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During the postpartum period, the paternal brain suffers extensive and complex neurobiological alterations, through the experience of father–infant interactions. Although the impact of such experience in the mother has been increasingly studied over the past years, less is known about the neurobiological correlates of fatherhood—that is, the alterations in the brain and other physiological systems associated with the experience of fatherhood. With the present study, we aimed to perform a scoping review of the available literature on the genetic, neuroendocrine, and brain correlates of fatherhood and identify the main gaps in the current knowledge. PubMed, Scopus, and Web of Science electronic databases were searched for eligible studies on paternal neuroplasticity during the postpartum period, over the past 15 years. Reference lists of relevant key studies and reviews were also hand-searched. The research team independently screened the identified studies based on the established inclusion criteria. Extracted data were analyzed using tables and descriptive synthesis. Among the 29 studies that met our inclusion criteria, the vast majority pertained to neuroendocrine correlates of fatherhood (n = 19), followed by brain activity or connectivity (n = 7), association studies of candidate genes (n = 2), and brain structure correlates (n = 1). Collectively, studies published during the past 15 years suggest the existence of significant endocrine (testosterone, oxytocin, prolactin, and cortisol levels) and neurofunctional alterations (changed activity in several brain networks related to empathy and approach motivation, emotional processing and mentalizing, emotion regulation, dorsal attention, and default mode networks) as a result of fatherhood, as well as preliminary evidence of genetic variability accounting for individual differences during the postpartum period in fathers. No studies were so far published evaluating epigenetic mechanisms associated with the paternal brain, something that was also the focus of the current review. We highlight the need for further research that examines neuroplasticity during the experience of fatherhood and that considers both the interplay between hormones and simultaneous assessment of the different biomarkers (e.g., associations between hormones and neural activity); data collection protocols and assessment times should also be refined.
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INTRODUCTION

The transition to parenthood represents a transformative period, marked by diverse co-occurring biological, psychological, social, economic, and behavioral changes (e.g., decreasing levels of testosterone, increasing levels of oxytocin, changes in thoughts and behaviors oriented toward the infant; Bakermans-Kranenburg et al., 2019). These changes seem to facilitate experience-dependent acquisitions of parenting skills, aimed at caring for the infant and securing survival (Swain et al., 2014). Consequently, this period may be considered a potential “critical window” for neuroplasticity, alongside infancy and adolescence (Saxbe et al., 2018). Although a substantial amount of evidence about motherhood biomarkers has surfaced, fatherhood has been less researched by comparison. Herein, we aim to conduct a scoping review of the available literature on alterations in several neurobiological correlates underlying the experience of fatherhood.

Neuroplasticity refers to the reorganization of the brain (physiological and anatomic changes) as a result of our interactions with the environment, allowing for the adaptation to new circumstances and demands (Demarin et al., 2014). A reflection of neuroplasticity processes is the thickness or thinning of the gray matter architecture of the brain (refining, severing, or forging of neural connections; Saxbe et al., 2018). During pregnancy and the postpartum period, the parental brain suffers alterations in its structure and function. In fathers, these alterations mostly occur during the postpartum period, through the experience of father–infant interactions, and may correspond to increased neuroplasticity (e.g., Kim et al., 2014). Despite not experiencing in-person the hormonal changes of pregnancy, research has shown that fathers engage similar neural circuitry when processing infant-related stimuli compared to mothers (Swain et al., 2007). Additionally, fathers undergo significant neuroendocrine alterations during the transition to parenthood that have been found to be associated with greater involvement in caregiving (e.g., longitudinal decreases in testosterone; Gettler et al., 2011).

Furthermore, intrinsic individual genetic characteristics, such as subtle changes in the DNA sequence, called single nucleotide polymorphisms (SNPs), might contribute to differences in parental responsiveness. Indeed, studies with mothers show that variability in parenting styles can be moderated by polymorphic variations in target genes associated with affiliative and reward systems. Particularly relevant in this regard is the oxytocinergic pathway, which includes the oxytocin neuropeptide (OT) and the oxytocin receptor (OXTR). Generically, genetic variability in the OXTR gene has been associated with sociability, caregiving, and parenting (Feldman et al., 2016; Feldman, 2017), with particular evidence showing that the GG risk genotype of the rs2254298 SNP is associated with autism and depression (Lerer et al., 2008; Costa et al., 2009) and the TT risk genotype of the rs1042778 SNP correlates with lower empathy and prosocial behavior in healthy adults (Israel et al., 2009; Wu et al., 2012), while rs53576 GG genotype is associated with more sensitive parenting and the G allele of the rs1042778 SNP with positive parenting in mothers (Bakermans-Kranenburg and Van Ijzendoorn, 2008; Michalska et al., 2014). Moreover, in Riem et al. (2011) the authors showed that women carrying the presumably protector genotype (GG) were more reactive to the infants’ cry (measured through heart rate response), although women with depression symptoms with the same genotype did not show this reactivity, highlighting the relevance of addressing parenthood and quality of care within a gene-by-environment framework (GxE). Yet, little is known about these genetic mechanisms concerning fathers. Furthermore, epigenetic mechanisms such as DNA methylation (DNAm) have recently entered the research field of parenting behavior. DNAm occurs at the CpG sites of the gene, where methyl residues (CH3) are added. The addition of these molecules attenuates the binding of transcription elements on the gene, which in turn contribute to the lower expression or “silencing” of the gene activity. Indeed, recent research shows that DNAm of the OT gene changes brain volume in important areas for parenting behavior in mothers (i.e., right inferior temporal gyrus; Hiraoka et al., 2021) and that DNAm profile changes during pregnancy predict postnatal variability in maternal behavior (more specifically, in intrusive behavior; Toepfer et al., 2019).

Although growing neuroimaging, molecular and hormonal-based literature has explored the neurobiological basis of parenthood, the majority of research has been conducted on human mothers during pregnancy or the postpartum period (e.g., Kim et al., 2010), and less is known about the specific correlates of the experience of fatherhood. And whereas some mechanisms appear to be shared between mothers and fathers, important differences might exist, possibly driven by biological (e.g., testosterone levels) and experience-related factors (e.g., being a primary caregiver).

Diverse reviews on fatherhood focus on different correlates and measures, such as neuroendocrine (e.g., Storey et al., 2020) and functional neuroimaging (e.g., Swain et al., 2014). Our review aims to further tap into this knowledge, providing a structured, comprehensive, and descriptive search of the literature on the neurobiological correlates of fatherhood associated with postpartum parental caregiving experiences, while extending to molecular and structural brain correlates and identifying the main gaps in the current knowledge. Thus, the following questions will be addressed:

A. What is known about the molecular mechanisms (genetic and epigenetic) related to fatherhood?

B. What is known about the neuroendocrine correlates of fatherhood?

C. What is known about the neurostructural correlates of fatherhood?

D. What is known about the neurofunctional correlates of fatherhood?



MATERIALS AND METHODS

Our review aim was too broad to be addressed by a systematic review; instead, it was thought to be better addressed by looking at the scope and nature of the research pertaining to the neurobiological correlates of fatherhood, while identifying research gaps (see guidance by Munn et al., 2018). Based on these objectives, a scoping review was considered to be the most appropriate review strategy. Scoping reviews follow the same structured process as systematic reviews (Munn et al., 2018), however, a formal assessment of the methodological quality of the included studies is generally not performed (Colquhoun et al., 2014; Peters et al., 2020). The review process followed the Preferred Reporting Items for Systematic reviews and Meta-analyses extension for Scoping Reviews (Tricco et al., 2018) for conducting and reporting the results. The review was pre-registered in Open Science Framework.1


Eligibility Criteria

We included full-text primary research studies published in peer-reviewed journals within the last 15 years, given the technological progress of neuroimaging methods. Studies were eligible if they included data from human heterosexual fathers (age range 18–60) and assessed outcomes from infant birth to 1 year postpartum; assessed neuroendocrine (testosterone, oxytocin, prolactin, cortisol levels and manipulations), brain structural changes (gray matter volume and cortical thickness), brain functional changes (task-based patterns of functional activity and connectivity), and/or molecular mechanisms (genetic and epigenetic) among fathers; and were written in English language. The limited timeframe (0–12 months) was selected based on the focus of the review (neurobiological correlates of fatherhood associated with postpartum experiences).

Psychiatric or neurological disorders (in both father and infant) and premature birth were excluded, as the focus of the review was on normative correlates associated with fatherhood. Older adults were excluded as well (>60 years old), given the existing negative association between age and structural alterations in healthy aging (e.g., Salat et al., 2004). We excluded opinion pieces, editorials, conference abstracts, qualitative studies, and reviews.



Information Sources and Search Strategy

Searches were performed in PubMed, Scopus, and Web of Science electronic databases. Following the Joanna Briggs Institute methodology (Peters et al., 2020), a three-step strategy was performed. Firstly, a limited search of the PubMed database took place, with the following MeSH terms: “(Father OR fatherhood OR men) AND (Brain OR anatomical OR structural OR functional OR connectivity OR activation OR resting state OR neural OR hormonal OR neuroendocrine OR genetic OR epigenetic) AND (postpartum OR postnatal OR perinatal).” Secondly, keywords included in the title and abstract of retrieved papers and the index terms were analyzed. Afterward, a second search was performed across the included databases with the identified and relevant keywords and index terms. The searches were conducted between November and December 2020. In addition to these databases, we hand-searched reference lists of key studies included in our search and reference lists in key reviews published in the field. The full search strategies for all databases are attached as Supplementary Material.



Selection of Sources of Evidence

Screening was conducted in the Rayyan QCRI software (Ouzzani et al., 2016), where authors FP and MS removed the duplicates across databases. The same two reviewers independently performed the double-screening of titles and abstracts, as well as the full-text articles. A third reviewer was available to resolve inter-rater disagreements when necessary. Inter-rater agreement on study selection was calculated using Cohen’s kappa coefficient (Landis and Koch, 1977). The inter-rater agreement was k = 0.86, indicating almost perfect agreement.



Data Charting Process and Data Items

The included reports were split across two teams of reviewers responsible for extracting data on different neurobiological correlates. FP and MS extracted structural and functional data, while JA, SM, and BP extracted data concerning neuroendocrine and genetic/epigenetic measures. The team cross-reviewed each other’s extraction. After comparing each reviewer’s charted data, disagreements were resolved through discussion and a third reviewer when needed as well. A data charting form was developed a priori, including the following information: author name, year of publication, study design, participant characteristics, methodology, and key findings. Individual data forms were constructed for the different measures available.



Synthesis of Results

In accordance with scoping review guidelines (Tricco et al., 2018; Peters et al., 2020), an assessment of the methodological quality or risk of bias of the included studies was not performed. The available data were organized in a comprehensive system of the diverse measures available. A narrative and tabular synthesis of the extracted data was performed.




RESULTS


Selection of Sources of Evidence

The selection process of sources of evidence was adapted from the Preferred Reporting Items for Systematic Reviews and Meta-Analysis flow diagram. After the removal of duplicates, 1,492 citations were reviewed. Of these, 1,426 were excluded based on the title and abstract. Of the remaining 66 full-text articles assessed for eligibility, 37 were excluded for different reasons, detailed in the Flow Chart in Figure 1. Subsequently, 29 articles were included in this review.
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FIGURE 1. Flow chart of the selection of sources of evidence.




Characteristics of Sources of Evidence and Synthesis of Results

Details of each study are provided in Table 1. The summary below focuses on key characteristics and findings, organized according to the parameter in question.



