed by ELISA in accordance with the manufacturer’s recommended 

procedure (Enzo Life Science, Farmingdale, NY) after solid phase extraction and 

reconstitution of extracts in sample buffer provided by the manufacturer. Quality control 

samples were included in each assay and extraction set and the inter- and intra-assay CV% 

was 7.16% at 26.99 pg/mL and 4.41% at 27.30 pg/mL respectively. The assay range for OT 

was 15.60–1,000.00 pg/mL using a 100uL per well of the ELISA. Extraction of larger 

sample volumes (>250uL) allowed greater sensitivity. Oxytocin results from one participant 

(father) were omitted as his value (33.36 pg/mL) was 6 standard deviations greater than the 

mean of the fathers.

Anatomical image acquisition

Subjects were positioned in the Siemens Trio 3T MRI scanner. Subjects lay motionless in a 

supine position in the scanner with padded head restraint to minimize head movement 

during scanning. Each scanning session began with a 15 s scout, followed by a 5 min T1-

weighted MPRAGE scan (TR = 2600 ms, TE = 3.02 ms, matrix = 256 × 256, FOV = 256 

mm, slice thickness = 1.00 mm, gap = 0 mm).
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fMRI image acquisition

Functional scans used an EPI sequence with the following parameters: TR = 2000 ms, TE = 

28 ms, matrix =64 × 64, FOV = 224 mm, slice thickness = 2.5 mm, gap thickness = 1.05 

mm, 34 axial slices. TE was minimally decreased from the typical value (32 ms) in order to 

reduce magnetic susceptibility artifact in the orbitofrontal region. For the child task, subjects 

were imaged while viewing pictures of happy (H), sad (S), and neutral (N) facial 

expressions in two different people: 1. an unknown child (C), and 2. an unknown adult (A). 

Participants were instructed to “please observe each picture and try to share the emotions of 

the person in the picture”. For each expression, men viewed 8 different pictures of the 

person making that expression over the course of 4 blocks, and each picture was viewed 

twice. During a single block, 4 photographs of the same type were shown, each for 3 

seconds. There was a 0.5 second fixation between each photograph. Thus, the duration of 

each block was 14 seconds. After every 6 blocks, subjects viewed a fixation block of equal 

duration. The total duration of the task was 7 minutes (24 face blocks + 6 fixation blocks×14 

s per block). Photographs were presented in pseudo-random order. After viewing all blocks 

of unknown child and adult faces, fathers viewed pictures of their own children in order to 

explore variation in fathers’ neural response to their OWN child, as reported previously 

(Mascaro et al. 2013).

Sexual Stimuli were presented following the procedure of Hamann et al (Hamann et al. 

2004). Subjects viewed sexually provocative images of women (S), non-provocative images 

of women (NS), non-provocative images of men (M), and a visual fixation cross. Stimuli 

were presented in 15 second blocks. Within each block, five exemplars of each stimulus 

type were presented. Each stimulus was presented for 3 seconds. Subjects viewed eight 

blocks of each stimulus type. The total duration of the task was 8 minutes.

Functional Image Analysis

Image preprocessing was conducted with Brain Voyager QX (version 2.0.8) software (Brain 

Innovation, Maastricht, The Netherlands). The first 8 volumes of each run were discarded in 

order to allow the tissue magnetization to equilibrate. Preprocessing involved image 

realignment by six-parameter 3-D motion

correction, slice scan time correction using linear interpolation, spatial smoothing with a 8-

mm full width at half maximum (FWHM) Gaussian kernel, and temporal smoothing with 

voxel-wise linear detrending and high-pass filtering of frequencies below three cycles per 

run length. Data were excluded subsequent to movement greater than 2 mm in the x, y, or z 

direction. This was the case for 3 subjects for the child task and 3 subjects for the sexual 

task. In addition, complete data from 2 non-fathers were excluded from the sexual task due 

to consistent movement greater than 2 mm in the x, y, or z direction. Images were 

subsequently normalized into Talairach space (Talairach and Tournoux 1988).