TABLE 1. Main characteristics and findings of the studies.
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Endocrine and Molecular Biomarkers

In the endocrine and molecular domains, 21 articles met the inclusion criteria (cf. Table 1), of which 19 focused on endocrine changes and two combined both endocrine and SNPs analysis. Within the endocrine studies, six studies focused exclusively on Oxytocin (OT; Feldman et al., 2010a,b, 2011; Gordon et al., 2010b; Weisman et al., 2012, 2013a), five studies focused on Testosterone (T; Gettler et al., 2011; Perini et al., 2012a,b; Corpuz and Bugental, 2020; Corpuz et al., 2020), one study focused on Prolactin (PRL; Delahunty et al., 2007), two studies analyzed both OT and T (Weisman et al., 2014; Gordon et al., 2017), another two studies observed OT and Cortisol (CORT; Gordon et al., 2010a; Weisman et al., 2013b), one OT and PRL (Gordon et al., 2010c), and two T and CORT (Bos et al., 2018; Kuo et al., 2018). Regarding molecular studies, two studies analyzed both OXTR and CD38 genetic polymorphisms (Feldman et al., 2012, 2013).

The majority of studies reported longitudinal quantitative data (n = 13, Delahunty et al., 2007; Gordon et al., 2010a,b,c, 2017; Gettler et al., 2011; Perini et al., 2012a,b; Feldman et al., 2013; Bos et al., 2018; Kuo et al., 2018; Corpuz and Bugental, 2020; Corpuz et al., 2020). Seven of which reported data from pre-birth, but we only considered results within the 0–12 months postpartum period, meeting the criterion for inclusion. Eight studies reported on cross-sectional quantitative data (Feldman et al., 2010a,b, 2011, 2012; Weisman et al., 2012, 2013a,b, 2014). Samples ranged from 35 to 465 participants, and the father’s mean age was 29.33 years. In 10 of these 21 articles, infants were the first child for the father. There was variation regarding the assessment of parenting outcomes (subjective parental care quality and parental behaviors reported) associated with endocrinal and molecular biomarkers (cf. Table 1).

Besides controlling for the effect of time of day for hormone values, the majority of the reviewed studies included the following covariates in their models or examined potential correlations with those prior to data analysis: parent age (Feldman et al., 2010a,b, 2011, 2012, 2013; Gordon et al., 2010b,c; Perini et al., 2012a,b; Weisman et al., 2014; Bos et al., 2018; Kuo et al., 2018; Corpuz and Bugental, 2020); education (Feldman et al., 2010a, 2012, 2013; Gordon et al., 2010c; Bos et al., 2018); height (Feldman et al., 2010b, 2011, 2012, 2013; Gordon et al., 2010b,c); weight or body mass index (Feldman et al., 2010a,b, 2011, 2012, 2013; Gordon et al., 2010b,c; Perini et al., 2012a,b; Corpuz and Bugental, 2020); smoking (Feldman et al., 2010a,b, 2011, 2012, 2013; Gordon et al., 2010b,c); time of last meal (Feldman et al., 2010b, 2011, 2012, 2013; Gordon et al., 2010b,c); use of medication (Feldman et al., 2010b, 2011; Gordon et al., 2010b,c); and number of children/parity (Gettler et al., 2011; Bos et al., 2018; Kuo et al., 2018). Anecdotally, other studies observed variables related to parents such as: gender (Feldman et al., 2012), religiosity (Feldman et al., 2010a), ethnicity (Corpuz and Bugental, 2020), birth order (Feldman et al., 2010a), hours of employment (Feldman et al., 2010a), parental status (Feldman et al., 2012), parental anxiety (Gordon et al., 2010c), parenting stress (Gordon et al., 2010c; Weisman et al., 2013b), and psychosocial stress (Gettler et al., 2011), sleep quality, duration or disruption (Gettler et al., 2011; Perini et al., 2012b). Others observed variables related to the infant, such as infant’s sex (Kuo et al., 2018) and age (Gordon et al., 2010c). Similarly, a couple of studies observed variables related to the parental marital relationship, such as: relationship duration (Perini et al., 2012a,b), time spent together as a couple and with significant others (Perini et al., 2012b), marital status (Kuo et al., 2018); and finally, a few other variables were considered across studies, such as consumption of caffeine (Perini et al., 2012a,b), activities during the day of saliva sampling (e.g., time with partner and baby; Perini et al., 2012b); hormone levels (Weisman et al., 2014); drug order (i.e., OT first vs. placebo first; Weisman et al., 2014); and maternal care (Corpuz et al., 2020).


Genetic Studies

To our knowledge, only two studies addressed the association between genetic variability in two different genes (CD38 and OXTR) and paternal behavior and endocrine changes. Specifically, Feldman et al. (2012, 2013) showed both fathers and non-fathers carriers of the C allele in a particular SNP (rs3796863) of the CD38 gene produced lower plasma OT levels. The same profile was observed for carriers of the GG (rs2254298) and TT (rs1042778) genotypes of the OXTR gene. Additionally, fathers with CD38 CC genotype showed smaller frequency in touch toward their children, compared to those carrying the AA/AC genotype, and fathers with OXTR rs1042778 TT genotype also provided less touch to their infant. Furthermore, among fathers, longer parent–infant gaze synchrony was predicted by the combination of CD38 low-risk A allele and high plasma OT.



Endocrine Studies

Oxytocin. Only one study compared OT levels between fathers and non-fathers, showing that parents had higher OT levels than non-parents (Feldman et al., 2012). Father’s OT hormone basal levels differ in terms of tissue used for OT collection, with a range of 306.01–405.10 pg/ml for plasma (Feldman et al., 2010b, 2011; Gordon et al., 2010a,b) and 7.09–23.20 pg/ml for saliva samples (Feldman et al., 2010a, 2011; Weisman et al., 2012), with results showing that plasma and saliva OT levels are interrelated (Feldman et al., 2010a, 2011). One study reported values for basal OT urine samples (M = 9.81 pg/ml, SEM = 2.03), which does not correlate with both saliva and plasma OT levels (Feldman et al., 2011). There is a time effect in OT levels in fathers, in that its values rise from the first week postpartum up to 6 months postpartum (Gordon et al., 2010b). Additionally, OT levels show high intraindividual stability across time in fathers (Feldman et al., 2010a, 2011, 2013; Gordon et al., 2010b; Weisman et al., 2012) and basal levels of this hormone increase after interactions with own infants (Feldman et al., 2010a, 2011; Gordon et al., 2010b; Weisman et al., 2012).

Furthermore, higher OT levels in fathers correlate with increased time spent in father-to-infant touch (Feldman et al., 2012), related with stimulatory contact (proprioceptive contact, tactile stimulation, and object presentation), but not with affectionate touch (Gordon et al., 2010b). Moreover, fathers with high levels of stimulatory contact show an increase in OT after parent–infant interaction compared to fathers with low levels of stimulatory contact (Feldman et al., 2010a). Feldman et al. (2011) showed that both plasma and salivary OT correlated with positive engagement, affect synchrony, and positive communicative sequences between parent and child. Higher OT levels in fathers were also associated with early parental care (Feldman et al., 2013). Furthermore, in a mother–father–infant interaction, Gordon et al. (2010a) showed that father’s OT independently predicted triadic synchrony, suggesting that greater OT levels in fathers contribute to increased synchrony in triadic interactions.

In an OT administration paradigm, Weisman et al. (2012) showed that fathers in the OT condition revealed higher respiratory sinus arrhythmia (a measure of the parasympathetic activity that relates to orientation, attention, and social engagement; Porges, 1995), suggesting that increased OT levels are associated with higher fitness for social engagement between father and infant. Furthermore, fathers in the OT condition showed more infant-oriented positive vocalizations, higher father’s social reciprocity, encouragement of infant orientation to the social context, and extended periods of touch. On the contrary, Weisman et al. (2013a) showed that OT administration seems to have no effect on vocalizations toward the child, but instead was associated with increased father’s head motion (head speed and acceleration during dyadic interaction), and shorter distance toward the child, reflecting a more pronounced infant-directed repertoire, which contributes to the affiliative process.

Moreover, no correlation was found between OT and father’s state or trait anxiety or stress in parenting role (Gordon et al., 2010c).

Prolactin. Two studies analyzed changes in PRL in fathers during the first 6 months postpartum (Delahunty et al., 2007; Gordon et al., 2010c). PRL baseline plasma levels differed in each study, with average values ranging from 10.6 ng/ml (Delahunty et al., 2007) to 317.356 ng/ml (Gordon et al., 2010c). In an experimental setting, no differences emerged in PRL levels between non-fathers holding a doll and fathers holding their infants in the early postpartum period (first 2–3 weeks after birth; Delahunty et al., 2007). However, significant differences emerged with the second child of these same fathers, reflected in a greater increase in PRL levels after holding their second babies compared to the PRL levels registered after holding their first child (Delahunty et al., 2007). In line with this result, a non-significant trend emerged showing that men who have above average contact with children have a greater percentage increase in PRL, compared to men with less contact with children (i.e., considering the estimated percentage of time over their lifetimes that had spent with infants and how many younger siblings did they have; Delahunty et al., 2007). Furthermore, the quantity of time spent with one’s own infant seems to influence PRL levels. Fathers who spent all day at home with their infants had smaller PRL increases compared to fathers who had spent less than 3 h with their newborn at the 2–3 weeks postpartum period, and no differences in baseline PRL levels were found between groups (Delahunty et al., 2007). On the contrary, at 2 months postpartum, fathers having less time holding their babies showed higher baseline PRL levels compared to men who held their babies for longer periods, and no differences were found in percentage change of PRL levels (Delahunty et al., 2007). In Gordon et al. (2010c), PRL levels were stable over time (at 2 and 6 months postpartum) and higher PRL average scores correlated and significantly predicted father’s coordinated exploratory play with own infant. Average PRL also correlated marginally with affect synchrony between father and infant in a social play interaction (Gordon et al., 2010c).

Testosterone. Apart from one study, which used plasma as the tissue for T determination (Gordon et al., 2017), all other studies collected saliva samples. Perini et al. (2012b) compared fathers at 2 months postpartum with no-fathers as controls, reporting that T was significantly lower in fathers. Longitudinal quantitative data revealed paternal T rebounds across the postpartum period (Gordon et al., 2017; Corpuz and Bugental, 2020; Corpuz et al., 2020). This recovery is observed already at the postpartum day two, where paternal T was significantly higher (M = 94.39 pg/ml, SE = 2.57 pg/ml) when compared to the infant’s birth day (M = 82.18 pg/ml, SE = 2.48 pg/ml; Kuo et al., 2018). Four studies explored the differences in paternal T while taking into account father–infant interaction. Fathers who reported spending more time in childcare activities revealed significantly lower T levels compared to fathers with no involvement (Gettler et al., 2011). Fathers with lower T on their children’s second day of life reported greater involvement in direct (e.g., bathing) and indirect (e.g., washing infant’s clothes) childcare at approximately 16 weeks after postpartum (Kuo et al., 2018). Although it did not reach statistical significance, fathers with relatively accelerated T rebounds (i.e., higher increase of T levels after the descent of male T from pre-birth to the postpartum period and first year of infant’s life) reported spending less time with their infants (Corpuz et al., 2020). Regarding the quality of care, Bos et al. (2018) reported that at 6 weeks postpartum parental sensitivity and cooperation were unrelated to paternal T. In contrast, higher quality of paternal care was reported by fathers with accelerated T rebound (Corpuz et al., 2020). This result might be unexpected taking into account the previous findings on decreased time spent with infants associated with accelerated T rebounds, as well as the results found in two other studies, pointing to negative correlations between paternal T and fathers’ affectionate touch (Weisman et al., 2014; Gordon et al., 2017). Gordon et al. (2017) also reported a negative correlation between paternal T levels and parent–infant behavioral synchrony at 1 month postpartum, even though this correlation did not emerge at 6 months postpartum.

Cortisol. Studies show that on the infant’s birth day, father’s basal CORT levels measured immediately before holding their newborns for the first time decline significantly after, and rebound close to the mentioned father’s basal CORT baseline levels (M = −2.23 μg/dl, SD = 0.80) on day two postpartum (Kuo et al., 2018). As reported in Gordon et al. (2010a), CORT levels are described to be higher at two (5.38 pg/ml, SD = 2.14) and 6 months post-partum (5.60 pg/ml, SD = 1.39). Furthermore, a greater father’s involvement in play and childcare at 2–4 months postpartum was associated with father’s greater basal CORT levels and reactivity to first time holding their babies at infant’s birth day (Kuo et al., 2018). Also, father’s CORT levels significantly drop after parent–infant interaction across the first 4–8 months postpartum (Weisman et al., 2013b). At 4–8 months postpartum period, father’s CORT basal level (pre-parent–infant interaction) negatively correlated with father’s proprioceptive touch (mean duration, frequency, proportion, and latency) toward the child; with father’s neutral affect toward own infant; with frequency of gaze synchrony between father and child and with touch mys-synchrony (i.e., father’s proprioceptive touch toward the child coinciding with infant’s avert gazing from father; Weisman et al., 2013b).



Interactions Between Different Hormones

Six studies analyzing more than one hormone and possible interactions between them are described in this section.

Oxytocin and Cortisol. Relative to OT and CORT, the results are somewhat contradictory. In Weisman et al. (2013b), fathers who had self-administered OT showed an increased CORT response to a stress paradigm (face-to-face still-face paradigm). Nevertheless, in Gordon et al. (2010a), father’s plasma OT and salivary CORT were not correlated at both 2 months and 6 months postpartum, and OT and CORT interaction did not predict additional variance over and above the two hormones relative to synchrony in a triadic interaction.

Oxytocin and Prolactin. In the 2 months postpartum period, no association between PRL and OT was found in the Gordon et al. (2010c) study. However, by the sixth month postpartum, the authors found a positive association between the two hormones. Furthermore, in combination, PRL and OT explained 38 and 26% of the variance in Affect Synchrony and Coordinated Exploratory Play, respectively, in a father–infant interaction paradigm.

Oxytocin and Testosterone. One study (Gordon et al., 2017) reported no association between paternal T and OT per se. Nevertheless, the authors explored the interaction of T and OT in predicting parental behavior. At 6 months postpartum, when T was low or medium, OT was uncorrelated to paternal affectionate touch. However, when T was above average, OT was negatively correlated with paternal affectionate touch.

When OT was self-administered (Weisman et al., 2014), fathers at 4–8 months postpartum revealed higher T levels, compared to the placebo condition. The OT-induced change in paternal T levels was correlated with positive affect, social gaze, touch, and vocal synchrony observed during a father–infant interaction conducted 45 min after OT administration. The unique contribution of T-change remained in most cases even when controlling for basal T levels.

Cortisol and Testosterone. Bos et al. (2018) found a negative relation between CORT and quality of caregiving (i.e., parental sensitivity and cooperation) in fathers with higher T, at 6 weeks postpartum.




Structural Neuroimaging Research

Only one longitudinal study used structural MRI data to assess brain changes during the postpartum period (Kim et al., 2014), examining gray matter volume (GMV) data (voxel-based morphometry) in 16 fathers, assessed at two timepoints (2–4 weeks and 12–16 weeks postpartum). While controlling for father’s age, parity (primiparous or multiparous status), and scan intervals, the study showed that the decrease in the OFC volume was associated with higher paternal intrusiveness levels, especially with forcing behaviors (i.e., the physical manipulation of the infant’s body).



Functional Neuroimaging Research

Seven studies included functional neuroimaging methods. Of those, three (43%) followed a longitudinal design (Kim et al., 2015; Abraham et al., 2018; Paternina-Die et al., 2020; for the purpose of this review, only data collected within the 0–12 months postpartum period were included) and four (57%) followed a cross-sectional design (Atzil et al., 2012; Kuo et al., 2012; Abraham et al., 2014; Li et al., 2018). Samples ranged from 10 to 48 participants, with father’s mean age ranging from 29.3 to 37.68 years. Overall, studies included both first-time and veteran parents. Regarding the inclusion of covariates (either prior to the data analysis or in the models), besides controlling for diurnal variability in hormones when applicable, studies considered the father’s age (Paternina-Die et al., 2020), hormone plasma levels (Atzil et al., 2012), head motion parameters (Kuo et al., 2012; Paternina-Die et al., 2020), parity (Kim et al., 2015), paternal and infant characteristics (Li et al., 2018) and principal components for cry ratings (Li et al., 2018).

Infant stimuli were used across studies to evaluate fMRI responses, with two studies using auditory stimuli (baby-cry; Kim et al., 2015; Li et al., 2018) and five using visual stimuli, either pictures of the infant (Paternina-Die et al., 2020), videos of parent–infant interactions (Abraham et al., 2014, 2018) or infants’ emotional faces (Atzil et al., 2012; Kuo et al., 2012).


Neural Activity—BOLD Response

Neural responses to diverse infant stimuli have been investigated in five studies. The study by Li et al. (2018) reports brain function of first-time fathers in response to their own infant cry, a standardized unknown infant cry, and an auditory control stimulus. In this study, fathers were also asked to subjectively rate each infant cry stimulus, as annoyed, distressed, upset, angry, irritated, and aversive. The authors found widespread activations in response to both own and unknown infant cries in regions underlying empathy and approach motivation networks. Specifically, activations were observed in the medial prefrontal cortex, the bilateral anterior insula and the inferior frontal gyrus, the bilateral striatum, bilateral thalamus, bilateral auditory cortex, bilateral posterior cingulate, and bilateral midbrain. Additionally, the authors found that infant age, paternal age, and paternal emotional reactions influenced the neural responses of fathers to infant cries. Specifically, results showed that fathers who rated the unknown infant cry as more aversive exhibited greater neural activation in auditory cortices and decreased activation in motivation networks (thalamus and left caudate). In relation to parent characteristics, the authors also found that paternal age was negatively correlated with the neural response to own infant cries in both the dorsal anterior cingulate cortex and the right postcentral gyrus. Finally, younger infant age was found to be associated with increased neural responses in fathers.

The study by Kim et al. (2015) also assessed the neural responses of fathers to own and unknown infant cry sounds. Results showed that positive parenting (i.e., the positive experiences of parenting) was positively associated with brain activations in the right middle temporal gyrus (the auditory cortex), the thalamus, the hypothalamus, and the left caudate.

Abraham et al. (2014) measured parental brain responses to infant-related cues in secondary caregiving fathers, defining these as the father raising the infant within heterosexual relationships. Parent–infant interactions at the homebound were videotaped and used as stimuli during the fMRI scanner session, and the following contrasts were observed: Self–Infant Interaction > Self, and Self–Infant Interaction > Unfamiliar Parent–Infant Interaction. Passive viewing of the videotapes elicited activations in areas related to emotional processing and mentalizing networks: the bilateral amygdala, the ventral anterior cingulate cortex, the left inferior frontal gyrus/insular cortex, the ventral tegmental area, the bilateral superior temporal sulcus, the ventromedial prefrontal cortex, the temporal poles, and the lateral frontopolar cortex. Moreover, Abraham et al. (2014) observed that parent–infant synchrony was correlated with superior temporal sulcus activation in secondary caregiving fathers.

Another study reported on the neural responses of fathers to videos of their own neutral or smiling infant (OWN), other unknown matched infant (OTHER), as well as control stimuli (DOLL; Kuo et al., 2012). Whole-brain analysis for OWN > OTHER contrasts showed increased activity in regions underlying emotion regulation (bilateral inferior frontal gyrus) and empathic/mentalizing networks [bilateral supramarginal (parietal) gyrus and bilateral middle temporal gyrus]. Region-of-interest analysis for OWN > OTHER showed greater activations to own baby in the right superior frontal gyrus, the right inferior frontal gyrus, the right caudate, the left caudate, and the right orbitofrontal cortex. In relation to the contrast of baby (average of both own and other infant) vs. DOLL, greater activation was reported in fathers in the sensory/salience, reflexive caring, emotion regulation, and empathic/mentalizing networks, namely in the bilateral caudate, the orbitofrontal cortex, the superior frontal gyrus, the bilateral middle temporal lobes, the bilateral superior parietal lobules and a network of lateral frontal regions. Kuo et al. (2012) additionally found that the activation in the right orbitofrontal cortex was negatively correlated with parental sensitivity (i.e., the parent’s ability to perceive the infant’s signals and to respond adequately to the infant, allowing the latter to determine the process of the interaction) and parental reciprocity (i.e., reciprocal interactions between parent and infant).

The whole-brain study by Atzil et al. (2012), used similar stimuli and found that fathers showed greater activation in socio-cognitive regions (e.g., left medial prefrontal cortex and left precuneus) in response to their infant (OWN infant > standard infant contrast).

Finally, in the whole-brain study by Paternina-Die et al. (2020), neural responses of first-time fathers were assessed using pictures of their own and unknown infants’ faces. Regarding the OWN > OTHER contrast, activations were found in brain regions that overlap with the default mode and the dorsal attention networks, including bilateral precuneus, middle temporal gyrus, posterior cingulate cortex, middle occipital lobes, and right-sided activations in the inferior frontal/parietal gyrus, the angular/pre-central gyrus, the inferior/posterior temporal gyrus, and the superior occipital lobe.



Functional Connectivity

The study by Abraham et al. (2014) analyzed functional connectivity between the amygdala and the superior temporal sulcus in fathers which was found to be correlated with the time spent in direct infant care.

Abraham et al. (2018) examined the connectivity in three brain networks of interest, among secondary caregiving fathers, in response to neutral natural interactions and attachment-related video vignettes (fathers were instructed to interact freely with their own infant—Self–Infant Interaction) and found increased connectivity within and between embodied simulation and mentalizing networks in fathers when viewing their interactions with their own infant (vs. unknown infant interactions).



Interaction Between Endocrine and Neural Correlates

Two studies observed associations between the hormone OT and neural responses. The study by Abraham et al. (2014) suggested that the neural activity of the superior temporal sulcus was correlated with OT levels in secondary caregiving fathers and the father–infant synchrony was indirectly affected by the superior temporal sulcus, through increases in OT. Atzil et al. (2012) observed that decreases in OT were associated with higher activations in cognitive areas (e.g., dorsolateral prefrontal cortex, dorsal anterior cingulate cortex, and pre-central gyrus) in response to own-infant videos. Finally, T levels following father–infant interactions were positively correlated with the left caudate activation in response to own infant videos in the Kuo et al. (2012) study.