A separate general linear model (GLM) was defined for each subject that examined the 

neural response to the following six regressors for the child task: child’s happy face (CH), 

child’s sad face (CS), child’s neutral face (CN), adult’s happy face (AH), adult’s sad face 

(AS), and adult’s neutral face (AN), and the following three regressors for the sexual task: 
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male images (M), sexually provocative female images (S), and non-sexual female images 

(NS). Each regressor was convolved with a standardized model of the hemodynamic 

response. For each subject, contrasts of parameter estimates for various predictors were 

computed at every voxel of the brain. To investigate the main effects of child and sexual 

stimuli across all men in our sample, in a second-level analysis, we constructed a random-

effects GLM combining all fathers and non-fathers, and paired t tests were used to 

investigate the contrasts [Child – Adult] and [Sexual – Non-sexual]. Results were 

thresholded at p < 0.0001, uncorrected for multiple comparisons. To evaluate if there are 

differences between fathers’ and nonfathers’ neural response to child and sexual stimuli, we 

utilized a dual approach. First, in a whole brain exploratory analysis we identified brain 

regions in which fathers differed significantly from non-fathers for the contrasts [Child - 

Adult] and [Sexual – Non-sexual]. Results were thresholded at p< 0.001. Second, we 

performed functional ROI analyses, identifying ROIs as follows. A subset of fathers were 

randomly selected to generate a group GLM that contained equal numbers of fathers and 

non-fathers for both the child (n = 30 fathers and non-fathers, total n = 60) and sexual tasks 

(n = 28 fathers and non-fathers, total n = 56). For the child task GLM, we specified the 

contrast [Child-Adult] and applied a threshold of p<0.005 to identify the following 

functional regions of interest (ROIs): right MFG, right inferior orbital cortex and anterior 

insula, and vmPFC extending into the medial OFC. The VTA was not significantly active at 

this threshold, and thus was not included in the ROI analysis for the child task. For the 

sexual task GLM, we specified the contrast [Sexual-Nonsexual] and applied a threshold of 

p<0.005 to identify the following functional ROIs in regions important for reward and 

sexual motivation: hypothalamus, nucleus accumbens, caudate, and substantia nigra/VTA 

(Stoléru et al. 2012). See table 2 for a list of all functional ROIs tested.

To determine whether fathers differed significantly from non-fathers, individual subject 

contrast values from the functional ROIs were compared using independent samples t-tests. 

To determine whether neural responses were correlated with hormone levels, individual 

subject contrast values from the ROIs were explored in bivariate correlation analyses with 

oxytocin. Because testosterone varies by age (Harman et al. 2001) and because the fathers 

were slightly older than non-fathers (Father M = 33.2, Non-father M = 30.4), individual 

subject contrast values from these ROIs were explored in partial correlation analyses with 

testosterone, controlling for age.

Finally, we conducted whole brain exploratory analyses using testosterone and oxytocin as 

covariates for the contrast [Child - Adult] and [Sexual – Non-sexual]. These exploratory 

analyses were run on the entire sample set and also separately in fathers and non-fathers. 

Results were thresholded at p < 0.001, uncorrected for multiple comparisons.

Results

Hormones

Non-fathers had significantly higher levels of plasma T (t(129) = 4.02, p < 0.0001; Mean 

fathers = 413.8, SD = 143.3; Mean non-fathers = 520.8, SD = 154.0), and significantly less 

plasma oxytocin (t(128) = −3.93, p < 0.0005; Mean fathers = 8.78, SD = 3.06; Mean non-

fathers = 6.62, SD = 2.96) (see figure 1). Age was weakly correlated with testosterone for 
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the entire sample (r(127) = −0.22, p < 0.05) but not within the fathers and non-fathers 

samples considered separately. Given the negative correlation between T and age and the 

significant difference in age between the two groups, we conducted a multiple linear 

regression analysis with T as the dependent variable and fatherhood status and age as the 

independent variables in order to determine whether fatherhood status predicted variance in 

testosterone values when controlling for age differences. Fatherhood status was a significant 

unique predictor of testosterone levels, β = −.29, t(128) = 3.43, p < .001, while there was 

only a trend for age to uniquely predict testosterone levels β = −.16, t(128) = 1.94, p = 0.06). 

There was no correlation between T or OT and age of child within the sample of fathers (T: 

r(81) = 0.07, p = 0.55, OT: r(82) = 0.11, p = 0.93). Neither was there a correlation between 

number of children and fathers’ T or OT (T: r(81) = 0.03, p = 0.82; OT: r(82) = −0.04, p = 

0.70).

Neuroimaging

Main effect of the Child Task (child – adult)—Viewing child picture stimuli robustly 

activated a brain region known to be important for face identity processing (fusiform gyrus) 

(Kanwisher et al. 1997), likely because men were attending to child emotion faces more than 

to adult faces, since attention is known to modulate activation in this region (e.g. (Wojciulik 

et al. 1998). It also activated regions important for face emotion processing (middle frontal 

gyrus extending into inferior frontal gyrus) (Carr et al. 2003), empathy (anterior insula) 

(Lamm et al. 2010), mentalizing (right temporoparietal junction [TPJ] and anterior 

paracingulate cortex) (Gallagher and Frith 2003; Lieberman 2007; Saxe and Kanwisher 

2003), and reward processing (vmPFC/mOFC) (Rolls 2000) (see figure 2a and 

supplementary table 1).

Main effect of the Sexual Task (sexual – non-sexual)—Viewing visual sexual 

stimuli robustly activated visual cortex, including the extrastriate body area (Downing et al. 

2001), bilaterally. These stimuli also activated regions involved in reward processing 

(substantia nigra and ventral tegmental area) and sexual function (hypothalamus) (Stoléru et 

al. 2012) (see figure 2b and supplementary table S2). This contrast also revealed 

deactivations in the bilateral posterior insula, bilateral inferior frontal gyrus (orbitalis, BA 

47), bilateral superior temporal sulcus extending into the middle temporal gyrus, the 

supplementary motor area (medial frontal gyrus, BA 6 on the medial surface), and posterior 

cingulate gyrus extending into the precuneus.

Whole brain investigation of neural differences between fathers and non-
fathers—A whole brain exploratory analysis of the child task revealed several areas in 

which activation was greater for fathers than for non-fathers, including in the bilateral TPJ, 

middle frontal gyrus, lateral superior frontal gyrus, medial OFC/vmPFC, and the precuneus 

(see figure 3a and supplementary table S3). For the sexual task, the whole brain analysis 

revealed areas in the bilateral dorsal caudate and in the cerebellum that were significantly 

more active for non-fathers than for fathers (figure 3b and supplementary table S3).

Region of interest analysis—For the child task, the targeted ROI analysis revealed 

several regions in which fathers had significantly more activation than non-fathers, 
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including regions important for face emotion processing (right middle frontal gyrus; t(91) = 

2.50, p < 0.05) and for reward processing (medial OFC; t(91) = 2.97, p < 0.005). The 

difference between fathers and non-fathers for the rMFG was driven primarily by 

differential responses to happy [CH – AH] and neutral [CN – AN] child photos, whereas the 

medial OFC effects were driven largely by differential responses to sad [CS – AS] and 

neutral [CN – AN] child photos (see supplemental figure S2). There was not a significant 

difference in the anterior insula (see table 2 for summary). For the sexual task, non-fathers 

had significantly more activity in regions of the brain important for sexual motivation and 

function (Stoléru et al. 2012) (hypothalamus; t(89) = 2.41, p < 0.05) and for reward (NAcc; 

t(89) = 2.81, p < 0.01) in response to sexual stimuli (table 2).

Relationship between brain activity and hormones

Whole brain exploratory analysis—The results of a whole brain exploratory analysis 

using OT and T as covariates in the child task revealed a small cluster in the hippocampus 

that was positively correlated with plasma oxytocin levels (peak coordinates: x = 29, y = 

−41, z = 3; peak r = 0.40; number of functional voxels = 11) (see supplementary figure S3). 

There were no regions in which activation during the child task covaried with testosterone. 

Neither did the whole brain analysis reveal any regions of activation during the sexual task 

[sexual – non-sexual] that were significantly related to OT or T levels. The whole brain 

analyses conducted separately as a function of parental status did not reveal any effect of 

hormone on either task.

Region of interest analysis—ROI analysis revealed one functional region in which 

activity in response to child stimuli significantly covaried with testosterone levels after 

controlling for age: the caudal middle frontal gyrus (r = −0.31, p < 0.005; Fathers: r = −0.13, 

p = 0.33; Non-fathers: r = −0.43, p < 0.05). The correlation between T and R MFG was 

stronger within the group of non-fathers (see figure 4), and the effects were driven by the 

correlation between T and responses to happy child faces for the contrast [CH – AH] (r = 

−0.55, p < 0.005) rather than for the contrast [CS – AS] (r = −0.27, p = 0.16). There were no 

regions in which oxytocin significantly correlated with the response to child stimuli. Neither 

were there any ROIs in which responses to sexual stimuli covaried with either testosterone 

or oxytocin.