DISCUSSION

In our scoping review, we identified 29 primary studies published between 2005 and 2020 addressing neurobiological correlates of fatherhood. Specifically, 19 studies were retrieved for neuroendocrine biomarkers, two for SNPs of candidate genes, one for structural neuroimaging, and seven for brain activity or functional connectivity. Overall, there seems to exist some evidence in favor of significant neuroendocrine and neurofunctional changes, as well as a role for genetic variability in the transition to parenthood in fathers. On the contrary, there was limited or non-existent research focusing on structural brain changes and other molecular mechanisms such as epigenetic modifications associated with fatherhood outcomes (e.g., the quality of subjective paternal care and paternal behaviors reported) during the postpartum period.

Regarding the neuroendocrine changes and genetic variability, we found 19 studies focusing on hormonal alterations in fathers and two studies focusing on polymorphic variations on candidate genes that influence paternal behavior. Paternal caregiving behaviors in human fathers toward their infants were shown to be associated with paternal hormonal levels, such as OT, CORT, T, and PRL. Findings suggest that positive engagement, father–child touch, stimulating contact, parental care, affect synchrony, and positive communicative sequences are related to higher OT levels (Feldman et al., 2010b, 2011, 2012, 2013). Furthermore, studies where OT was experimentally increased via nasal administration also show that this hormone increases paternal caregiving behaviors such as touch, social reciprocity, greater physical proximity to the child, and readiness for social engagement (Weisman et al., 2012, 2013a).

This evidence emphasized how OT is relevant for paternal behavior toward their children, corroborating the vast literature within the scope of maternal behavior which consistently demonstrated that OT correlates with mother–infant attachment and interaction quality (Feldman et al., 2007). Moreover, OT can also affect paternal behavior indirectly by altering other hormones’ levels. Indeed, OT administration increases CORT (Weisman et al., 2013b) and T levels (Weisman et al., 2014). These OT-induced changes in CORT were associated with lower paternal social interaction behavior with their babies, which may suggest an important integration of both stress and bonding neuro-endocrine systems in the transition to parenthood. Additionally, OT-induced changes in T correlated with greater paternal behavior, including positive arousal, social gaze, and vocal synchrony. These results go in line with Weisman and Feldman (2013), who suggest that OT manipulation, especially the one with T levels, increases reward and social salience in the context of social interactions through interactions with the dopamine mesolimbic pathway (Hermans et al., 2010), possibly facilitating father’s caregiving commitment.

In fact, OT and T do not operate independently, but instead they interact with each other which collectively may influence parenting behavior. An Estrogen Response Element was already identified in the human OT gene and estrogens were found to upregulate oxytocin production in specific subpopulations of OT neurons (Richard and Zingg, 1990). More recent findings also point out the possibility of a direct regulation of androgens on the OT gene, through the evidence of a co-localization of androgen receptors (AR), in OT neurons of the paraventricular nucleus of the hypothalamus (Dai et al., 2017). Additionally, T is known to be metabolized to estradiol, which in turn increases the synthesis of OT (Cornil et al., 2006), a mechanism hypothesized to mediate maternal behavior. In this regard, an fMRI study with young women revealed increased activation of the limbic-related structures after T administration in response to infant crying when compared to a control sound, shedding light on the neuroendocrine regulation of maternal care (Bos et al., 2010). Regarding fathers, a study included in the current review also calls attention to this interplay, showing that intranasal OT administration, compared to placebo, leads to a short-term alteration in T levels among fathers while socially interacting with their infants (Weisman et al., 2014). Taken together, this evidence highlights a complex hormonal control of parenting behavior and urges future studies to explore this interplay to provide a more comprehensive understanding of the mechanisms underlying parenting behavior.

Despite the above-reported evidence about the interplay between OT and T, the studies looking at the individual role of T and parenting behavior yield some inconsistent results. Whereas some studies reported that lower T levels are related to greater father involvement in childcare (Gettler et al., 2011; Weisman et al., 2014; Gordon et al., 2017; Kuo et al., 2018), others report no relationship between these two variables (Bos et al., 2018) or even contrasting results (Corpuz et al., 2020). One possible caveat accounting for some of the results’ discrepancies could be the fact that the measurements and behaviors analyzed are different among studies, ranging from questionnaires to father–infant interaction paradigms. Furthermore, a common feature of most of these studies is that they assessed the relationship between T levels and father’s involvement with their first child. The evaluation of whether the number of children influences father’s involvement in childcare and whether this is related to higher or lower T levels should be tackled by future studies. Nevertheless, it should be acknowledged that the relationship between T and paternal behavior is not unidimensional. Parenting involves not only nurturant but also competitive phenomena (e.g., infant defense), which could be translated in different T levels (van Anders, 2013). Through partitioning intimacy and aggression, the Steroid/Peptide Theory of Social Bonds (van Anders et al., 2011) hypothesized that low T is only linked to parental contexts perceived as nurturant, while high T is linked to the invocation of defense or protection in the parental context (e.g., infant crying). Finally, cultural norms can also count on the paternal T variation, namely in terms of the degree of involvement with direct care (Gettler, 2014).

Regarding PRL, we found two conflicting studies, whereas in Gordon et al. (2010c) higher PRL levels seem to be related to greater involvement of the father in play moments with the child, Delahunty et al. (2007) found that lower PRL levels were related with increased time spent with the child. In fact, literature has been showing that higher levels of PRL in human males after childbirth seem to be associated with higher paternal behaviors, by decreasing parents’ libido, contributing to a shift from reproductive to nurturing behavior (Hashemian et al., 2016). Nevertheless, the biological role of PRL in human fathers is still under investigation and so novel studies are needed in order to clarify this association.

With regards to CORT, levels of this hormone tend to remain stable throughout the postpartum period (Gordon et al., 2010a). However, some authors suggest that higher basal CORT levels are related to greater paternal involvement in caregiving between two and 4 months postpartum (Kuo et al., 2018) and this pattern seems to take the opposite direction between four and 8 months postpartum in what concerns measures of father–infant interaction (i.e., touch frequency, gaze synchrony, and social gaze; Weisman et al., 2013b). Future studies should be able to disentangle the contribution of CORT levels to fatherhood by observing the associations between CORT levels and each dimension of interest (measures of caregiving vs. measures of father–infant interaction) across time.

Including neurogenetic studies in addition to peripheral measures is an important strategy in understanding the role of OT in parenthood. Polymorphisms in genes such as the OXTR or CD38 that encode elements of oxytocinergic brain pathways are shown to be plausible key regulators of paternal behavior and investment. As described in the present review, carriers of the CC genotype of the CD38 gene, as well as OXTR rs1042778 TT genotype carriers, showed to be fathers displaying low touch frequency toward their children. Empirical studies with mothers show that OXTR SNPs also play a role in maternal behavior, including more sensitive and more positive parenting (Bakermans-Kranenburg and Van Ijzendoorn, 2008; Michalska et al., 2014), which reinforces the importance to look for such dimension also among fathers. Furthermore, there is evidence showing how SNPs on the OXTR associate with structural brain changes, including greater gray matter and smaller volumes of both left and right amygdala (Furman et al., 2011). Taken together, these findings suggest that these genetic variations may contribute to individual variability in paternal behavior by altering OT release patterns.

Surprisingly, we did not find any evidence for epigenetic mechanisms related to fatherhood which we consider to be a relevant gap in the literature given the fact that some of the existing studies do point to the influence of these mechanisms in maternal behavior. A recent study from Toepfer et al. (2019) points to dynamic DNAm changes in the maternal OT gene during pregnancy, which predicts postpartum maternal intrusiveness. Additionally, Feldman et al. (2012) showed that parents who reported greater parental care received from their own parents had higher plasma OT levels and showed more behaviors of touch toward their infants. These data may be the result of how fathers’ environmental factors during their own neurodevelopmental trajectories are embedded in molecular mechanisms such as epigenetics modifications, contributing to higher/lower gene expression and consequently influencing hormonal response and parental behavior. Indeed, akin to the mother–daughter transmission of maternal care and behavior seen in mammals (Champagne, 2008), paternal care can also impact biological systems underneath stress reactivity and social behavior in offspring. This, in turn, can reflect meiotic and transgenerational epigenetic mechanisms associated with paternal behavior patterns, requiring further investigation. In fact, animal research is considerably advanced and refined in terms of mechanistic details on how paternal germ cells imbeds information from the environment and further passes it to future generations, making them more vulnerable or resilient to stress and/or psychopathology (for a review, see Cunningham et al., 2021). Given the lack of literature and work done with human fathers regarding how epigenetic mechanisms influence paternal caregiving, rodent work should be considered not only as an essential theoretical background for future work in human fathers, but also as a crucial source to inform and interpret future human studies results. Indeed, rodent work in this area is very much advanced and has isolated physiological mechanisms related to epigenetic that will be difficult to replicate in humans. Focus on animal research should then never be ignored in future human studies.

Regarding brain structure changes associated with fatherhood, we only found one study (Kim et al., 2014), highlighting the scarcity of research on specific postpartum brain changes in fathers in the postpartum period. The included study is distinguished by its longitudinal design showing that GMV decrease in the right orbitofrontal cortex was associated with paternal intrusiveness, confirming that structural brain plasticity is associated with caregiving processes. Overall, these structural alterations may constitute a mechanism for the functional adaptations observed in fathers during the postpartum period, increasing parenthood-related repertoires (e.g., for parental motivation; resource allocation). More longitudinal studies that investigate the association between neurostructural changes and fatherhood repertoire in the postpartum period are deemed necessary to further progress in the field.

Brain activity using fMRI in the one-year postpartum period in response to an infant’s auditory or visual stimuli was observed by five studies. Underlying the expression of parental behavior, activity in several networks that share common brain regions and that can be coactivated was reported. Namely, empathy and approach motivation (Li et al., 2018), emotional processing and mentalizing (Atzil et al., 2012; Kuo et al., 2012; Abraham et al., 2014), emotion regulation (Kuo et al., 2012), and dorsal attention and default mode networks (Paternina-Die et al., 2020). Brain activity findings seem to be in accordance with those arising from structural neuroimaging (Kim et al., 2014). For example, right orbitofrontal cortex activation was associated with lower paternal sensitivity and reciprocity (Kuo et al., 2012) and gray matter volume increases in the same brain region with parental intrusiveness (Kim et al., 2014). Also, the caudate was activated while watching video clips of own (vs. control) infants (Kuo et al., 2012), and the caudate GMV was found to be increased during the postpartum period (Kim et al., 2014) which may well be the result of increased synaptogenesis and neurogenesis mechanisms associated to the acquisition of new caregiving skills and parental behaviors in the transition to fatherhood. Further studies observing the association between structural and functional brain changes and its effect on parenthood in fathers would progress the field.

The methodology applied to fMRI data was relatively consistent throughout the literature, with comprehensive descriptions of the contrasts carried out and the image analysis methods. The use of whole-brain and ROI approaches was balanced, with the latter generally justified across studies. However, caution should be warranted to the use of different statistical thresholds, as well as the correction for multiple comparisons across studies. Also, the majority of studies assessed fathers’ responses in comparison to mothers or between fathers’ groups, lacking research exploring differences between fathers and non-fathers as controls.

Research on parenting is limited by the complexity and difficulty in its definition, reflected in the variety of methods of assessment of different parental dimensions (e.g., parenting behavior, attitudes, satisfaction, and beliefs, stress; Smith, 2011; Hurley et al., 2014). In our review, measurements ranged from questionnaires or rating scales (e.g., Gettler et al., 2011; Li et al., 2018), to semi-structured interviews (e.g., Feldman et al., 2011; Kim et al., 2015) and father–infant interaction paradigms (i.e., home naturalistic observations or structured observations while undergoing a task), with different composites (e.g., Gordon et al., 2010a; Feldman et al., 2012; Weisman et al., 2013a). Consequently, the difference in operationalization of parenting and quality of parental care may contribute to the observed discrepancies in results.

In addition, another factor that may impact the quality of the available findings across the neurobiological correlates is the consideration of confounding variables. While the majority of the reviewed studies included covariates in their models that have been shown to impact results (e.g., age, diurnal variability of collection of hormone levels) or examined potential correlations with those prior to data analysis, future research should consider other covariables that importantly impact parenting, such as the level of father’s investment in child’s care (individually and inter-correlation of maternal and paternal investment), as well as measures of relationship functioning and satisfaction. Indeed, both relationship effort and parental effort are thought to influence male parental care (Anderson et al., 1999; Hofferth and Anderson, 2003), with parental investment being differently determined by individual and shared couple factors, such as parental wellbeing, marital relationship, and social support (Parke, 2002; Cox et al., 2004; Gameiro et al., 2011). For example, a study by Saxbe et al. (2017) found that hormonal changes (decline in T during pregnancy) and degree of synchrony with mothers (correlations with mothers’ T) predicted father’s paternal investment.

During the postpartum period, endocrine regulation arising from parent–infant interactions may influence complex structural and functional changes in the brain, mediating caregiving responses. Differences in fathers’ hormonal levels during the postpartum period were found to be associated with neural activation to infant stimuli in several brain regions (Atzil et al., 2012; Kuo et al., 2012; Abraham et al., 2014). Overall, the studies reviewed suggest that the experience of fatherhood and exposure to infant cues are associated with neuroplasticity and significant changes in fathers’ hormones and neural responses related to reward, attachment, and emotion processing. Parent–infant interactions may be an important contributor to the neuroendocrine changes, which in turn influence parenting behaviors (Rajhans et al., 2019). However, the current research cannot ascertain the direction of causality present: if changes in neurobiological components lead to differences in parenting repertoires or if the latter contributes to changes in hormonal and brain circuits. The findings highlight the need for more longitudinal experimental research evaluating the association between hormones, brain structure and function, and paternal behaviors.

Although not in the scope of our review (for a review see Rajhans et al., 2019), evidence indicates that mothers and fathers’ experiences are somewhat comparable, with both parents displaying brain activations in parenting-related networks when viewing their own infant and increases in OT (Atzil et al., 2012). However, important differences in parenting behaviors due to neuroendocrine responses to own infant stimuli have been observed (Rajhans et al., 2019). For example, gray matter decreases reported seem unique to fathers (Kim et al., 2014). Overall, the literature suggests that mothers’ changes may be more related to affectionate and warm maternal behavior, while fathers underlie stimulatory and exploratory play paternal behavior (Rajhans et al., 2019). Rajhans et al. (2019) importantly highlight that the type and amount of contact between parent and infant during the early postpartum period may also critically influence parental sex differences, alongside gender-specific biology. This is in accordance with findings observed in endocrine and functional connectivity domains.

Our review provides a broad overview of published primary studies related to neurobiological correlates of fatherhood, updating and extending existing reviews (e.g., Swain, 2011; Feldman, 2015; Swain and Ho, 2017). In our integrative and comprehensive review, we intended to additionally organize a systematic framework for future directions (for a detailed framework for future research in the field, see Table 2). Despite the rigorous methodology, this study is not without limitations. Due to our research question, our inclusion criteria were strict, and we only described changes reported in the defined postpartum window (e.g., studies that did not report results specifically and independently for the 0–12 months postpartum period were not considered). Thus, even though we attempted to have a search strategy as comprehensive as possible, we understand that by skipping the prepartum period we might not have identified all relevant studies in the field. Evidence for changes in fathers during pregnancy has been emerging (e.g., Bakermans-Kranenburg et al., 2019; Diaz-Rojas et al., 2021) and should be considered in future reviews. Also, we did not report results concerning homosexual primary caregiving fathers, due to the possible underlying differences in the organization of care behaviors. We recognize the existence of different family organizations (e.g., adoptive parents), and this study is not representative of this diversity. It is also important to highlight that it is increasingly necessary to actively implement efforts to make research more inclusive in this regard and so we added this vector of interest to Table 2. In addition, for practical reasons, the search was limited to English language. As it is not required for scoping reviews, we did not perform a quality assessment of the included studies. We did not include grey literature as well, as our main aim was focused on published reports. Finally, as we did not perform an updated second search, our results are only up to date as of December 2020.



TABLE 2. Systematic framework for future directions.
[image: Table2]

Fathers’ parental brain is an emerging area of research. The postpartum period is a critical stage for the development of father–infant interactions and attachment. Across studies, findings have provided strong evidence for neuroplasticity changes in fathers during the postpartum period. The endocrine, structural and functional changes that occur during this period critically contribute to fathers’ caregiving repertoires and the quality of paternal care. The presence of plasticity in the postpartum period indicates that fathers’ brains may be changed by their parenting experiences. Despite the challenges in studying the neurobiological mechanism of paternal behavior due to tissue changes specificities, the studies present in this review highlight the consistency of OT among biological tissues, namely saliva and plasma levels (Feldman et al., 2010a,b, 2011). This finding is of special relevance in the field of attachment neurobiology studies, allowing for non-invasive (i.e., saliva samples) and reliable methodologies in assessing this biological marker in the context of paternal behavior. Future research should continue to longitudinally explore the normative changes associated with the experience of fatherhood across the peripartum period.

In conclusion, the current review highlights the multi-dimensional interplay accounting for parenting behavior, shedding light on the neuroendocrine, molecular, and brain mechanisms with relevance for the understanding of an evolutionary human social behavior.



AUTHOR CONTRIBUTIONS

MS, FP, JA, BP, SM, RG, IS, AS, AM and AG-Á: conceptualization. MS, AG-Á, and AM: methodology. AG-Á, RG, and AM: validation. MS, FP, JA, BP, and SM: formal analysis, investigation, and writing-original draft preparation. AG-Á, RG, AM, IS, and AS: writing-review and editing. MS and FP: visualization. AG-Á and AM: supervision. All authors have read and agreed to the published version of the manuscript.



FUNDING

AM was supported by the Portuguese Foundation for Science and Technology (FCT) and EU through the European Social Fund and the Human Potential Operational Program – IF/00750/2015. JA was supported by the Psychology Research Centre (UI1662), University of Minho, through an individual Research Fellowship (UMINHO/BIM-CNCG/2021/28), framed by the Multiannual Funding of R&D Units (UIDB/01662/2020), and supported by the Portuguese Foundation for Science and Technology (FCT)/Ministério da Ciência, Tecnologia e Ensino Superior (MCTES) through national funds (PIDDAC). RG, BP, and MS are supported by a Ph.D. Grant (SFRH/BD/5099/2020; 2020.10167.BD; 2021.07006.BD, respectively) and sponsored by the Portuguese Foundation for Science and Technology. AG-Á is supported by the Portuguese Foundation for Science and Technology [Individual Call to Scientific Employment Stimulus – 3rd Edition 2019 – 2020.02059.CEECIND]. AM, AS, and IS are also supported by the Psychology Research Centre (PSI/01662), School of Psychology, University of Minho, through the Portuguese Foundation for Science and Technology by the Portuguese State Budget (Ref.: UIDB/PSI/01662/2020). The Center for Research in Neuropsychology and Cognitive and Behavioral Intervention (CINEICC) of the Faculty of Psychology and Educational Sciences of the University of Coimbra is supported by the Portuguese Foundation for Science and Technology and the Portuguese Ministry of Education and Science through national funds and co-financed by FEDER through COMPETE2020 under the PT2020 Partnership Agreement [UID/PSI/01662/2013].



ACKNOWLEDGMENTS

This paper arises from contributions provided through COST Action Riseup-PPD CA18138 (https://www.cost.eu/actions/CA18138/).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyg.2022.745767/full#supplementary-material



FOOTNOTES

1https://osf.io/j2x9u



REFERENCES

 Abraham, E., Hendler, T., Shapira-Lichter, I., Kanat-Maymon, Y., Zagoory-Sharon, O., and Feldman, R. (2014). Father’s brain is sensitive to childcare experiences. Proc. Natl. Acad. Sci. U. S. A. 111, 9792–9797. doi: 10.1073/pnas.1402569111 

 Abraham, E., Raz, G., Zagoory-Sharon, O., and Feldman, R. (2018). Empathy networks in the parental brain and their long-term effects on children’s stress reactivity and behavior adaptation. Neuropsychologia 116, 75–85. doi: 10.1016/j.neuropsychologia.2017.04.015 

 Anderson, K. G., Kaplan, H., and Lancaster, J. (1999). Paternal care by genetic fathers and stepfathers I: reports from Albuquerque men. Evol. Hum. Behav. 20, 405–431. doi: 10.1016/S1090-5138(99)00023-9

 Atzil, S., Hendler, T., Zagoory-Sharon, O., Winetraub, Y., and Feldman, R. (2012). Synchrony and specificity in the maternal and the paternal brain: relations to oxytocin and vasopressin. J. Am. Acad. Child Adolesc. Psychiatry 51, 798–811. doi: 10.1016/j.jaac.2012.06.008

 Bakermans-Kranenburg, M. J., Lotz, A., Alyousefi-van Dijk, K., and Van IJzendoorn, M.(2019). Birth of a father: fathering in the first 1,000 days. Child Dev. Perspect. 13, 247–253. doi: 10.1111/cdep.12347 

 Bakermans-Kranenburg, M. J., and Van Ijzendoorn, M. H. (2008). Oxytocin receptor (OXTR) and serotonin transporter (5-HTT) genes associated with observed parenting. Soc. Cogn. Affect. Neurosci. 3, 128–134. doi: 10.1093/scan/nsn004 

 Bos, P. A., Hechler, C., Beijers, R., Shinohara, K., Esposito, G., and de Weerth, C. (2018). Prenatal and postnatal cortisol and testosterone are related to parental caregiving quality in fathers, but not in mothers. Psychoneuroendocrinology 97, 94–103. doi: 10.1016/j.psyneuen.2018.07.013 

 Bos, P. A., Hermans, E. J., Montoya, E. R., Ramsey, N. F., and van Honk, J. (2010). Testosterone administration modulates neural responses to crying infants in young females. Psychoneuroendocrinology 35, 114–121. doi: 10.1016/j.psyneuen.2009.09.013 

 Champagne, F. A. (2008). Epigenetic mechanisms and the transgenerational effects of maternal care. Front. Neuroendocrinol. 29, 386–397. doi: 10.1016/j.yfrne.2008.03.003 

 Colquhoun, H. L., Levac, D., O’Brien, K. K., Straus, S., Tricco, A. C., Perrier, L., et al. (2014). Scoping reviews: time for clarity in definition, methods, and reporting. J. Clin. Epidemiol. 67, 1291–1294. doi: 10.1016/j.jclinepi.2014.03.013 

 Cornil, C. A., Ball, G. F., and Balthazart, J. (2006). Functional significance of the rapid regulation of brain estrogen action: where do the estrogens come from? Brain Res. 1126, 2–26. doi: 10.1016/j.brainres.2006.07.098 

 Corpuz, R., and Bugental, D. (2020). Life history and individual differences in male testosterone: mixed evidence for early environmental calibration of testosterone response to first-time fatherhood. Horm. Behav. 120:104684. doi: 10.1016/j.yhbeh.2020.104684 

 Corpuz, R., D’Alessandro, S., and Collom, G. K. S. (2020). The postnatal testosterone rebound in first-time fathers and the quality and quantity of paternal care. Dev. Psychobiol. 63, 1415–1427. doi: 10.1002/dev.22064

 Costa, B., Pini, S., Gabelloni, P., Abelli, M., Lari, L., Cardini, A., et al. (2009). Oxytocin receptor polymorphisms and adult attachment style in patients with depression. Psychoneuroendocrinology 34, 1506–1514. doi: 10.1016/j.psyneuen.2009.05.006 

 Cox, M. J., Burchinal, M., Taylor, L. C., Frosch, C., Goldman, B., and Kanoy, K. (2004). “The transition to parenting: continuity and change in early parenting behaviours and attitudes,” in Continuity and Change in Family Relations: Theory, Method and Empirical Findings. eds. R. D. Conger, F. O. Lorenz, and K. A. Wickrama (United States: Lawrence Erlbaum Associates), 201–239.