Discussion

The current study investigated neural and hormonal systems supporting fatherhood by 

testing three functional explanations for hormone changes observed when men become 

fathers. In support of our first hypothesis, fathers in our study had significantly higher 

oxytocin levels and lower testosterone levels compared with non-fathers. In support of the 

second and third hypotheses, fathers had more robust neural responses to visual child stimuli 

in regions of the brain important for face emotion processing (MFG), reward processing 

(vmPFC/OFC) and mentalizing (TPJ), and less neural reactivity to sexual stimuli in regions 

important for reward and motivation (caudate and NAcc). For child stimuli, testosterone 

levels were inversely correlated with neural activity in a region of right MFG implicated in 
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face emotion processing, partially supporting the fourth hypothesis. Neither T nor OT 

predicted neural responses to sexual stimuli.

Hormones

The findings presented here are consistent with a large body of studies showing that men’s 

testosterone is impacted by fatherhood (Gettler et al. 2011; Gray et al. 2002; Muller et al. 

2009). While we are hesitant to compare the mean values found in this study with those of 

other labs because of differences in assay protocols, our values fall within normal clinical 

range and the difference between fathers and non-fathers (fathers had 20.5% less T than 

non-fathers) is comparable in magnitude to the differences previously observed in a U.S. 

sample (Gray et al. 2002). Interestingly, in contrast with previous studies suggesting that 

fathers’ testosterone begins to rise again as their children get older (Gettler et al. 2011; 

Muller et al. 2009), we do not find a correlation between age of the child and testosterone 

levels in fathers. While it may be that the child age range in the current study was too 

restrictive to identify such an effect, the largest longitudinal study to date showed that much 

of the decline in testosterone experienced by new fathers had recovered by the time the child 

was age 1 (Gettler et al. 2011). Because all fathers in our sample cohabitated with their child 

and because T is negatively correlated with instrumental caregiving as reported previously 

(Mascaro et al. 2013) our data suggest that when men engage heavily in childcare and 

cohabitate with their child, decreases in testosterone may be maintained for a longer period 

of time. This idea is consistent with a recent comparative study, which showed that 

testosterone differences between fathers and non-fathers are only evident in cultural groups 

in which men typically invest heavily in direct childcare (Muller et al. 2009). In addition to 

having lower testosterone levels, fathers in our study had significantly higher oxytocin levels 

than non-fathers. To the best of our knowledge, this is the first study to show a significant 

difference in OT between fathers and non-fathers; however, this finding is consistent with a 

previous study showing that plasma OT level increases in men across the first 6 months of 

fatherhood (Gordon et al. 2010). The difference between fathers and non-fathers reported 

here (fathers had 33.3% more OT than did non-fathers) are greater than the change reported 

by Gordon and colleagues over the course of infancy (fathers’ OT increased by 8.0%), 

perhaps due to the fact that men in the Gordon study were already new fathers at the 

baseline assessment and may have already experienced some changes in OT levels.

Neural activity

A whole brain analysis revealed that fathers had significantly more activity than non-fathers 

when viewing pictures of children prominently in the bilateral temporoparietal junction 

(TPJ), vmPFC/OFC, precuneus, and MFG. Though its exact function is debated (e.g. 

(Decety and Lamm 2007; Scholz et al. 2009), the TPJ is active during mentalizing tasks, and 

given our explicit instructions to share the emotions of the unknown child and adult, this 

result suggests that fathers may be more apt to consider the unknown child’s mental states. 

Fathers also activate the vmPFC/OFC to a greater extent than non-fathers, a finding 

consistent with many recent studies highlighting the importance of the OFC within the 

“parental brain” (Kringelbach et al. 2008; Parsons et al. 2013). Finally, fathers had a 

stronger response in the MFG. Interestingly, the group difference in the MFG was driven 

primarily by father’s differential responses to happy faces, whereas group differences in 
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regions important for reward (medial OFC) were driven by differential responses to sad and 

neutral faces. While admittedly speculative, the latter result may suggest that fathers differ 

from non-fathers in their propensity to maintain reward processing toward children during 

times of distress or ambiguity, when sustaining motivation to interact may be more 

challenging.

There was one region that both differed significantly by parental status (father > non-father) 

and covaried with testosterone levels: the right MFG. Both the group differences and the 

correlation with testosterone were driven by responses to happy faces rather than sad faces. 