 Cunningham, A. M., Walker, D. M., and Nestler, E. J. (2021). Paternal transgenerational epigenetic mechanisms mediating stress phenotypes of offspring. Eur. J. Neurosci. 53, 271–280. doi: 10.1111/ejn.14582 

 Dai, D., Li, Q. C., Zhu, Q. B., Hu, S. H., Balesar, R., Swaab, D., et al. (2017). Direct involvement of androgen receptor in oxytocin gene expression: possible relevance for mood disorders. Neuropsychopharmacology 42, 2064–2071. doi: 10.1038/npp.2017.76 

 Delahunty, K. M., McKay, D. W., Noseworthy, D. E., and Storey, A. E. (2007). Prolactin responses to infant cues in men and women: effects of parental experience and recent infant contact. Horm. Behav. 51, 213–220. doi: 10.1016/j.yhbeh.2006.10.004 

 Demarin, V., Morović, S., and Béné, R. (2014). Neuroplasticity. Period. Biol. UDC 57, 209–211.

 Diaz-Rojas, F., Matsunaga, M., Tanaka, Y., Kikusui, T., Mogi, K., Nagasawa, M., et al. (2021). Development of the paternal brain in expectant fathers during early pregnancy. NeuroImage 225:117527. doi: 10.1016/j.neuroimage.2020.117527

 Feldman, R. (2015). The adaptive human parental brain: implications for children’s social development. Trends Neurosci. 38, 387–399. doi: 10.1016/j.tins.2015.04.004

 Feldman, R. (2017). The neurobiology of human attachments. Trends Cogn. Sci. 21, 80–99. doi: 10.1016/j.tics.2016.11.007 

 Feldman, R., Gordon, I., Influs, M., Gutbir, T., and Ebstein, R. P. (2013). Parental oxytocin and early caregiving jointly shape children’s oxytocin response and social reciprocity. Neuropsychopharmacology 38, 1154–1162. doi: 10.1038/npp.2013.22 

 Feldman, R., Gordon, I., Schneiderman, I., Weisman, O., and Zagoory-Sharon, O. (2010a). Natural variations in maternal and paternal care are associated with systematic changes in oxytocin following parent-infant contact. Psychoneuroendocrinology 35, 1133–1141. doi: 10.1016/j.psyneuen.2010.01.013

 Feldman, R., Gordon, I., and Zagoory-Sharon, O. (2010b). The cross-generation transmission of oxytocin in humans. Horm. Behav. 58, 669–676. doi: 10.1016/j.yhbeh.2010.06.005

 Feldman, R., Gordon, I., and Zagoory-Sharon, O. (2011). Maternal and paternal plasma, salivary, and urinary oxytocin and parent-infant synchrony: considering stress and affiliation components of human bonding. Dev. Sci. 14, 752–761. doi: 10.1111/j.1467-7687.2010.01021.x 

 Feldman, R., Monakhov, M., Pratt, M., and Ebstein, R. P. (2016). Oxytocin pathway genes: evolutionary ancient system impacting on human affiliation, sociality, and psychopathology. Biol. Psychiatry 79, 174–184. doi: 10.1016/j.biopsych.2015.08.008 

 Feldman, R., Weller, A., Zagoory-Sharon, O., and Levine, A. (2007). Evidence for a neuroendocrinological foundation of human affiliation: plasma oxytocin levels across pregnancy and the postpartum period predict mother-infant bonding. Psychol. Sci. 18, 965–970. doi: 10.1111/j.1467-9280.2007.02010.x 

 Feldman, R., Zagoory-Sharon, O., Weisman, O., Schneiderman, I., Gordon, I., Maoz, R., et al. (2012). Sensitive parenting is associated with plasma oxytocin and polymorphisms in the OXTR and CD38 genes. Biol. Psychiatry 72, 175–181. doi: 10.1016/j.biopsych.2011.12.025 

 Furman, D. J., Chen, M. C., and Gotlib, I. H. (2011). Variant in oxytocin receptor gene is associated with amygdala volume. Psychoneuroendocrinology 36, 891–897. doi: 10.1016/j.psyneuen.2010.12.004 

 Gameiro, S., Canavarro, M. C., Boivin, J., Moura-Ramos, M., Soares, I., and Santos, T. A. (2011). Parental investment in couples who conceived spontaneously or with assisted reproductive techniques. Hum. Reprod. 26, 1128–1137. doi: 10.1093/humrep/der031 

 Gettler, L. T. (2014). Applying socioendocrinology to evolutionary models: fatherhood and physiology. Evol. Anthropol. 23, 146–160. doi: 10.1002/evan.21412 

 Gettler, L. T., McDade, T. W., Feranil, A. B., and Kuzawa, C. W. (2011). Longitudinal evidence that fatherhood decreases testosterone in human males. Proc. Natl. Acad. Sci. U. S. A. 108, 16194–16199. doi: 10.1073/pnas.1105403108

 Gordon, I., Pratt, M., Bergunde, K., Zagoory-Sharon, O., and Feldman, R. (2017). Testosterone, oxytocin, and the development of human parental care. Horm. Behav. 93, 184–192. doi: 10.1016/j.yhbeh.2017.05.016 

 Gordon, I., Zagoory-Sharon, O., Leckman, J. F., and Feldman, R. (2010a). Oxytocin, cortisol, and triadic family interactions. Physiol. Behav. 101, 679–684. doi: 10.1016/j.physbeh.2010.08.008

 Gordon, I., Zagoory-Sharon, O., Leckman, J. F., and Feldman, R. (2010b). Oxytocin and the development of parenting in humans. Biol. Psychiatry 68, 377–382. doi: 10.1016/j.biopsych.2010.02.005

 Gordon, I., Zagoory-Sharon, O., Leckman, J. F., and Feldman, R. (2010c). Prolactin, oxytocin, and the development of paternal behavior across the first six months of fatherhood. Horm. Behav. 58, 513–518. doi: 10.1016/j.yhbeh.2010.04.007

 Hashemian, F., Shafigh, F., and Roohi, E. (2016). Regulatory role of prolactin in paternal behavior in male parents: a narrative review. J. Postgrad. Med. 62, 182–187. doi: 10.4103/0022-3859.186389 

 Hermans, E. J., Bos, P. A., Ossewaarde, L., Ramsey, N. F., Fernández, G., and van Honk, J. (2010). Effects of exogenous testosterone on the ventral striatal BOLD response during reward anticipation in healthy women. NeuroImage 52, 277–283. doi: 10.1016/j.neuroimage.2010.04.019 

 Hiraoka, D., Nishitani, S., Shimada, K., Kasaba, R., Fujisawa, T. X., and Tomoda, A. (2021). Epigenetic modification of the oxytocin gene is associated with gray matter volume and trait empathy in mothers. Psychoneuroendocrinology 123:105026. doi: 10.1016/j.psyneuen.2020.105026 

 Hofferth, S. L., and Anderson, K. G. (2003). Are all dads equal? Biology versus marriage as a basis for paternal investment. J. Marriage Fam. 65, 213–232. doi: 10.1111/j.1741-3737.2003.00213.x

 Hurley, K. D., Huscroft-D’Angelo, J., Trout, A., Griffith, A., and Epstein, M. (2014). Assessing parenting skills and attitudes: a review of the psychometrics of parenting measures. J. Child Fam. Stud. 5, 812–823. doi: 10.1007/s10826-013-9733-2

 Israel, S., Lerer, E., Shalev, I., Uzefovsky, F., Riebold, M., Laiba, E., et al. (2009). The oxytocin receptor (OXTR) contributes to prosocial fund allocations in the dictator game and the social value orientations task. PLoS One 4:e5535. doi: 10.1371/journal.pone.0005535 

 Kim, P., Leckman, J. F., Mayes, L. C., Feldman, R., Wang, X., and Swain, J. E. (2010). The plasticity of human maternal brain: longitudinal changes in brain anatomy during the early postpartum period. Behav. Neurosci. 124, 695–700. doi: 10.1037/a0020884 

 Kim, P., Rigo, P., Leckman, J. F., Mayes, L. C., Cole, P. M., Feldman, R., et al. (2015). A prospective longitudinal study of perceived infant outcomes at 18–24 months: neural and psychological correlates of parental thoughts and actions assessed during the first month postpartum. Front. Psychol. 6:1772. doi: 10.3389/fpsyg.2015.01772 

 Kim, P., Rigo, P., Mayes, L. C., Feldman, R., Leckman, J. F., and Swain, J. E. (2014). Neural plasticity in fathers of human infants. Soc. Neurosci. 9, 522–535. doi: 10.1080/17470919.2014.933713 

 Kuo, P. X., Braungart-Rieker, J. M., Burke Lefever, J. E., Sarma, M. S., O’Neill, M., and Gettler, L. T. (2018). Fathers’ cortisol and testosterone in the days around infants’ births predict later paternal involvement. Horm. Behav. 106, 28–34. doi: 10.1016/j.yhbeh.2018.08.011 

 Kuo, P. X., Carp, J., Light, K. C., and Grewen, K. M. (2012). Neural responses to infants linked with behavioral interactions and testosterone in fathers. Biol. Psychol. 91, 302–306. doi: 10.1016/j.biopsycho.2012.08.002 

 Landis, J. R., and Koch, G. G. (1977). The measurement of observer agreement for categorical data. Biometrics 33, 159–174. doi: 10.2307/2529310 

 Lerer, E., Levi, S., Salomon, S., Darvasi, A., Yirmiya, N., and Ebstein, R. P. (2008). Association between the oxytocin receptor (OXTR) gene and autism: relationship to Vineland adaptive behavior scales and cognition. Mol. Psychiatry 13, 980–988. doi: 10.1038/sj.mp.4002087 

 Li, T., Horta, M., Mascaro, J. S., Bijanki, K., Arnal, L. H., Adams, M., et al. (2018). Explaining individual variation in paternal brain responses to infant cries. Physiol. Behav. 193, 43–54. doi: 10.1016/j.physbeh.2017.12.033 

 Michalska, K. J., Decety, J., Liu, C., Chen, Q., Martz, M. E., Jacob, S., et al. (2014). Genetic imaging of the association of oxytocin receptor gene (OXTR) polymorphisms with positive maternal parenting. Front. Behav. Neurosci. 8:21. doi: 10.3389/fnbeh.2014.00021 

 Munn, Z., Peters, M. D. J., Stern, C., Tufanaru, C., McArthur, A., and Aromataris, E. (2018). Systematic review or scoping review? Guidance for authors when choosing between a systematic or scoping review approach. BMC Med. Res. Methodol. 18, 1–7. doi: 10.1186/s12874-018-0611-x

 Ouzzani, M., Hammady, H., Fedorowicz, Z., and Elmagarmid, A. (2016). Rayyan-a web and mobile app for systematic reviews. Syst. Rev. 5, 1–10. doi: 10.1186/s13643-016-0384-4

 Parke, R. (2002). “Fathers and families,” in Handbook of Parenting: Being and Becoming a Parent. ed. M. Bornstein (United States: Lawrence Erlbaum Associates), 27–74.

 Paternina-Die, M., Martínez-García, M., Pretus, C., Hoekzema, E., Barba-Müller, E., Martín de Blas, D., et al. (2020). The paternal transition entails neuroanatomic adaptations that are associated with the father’s brain response to his infant cues. Cereb. Cortex Commun. 1, 1–11. doi: 10.1093/texcom/tgaa082

 Perini, T., Ditzen, B., Fischbacher, S., and Ehlert, U. (2012a). Testosterone and relationship quality across the transition to fatherhood. Biol. Psychol. 90, 186–191. doi: 10.1016/j.biopsycho.2012.03.004

 Perini, T., Ditzen, B., Hengartner, M., and Ehlert, U. (2012b). Sensation seeking in fathers: the impact on testosterone and paternal investment. Horm. Behav. 61, 191–195. doi: 10.1016/j.yhbeh.2011.12.004

 Peters, M., Godfrey, C., McInerney, P., Munn, Z., Trico, A., and Khalil, H. (2020). “Chapter 11: scoping reviews,” in JBI Manual for Evidence Synthesis. eds. E. Aromataris and Z. Munn (Australia: The Joanna Briggs Institute).

 Porges, S. W. (1995). Cardiac vagal tone: a physiological index of stress. Neurosci. Biobehav. Rev. 19, 225–233. doi: 10.1016/0149-7634(94)00066-A 

 Rajhans, P., Goin-Kochel, R. P., Strathearn, L., and Kim, S. (2019). It takes two! Exploring sex differences in parenting neurobiology and behaviour. J. Neuroendocrinol. 31:e12721. doi: 10.1111/jne.12721 

 Richard, S., and Zingg, H. H. (1990). The human oxytocin gene promoter is regulated by estrogens. J. Biol. Chem. 265, 6098–6103. doi: 10.1016/S0021-9258(19)39297-X 

 Riem, M. M. E., Pieper, S., Out, D., Bakermans-Kranenburg, M. J., and Van IJzendoorn, M. H.(2011). Oxytocin receptor gene and depressive symptoms associated with physiological reactivity to infant crying. Soc. Cogn. Affect. Neurosci. 6, 294–300. doi: 10.1093/scan/nsq035 

 Salat, D. H., Buckner, R. L., Snyder, A. Z., Greve, D. N., Desikan, R. S. R., Busa, E., et al. (2004). Thinning of the cerebral cortex in aging. Cereb. Cortex 14, 721–730. doi: 10.1093/cercor/bhh032 

 Saxbe, D. E., Edelstein, R. S., Lyden, H. M., Wardecker, B. M., Chopik, W. J., and Moors, A. C. (2017). Fathers’ decline in testosterone and synchrony with partner testosterone during pregnancy predicts greater postpartum relationship investment. Horm. Behav. 90, 39–47. doi: 10.1016/j.yhbeh.2016.07.005 

 Saxbe, D., Rossin-Slater, M., and Goldenberg, D. (2018). The transition to parenthood as a critical window for adult health. Am. Psychol. 73, 1190–1200. doi: 10.1037/amp0000376 

 Smith, M. (2011). Measures for assessing parenting in research and practice. Child Adolesc. Psychiatry Ment. Health 16, 158–166. doi: 10.1111/j.1475-3588.2010.00585.x

 Storey, A. E., Alloway, H., and Walsh, C. J. (2020). Dads: progress in understanding the neuroendocrine basis of human fathering behavior. Horm. Behav. 119:104660. doi: 10.1016/j.yhbeh.2019.104660 

 Swain, J. E. (2011). The human parental brain: in vivo neuroimaging. Prog. Neuro. Psychopharmacol. Biol. Psychiatry 35, 1242–1254. doi: 10.1016/j.pnpbp.2010.10.017 

 Swain, J. E., and Ho, S. H. S. (2017). Neuroendocrine mechanisms for parental sensitivity: overview, recent advances and future directions. Curr. Opin. Psychol. 15, 105–110. doi: 10.1016/j.copsyc.2017.02.027 

 Swain, J. E., Kim, P., Spicer, J., Ho, S. S., Dayton, C. J., Elmadih, A., et al. (2014). Approaching the biology of human parental attachment: brain imaging, oxytocin and coordinated assessments of mothers and fathers. Brain Res. 1580, 78–101. doi: 10.1016/j.brainres.2014.03.007 

 Swain, J. E., Lorberbaum, J. P., Kose, S., and Strathearn, L. (2007). Brain basis of early parent? Infant interactions: psychology, physiology, and in vivo functional neuroimaging studies. J. Child Psychol. Psychiatry 48, 262–287. doi: 10.1111/j.1469-7610.2007.01731.x 

 Toepfer, P., O’Donnell, K. J., Entringer, S., Garg, E., Heim, C. M., Lin, D. T. S., et al. (2019). Dynamic DNA methylation changes in the maternal oxytocin gene locus (OXT) during pregnancy predict postpartum maternal intrusiveness. Psychoneuroendocrinology 103, 156–162. doi: 10.1016/j.psyneuen.2019.01.013 

 Tricco, A. C., Lillie, E., Zarin, W., O’Brien, K. K., Colquhoun, H., Levac, D., et al. (2018). PRISMA extension for scoping reviews (PRISMA-ScR): checklist and explanation. Ann. Intern. Med. 169, 467–473. doi: 10.7326/M18-0850 

 van Anders, S. M. (2013). Beyond masculinity: testosterone, gender/sex, and human social behavior in a comparative context. Front. Endocrinol. 34, 198–210. doi: 10.1016/j.yfrne.2013.07.001

 van Anders, S. M., Goldey, K. L., and Kuo, P. X. (2011). The steroid/peptide theory of social bonds: integrating testosterone and peptide responses for classifying social behavioral contexts. Psychoneuroendocrinology 36, 1265–1275. doi: 10.1016/j.psyneuen.2011.06.001

 Weisman, O., Delaherche, E., Rondeau, M., Chetouani, M., Cohen, D., and Feldman, R. (2013a). Oxytocin shapes parental motion during father-infant interaction. Biol. Lett. 9:20130828. doi: 10.1098/rsbl.2013.0828

 Weisman, O., and Feldman, R. (2013). Oxytocin effects on the human brain: findings, questions, and future directions. Biol. Psychiatry 74, 158–159. doi: 10.1016/j.biopsych.2013.05.026 

 Weisman, O., Zagoory-Sharon, O., and Feldman, R. (2012). Oxytocin administration to parent enhances infant physiological and behavioral readiness for social engagement. Biol. Psychiatry 72, 982–989. doi: 10.1016/j.biopsych.2012.06.011 

 Weisman, O., Zagoory-Sharon, O., and Feldman, R. (2013b). Oxytocin administration alters HPA reactivity in the context of parent-infant interaction. Eur. Neuropsychopharmacol. 23, 1724–1731. doi: 10.1016/j.euroneuro.2013.06.006

 Weisman, O., Zagoory-Sharon, O., and Feldman, R. (2014). Oxytocin administration, salivary testosterone, and father-infant social behavior. Prog. Neuro. Psychopharmacol. Biol. Psychiatry 49, 47–52. doi: 10.1016/j.pnpbp.2013.11.006 

 Wu, N., Li, Z., and Su, Y. (2012). The association between oxytocin receptor gene polymorphism (OXTR) and trait empathy. J. Affect. Disord. 138, 468–472. doi: 10.1016/j.jad.2012.01.009 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Sobral, Pacheco, Perry, Antunes, Martins, Guiomar, Soares, Sampaio, Mesquita and Ganho-Ávila. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpsyg-13-745767-t002.jpg
Identified gaps in research

Influence of number of children in father's involvement in childcare and its
association with T levels

Direction of the association between PRL levels and the experience of
fatherhood

Associations between CORT levels and each dimension of interest (measures
of caregiving vs. measures of father-infant interaction) across time
Neurogenetic studies in addiion to peripheral measures in OT assessments
Studies evaluating evidence for molecular mechanisms (e.g., epigenetic
modifications) related to fatherhood

Cross-sectional and longitudinal studies that investigate the association
between neurostructural changes and fatherhood

Association between structural and functional brain changes and s effect in
parenthood in fathers

Studies exploring functional brain activity difierences between fathers and non-
fathers as controls

Longitudinal experimental research evaluating the association between
hormones, brain structure and function and paternal behaviors

Further inclusion of different family organizations in research

Inclusion of measures of father’s investment in child's care (individually and
inter-correlation of maternal and paternal investment) and measures of
relationship functioning and satisfaction

T, Testosterone; PRL, Prolactin; CORT, Cortisol; and OT, Oxytocin.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neurobiological Correlates of Fatherhood During the Postpartum Period: A Scoping Review



		Introduction



		Materials and Methods



		Eligibility Criteria



		Information Sources and Search Strategy



		Selection of Sources of Evidence



		Data Charting Process and Data Items



		Synthesis of Results









		Results



		Selection of Sources of Evidence



		Characteristics of Sources of Evidence and Synthesis of Results



		Endocrine and Molecular Biomarkers



		Genetic Studies



		Endocrine Studies



		Interactions Between Different Hormones









		Structural Neuroimaging Research



		Functional Neuroimaging Research



		Neural Activity—BOLD Response



		Functional Connectivity



		Interaction Between Endocrine and Neural Correlates





















		Discussion



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References



















OPS/images/fpsyg-13-745767-g001.jpg
Identification

Eligibility

Included

Records identified through
database searching

‘Additional records identified
through other sources

(n=1478) (n=14)
Records after duplicates removed
(n=1492)
Records screened Records excluded

(n=1492) (n=1426)

Full-text reports excluded,
with reasons

Full-text reports assessed (n=37)
for cligibility Other timepoint 18
(n=166) Other outcome 4
Review 9
Other population 6

Reports included in

synthesis
(n=29)
LG | v
Endocrine Genetic Structural
Correlates Correlates Neuroimaging,
(1=19) (n=2) (n=1)

Functional
Neuroimaging

(n=7)






OPS/images/fpsyg-13-745767-t001.jpg
Infant's a
aiors Father's ge
sample size  Mean (SD)
SNPs and hormones
Feldman n=121 578
etal. (2012) months (1.13)
Feldman n=160 T
etal. (2013 parents month old
(80 couples) 126
St months old
=128
parents
(62 fathers) at
T
Hormones
Delahunty n=21 TH23
etal 2007)  couples weeks old
T2:2
months old
Gordon n=31 Ti=697
etal. (2010a) weeks (2.35)
T2=25.49
weeks (4.61)
Gordon n=80 =71
etal 20100) ,_gpgTp  Weeks(211)
T2-248
weeks (4.38)
Gordon n=43 Ti:2
etal. 2010c) months postpartum
T2:6
months postpartum
Feldman n=41 166.3
etal. (2010a) days (12.6)
Feldman n=19 157.1
etal. (20100) days (11.9)
Gettler n=624 0-12
etal. (2011) fathers and months
non-fathers
Feldman n=41 166.3
etal. (2011) days (12.6)
Perini n=37 T2:2
etal. (2012a, months old
20120)
Weisman n=35 5
etal. (2012) months (1.25)
Weisman n=35 5
etal. (2013a) months (1.25)
Weisman n=35 5
etal. (2013b) months (1.25)
Weisman n=35 48
etal. (2014) months
Gordonetal.  n=80 ™1
(017) month old
T2:6
months old
Bos etal n=56 6
(018) weeks old
Kuo etal Bith day—4
(@018) months
Corpuz etal T2:3
(2020) months postpartum
T3:9-10
months postpartum
Corpuzand  n=220(T2) T2:3
Bugental petoe(g ~ monthsold
[ T3:9-10
months old
Structural neuroimaging
Kim n=16 2/
etal. (2014) weeks and 3-4
months
Functional neuroimaging
Atz n=15 46
etal. (2012) months
Kuo n=10 2-4
etal. (2012) months
Abraham n=21 11(6.67)
etal. (2014) months
Kim et a. n=19 Ti=1
(2015) month
T2=3/4
months
Abraham n=21 11(6.67)
etal. (2018) months
u n=39 <
etal. (2018) months
Paternina-Die =20 70.25(49.21) days

etal. (2020)

Study design

To assess whether D38 Cross-
and OXTR risk alleles are. sectional
associated with low

plasma OT and less

parental touch and gaze
synchrony.