The functional ROI used for this analysis includes the peak voxel identified in a seminal 

fMRI study of the simulation of emotion facial expressions (peak coordinates: 48, 8, 28) 

(Carr et al. 2003) as well as the peak voxel from a recent meta-analytic investigation of the 

mirror system using fMRI (peak coordinates: 44, 10, 28) (Molenberghs et al. 2012). Given 

the role of this region in this component of empathy, we interpret our finding to suggest that 

the testosterone decrease observed in new fathers may function to enhance empathy. The 

whole brain exploratory analysis revealed that hippocampal activation in response to 

children covaried with plasma oxytocin levels, a finding that is of interest given the role of 

oxytocin in facilitating social memory (Bielsky and Young 2004). Future studies might 

investigate whether fathers with high levels of oxytocin have enhanced recall or recognition 

of children.

Thus far, we have considered the regions more active for fathers in response to children as 

isolated functional activations engaged in disparate processes, but it may be more 

appropriate to view the functional activations as a network that is more engaged for fathers 

than non-fathers. The pattern of activation in the bilateral TPJ, vmPFC/OFC, and precuneus 

overlaps with a network commonly referred to as the default mode, which is active during 

mind-wandering, self-reflective mentation, episodic memory retrieval, prospection, and 

mentalizing (Buckner et al. 2008; Spreng et al. 2009). It may be that viewing other 

children’s emotional faces prompts fathers to recall similar emotional episodes with their 

own child. Similarly, this network is thought to be modulated by self-relevance (Moran et al. 

2009) and it is possible that fathers find even unknown children’s emotional facial 

expressions more self-relevant than non-fathers.

While there were no regions that were more active for non-fathers in response to child 

stimuli, non-fathers activated several regions more robustly in response to sexually 

provocative photographs, including the bilateral dorsal caudate. The dorsal head of the 

caudate is active for tasks involving visual sexual stimuli and is postulated to mediate the 

motivation to approach such stimuli (Redouté et al. 2000; Stoléru et al. 2012). Our more 

targeted ROI analysis also revealed group differences in the nucleus accumbens and 

hypothalamus, regions that are critically important for reward and sexual function, 

respectively (Stoléru et al. 2012). While these findings support the idea that fathers down-

regulate reward system responses to sexual stimuli, it is important to note that differential 

responses may have been a function of relationship-status rather than parenting status since 

both of these co-vary in our sample. If parenting status drives the effect, then the result is 

consistent with the life history theory prediction that increased investment in parenting 

should result in decreased investment in mating. Neither can we rule out the effects of sleep 
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deprivation, which is known to affect reward processing (for example, (Gujar et al. 2011)). 

However, the fact that fathers maintained strong responses to children within putative 

reward regions mitigates the possibility that group differences in sleep deprivation explain 

differential reward responses to sexual stimuli. Future studies assessing the role of sleep loss 

in changes in parental brain function will be an important next step.

Given the role of T and OT in sexual behavior, it is surprising that we did not observe a 

relationship between hormone levels and neural responses to sexual stimuli. However, the 

impact of hormones on neural function will depend not only on the circulating levels of the 

hormones, but also on the brain’s sensitivity to them as reflected in receptor density. 

Moreover, in the case of testosterone, brain function may depend on the bioavailability of 

the hormone (i.e. T that is not bound by sex hormone binding globulin (SHGB)), which may 

be better represented by salivary levels (Rilling et al. 1996). With respect to oxytocin, these 

null results may be due to the potential limitations of plasma measures, which may not 

accurately reflect OT levels in the brain (Kagerbauer et al. 2013). One recent study 

measured the effects of intranasal OT administration on neural responses to infant and 

sexual stimuli in postpartum and nulliparous women and, while postpartum women with 

infants 3–6 months of age reported less arousal and exhibited decreased amygdala responses 

to sexual stimuli, intranasal OT did not impact their amygdala responses to either infant or 

sexual stimuli (Rupp et al. 2013). The authors interpreted the finding as suggesting that 

postpartum changes in sexual arousal are relatively more trait-like and may be independent 

from the acute neuroendocrine changes experienced with parturition. While fathers do not 

undergo the hormone flux of parturition, our findings in fathers are consistent with such an 

idea insofar as there was no correlation between hormone levels and the neural response to 

sexual stimuli. It is also possible that using more naturalistic or ecologically valid sexual 

stimuli would reveal effects of T or OT on brain function. Finally, some men may have 

found the blood draw stressful, introducing additional variation to the plasma T and OT 

measures and obscuring relationships between hormones and subsequent brain function. 

This may be particularly true for OT since the kinetics of its release are more rapid (e.g. 

(Zak et al. 2005) than the stress-induced response of testosterone (Sapolsky et al. 2000).

Limitations

We interpret the current findings as the first indication that the testosterone reduction 

consistently observed in new fathers may serve to enhance empathic and reward-based 

neural responses to children; however, caution is warranted given the following limitations. 

First and most importantly, two characteristics differentiate the fathers and non-fathers in the 

current study: parenting status and relationship status. While we interpret the current 

findings as differences between fathers and non-fathers that are caused by parenting, 

relationship status may also be causal to the findings presented here. Both T and OT are 

known to vary with relationship status (Burnham et al. 2003; Gray et al. 2002; 

Schneiderman et al. 2012). Related, OT is enhanced by sexual activity (Carmichael et al. 

1987), which may have differed between the two groups. We cannot rule out the possibility 

that the effects presented here are better explained by relationship differences. In fact, one 

recent ERP study suggests that newly partnered males have a greater neural response to 
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infant stimuli than un-partnered males (Weisman et al. 2012a). Future studies should include 

two additional groups for comparison: non-partnered fathers, and partnered non-fathers.

For heuristic purposes, the functional ROIs tested here were described at the outset as being 

important for discrete and singular processes. However, each of these functional regions has 

been implicated in multiple neural processes and the interpretations offered here are not the 

only possible interpretations. For example, while we suggest that the difference in vmPFC/ 

OFC responses between fathers and non-fathers may support enhanced reward processing, 

the OFC is also important for emotion regulation (Ochsner and Gross 2005). It is possible 

that fathers engage in more emotion regulation when viewing children’s emotional facial 

expressions than do non-fathers, though we do not consider the child task used here to 

demand high levels of emotion regulation. Likewise, while the MFG functional ROI tested 

here encompassed a region previously observed to be important for the simulation of 

emotional facial expressions, this region is also active during tasks that require impulse and 

executive control (Wood and Grafman 2003).

A final limitation arises with the cross-sectional design of the study that does not allow a 

determination of causation, and it may be the case that fathers had lower T levels, higher OT 

levels, and differential responses to children and sexual images prior to becoming a father. 

Similarly, while we suggest that changes in T alter neural responses in the MFG, it could be 

the case that men who have a greater response in the MFG to child stimuli experience a 

greater drop in T when becoming fathers, though the likelihood of this is diminished by the 

fact that the inverse correlation is strongest within the non-fathers. Longitudinal studies 

assessing within subject changes in hormone levels and brain structure and function will be 

invaluable for understanding the biology of paternal caregiving. Related to this, a recent 

study revealed that OT administration elevates T, leading to greater father-infant vocal 

synchrony (Weisman et al. 2014), and future studies can investigate whether OT-induced 

elevation of T leads to differential patterns of neural responsivity to children than are 

reported here. The findings presented here provide the first evidence in support of the 

hypothesis that new fathers experience a decrease in testosterone that augments the neural 

processes supporting empathic responding toward children, as well as the first evidence that 

fathers show less activation of reward system pathways in response to sexually provocative 

stimuli.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Differences between fathers and non-fathers in plasma levels of a. Oxytocin (t(128) = −3.93, 

p < 0.0005), and b. Testosterone ((t(129) = 4.02, p < 0.0001).
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Figure 2. 
Main effect for all subjects of a. Child task for the contrast [Child – Adult] and b. Sexual 

task for the contrast [Sexual – Non-sexual], thresholded at p < 0.0001, uncorrected.
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Figure 3. 
Comparison of fathers’ and non-fathers’ responses. a. Positive t values indicate areas in 

which fathers have more activity than non-fathers in response to the Child task for the 

contrast [Child – Adult]; and b. Positive t values indicate areas in which non-fathers have 

more activity than fathers in response to the Sexual task for the contrast [Sexual – Non-

sexual]. All results are thresholded at p < 0.001, uncorrected.
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Figure 4. 
Scatter plot of testosterone levels and beta contrast values derived from the R MFG ROI for 

the contrast [Child – Adult], plotted as a function of group status.
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