To understand if parents’ Prospective
peripheral OT levels and ~ longitudinal
reciprocal parenting style

‘wouid be individually

stable over time and

‘whether it correlates with

more optimal alleic

variations on OXTR and

CD38 genes; To assess if

a gene-by-environment

interaction ocourred, that

is, if more optimal alleic

variations on the parents’

CD38 gene interacts with

early parenting to shape

chidren's OT response.

To investigate sex
differences in hormonal
reactivity and to test
whether sex-specific
developmental trajectory
o differences in recent/
lifetime levels of exposure
to infants influence these
differences.

Longitudinal

To examine the
relationships between
triadic family interactions
and materal and
parental OT and CORT.

Longitudinal

To understand the role of Non-

OT in the development of experimental
human parenting and its  prospective
involvement i the longitudinal
transition to fatherhood.

Examine the associations Longitudinal
between PRL, OT, and
paternal behaviors.

To assess the
involvement of the
oxytocinergic system in
human fathering and its
consistency with
parenting in other
mammals; more
specifically, to examine
if fathers with high
levels of stimulatory
contact would show an
increase in OT following
afather-infant
interaction.

To examine: whether
parental and infant OT, at
both the baseiine and
post-interaction
assessments, would

be significantly corelated
and if more sensitive
parenting behavior would
be associated with higher
parental and infant OT.

Cross-sectional

Cross-sectional

Clarify the role of Tin  Observational
human male reproductive longitudinal
strategy.

To assess the relation
between OT and
synchronous parent—
infant interactions and to
test the relation between
OT and parent's
attachment relationships
to infant.

Cross-sectional

Examine if T levels during Longitudinal
the transition to

fatherhood are related to

individual personalty

traits.
To examine if OT Double-blind,
administration to parent - placebo-
influences physiological ~ controlled,

and behavioral processes experimental
that support parental
social engagement.

To test whether intranasal Double-blind,
OT administration to the ~ placebo-
parent modulates father's controlled,
distance, motion within-subject
characteristios and

vocalization during

interaction with his infant.

Double-blind,
placebo-
controlled,
within-subject

To investigate whether
intranasal administration
of OT to the parent has
an effect on the parent's
and infant's CORT
response to a social
stressor and to test if the
degree of parent-infant
ssynchrony moderates
this effect

Examine how OT
administration change T
levels and how T levels
are related to parent-
child social behaviors
(gaze; parental touch;
parental positive affect;
parental vocalization;
infant negative
emotionalty; infant object
manipulation; infant
negative vocalization).

Double-blind,
placebo-
controlled,
within-subject

Examine how OT and T
levels in new fathers
cross the first six
months of parenthood
shape parental behavior
at 6months.

Non-
‘experimental,
prospective
longitudinal

Examine the relation
between observed quality
of caregiving during
parent-child interactions
and pre- and postnatal T
and CORT levels.

Longtudinal

Examine how short-term Observational
hormonal changes during longitudinal
early dyadic interactions

and fathers’ basal

hormone levels prediot

their later involvement

with their infants.

Examine how T levels are Longitudinal
related to patemal care.

Examine individual
diferences in T levels
after chidbirth.

Longitudinal

Investigate structural  Observational,
‘changes in fathers’ brains longitudinal
during the first 4months

postpartum.

Examine synchrony in
mothers’ and fathers'
brain responses to own-
infant cues.

Exploratory

Observational,
cross-sectional

Investigate neural
responses o infants in
fathers and the
association between
neural activity, T, and
parental behavior

Investigate Obsenvational

parental brain responses
to infant stimul.

Investigate associations
between parental
thoughts/actions and
neural activation in
fathers in the neonatal
period with infant
outcomes.

Prospective
fongitudinal

Investigate the
neurobiological basis of
parental empathy.

Longitudinal

Investigate variationin  Observational
paternal neural
responses to infant

arying.

Investigate changes in
cortical volume,
thickness, and area in
fatherhood and their
association with
indicators of paternal
experience.

Longitudinal

Assessment of
parenting o
Coding of Parent- - OT determination:
Infant Interaction ELISA
(parent gaze, - OXTRand CD38
child gaze and SNPs
parent touch) determination:
SNaPshot Method
- OXTRrs2254298
(isk allele=G)
- OXTRrs1042778
(risk allele=T)
- CD38SNP
153796863 (fisk
genotype=CC)
Coding of Parent- - OT determination:
Infant Interaction ~ ELISA
(Gaze, Affect, - OXTR and CD38
Vocalizations, SNPs: SNaPshot
Touch) Method
- OXTR 52254298
(risk
genotype=GGl;
151042778 (risk
genotype=TT)
- CD38 SNP
153796863 (fsk
genotype=CC)
Questionnaires  PRL; Plasma;
(previous time  AutoDELFIATM
with children;  Prolactin kit
number of older
and younger
siblings; checkiist
of emotional
responses o
infant cries; infant
contact before,
testing)
Close contact
with infant
(30min)

Couing of Triadic OT and CORT,; Saliva
Interactions  and Plasma; ELISA
(gaze, affect,

proximity position,

and touch)

Coding of OT; Plasma; ELISA
Parent-Infant

Interaction (gaze,

affect,

vocalizations and

touch)

Social Play- PRL determination:
Coding of Parent- Chemiuminescent
Infant Interaction ~ Microparticle

(gaze, affect,  Immunoassay (CMIA)
vocalizations and technology; OT
touch) determination: ELISA

Toy Exploration—
Coding of Parent-
Infant Interaction
(Parent gaze,
Parent affect,
Parent faciitation
of infant toy
exploration, Infant
Toy Exploration,
Paternal
Coordinated
Exploratory Piay)
Rating of father
involvement on
house-care and
childoare
responsibilties
Coding of Parent-
Infant Interaction
(parental touch
patterns and
parent’s active
engagement in
exploratory)

O, Saliva and Plasma;
ELISA

Coding of
Parent-infant
Interaction
(parent/infant
gaze, affect,
vocalizations,
touch)

O, Saliva and Plasma;
ELISA

Questionnaire
(daily time spent
providing physical
care to chidren)

T, Saliva; EIA

O, Saliva, Plasma and
Urine; ELISA

Coding of
Parent-infant
Interaction
(parent/infant
gaze, affect,
vocalizations,
touch)

Yale Inventory of
Parent Thought
and Action
Parenting Stress
Index
Questionnaire

NA.

Positve and
Negative Affect
Schedule

Coding of Parent-
Infant Interaction
(parent gaze,
affect, touch and
vocaiizations;
infant gaze, affect
and exploratory
play)

OT, Saliva; ELISA

Analysis of
parent-infant
motion (distance,
speed and
‘acceleration)

OT; Saliva; ELISA

Analysis of
parent-infant
speech tum-
taking (father/
infant
vocalization;
father/nfant

overlap ratio and
‘synchrony ratio)
Coding of
Parent-Infant
Interaction
(incices of dyadic
‘exchange—social
(gaze and gaze
synchrony)
Parenting Stress
Index

OT and CORT, Saliva;
ELISA

Goding of
Parent-Infant
Interaction
(parental gaze,
touch, affect and
vocalization;
infant gaze,
negative
emotionaliy,
object
manipulation and
negative
vocaiization)

Tand OT; Saliva; EIA

Coding of T, Plasma;
Parent-infant  Chemiuminescent
Interaction (parent Immunoassay (CLIA)
gaze, technology
vocalization, o prasma; ELISA
affect, touch and

parent-infant

proximity)

Rating of
Parent-Infant
Interaction—
qualty of
caregiving
(sensitivity and
cooperation)

T and CORT, Saliva;
EIA

Skin-to-skin
contact with
newborn (1)
Childcare
Activities Scale
(percentage of
involvement in
infant care tasks)

T and CORT; Saliva;
ELISA

The Laboratory T determination: EIA
Temperament.

Assessment

Battery Home

Version (fear

dimension).

Coding Parent-

Infant Interaction

(Physical.

Affection,

Warmth/Support,

Listener

Responsiveness,

Humor, and

Endearment)

Time invested in

parent-infant

interaction

(experience

sampling method)

NA. T determination: EIA

Coding of GMV whole-brain

Parent-infant  Voxeh-based

Interaction morphometry;

(Paternal correlations between

sensitivty and  GMV and parenting

intrusiveness)  behaviors

NA. Whole-brain and ROI-
based; contrasts;
correlations between
hormones and brain
areas activation

Coding of Whole-brain and ROI-

Parent-infant  based; contrasts;

Interaction correlations between

(Parental RO activation,

Sensitiityand  parenting and hormonal

Parental measures

Reciprocity)

Coding of ROI-based contrasts

Parent-infant  and connectivity;

Interaction correlations between

(Parent-infant  brain activation,

Synchrony) parenting and
hormones; mediation
analysis.

Yale Inventory of - Whole-brain; contrasts;

Parental correlation of neural

Thoughtsand  responses with positive

Actions— parenting

Revised (YIPTA-R)

NA. ROI; connectivity

Parenting Stress ~ Both whole-brain and

Index—Short  ROl-based; contrasts;

Form correlations between
paternal characteristics
and neural responses.

NA. Whole-brain (cortical

regions); contrasts.

Main findings

SNP rs379686 of the CD38
gene

G allele was associated with
lower plasma OT compared
with cariers of the A alele.
SNP 152254298 and
151042778 of the OXTR
gene.

GG and TT, genotype were
‘associated with lower
plasma OT compared with
individuals carrying the A
allele and the G allele,
respectively, Reduced
plasma OT and both TT
genotype (1s1042778) and G
allle (1s379686) are related
toless parental touch.

The interaction of high
plasma OT and A allle of the
15379686 SNP of the CD38
gene predicted longer
durations of parent-infant
‘gaze synchrony.

SNP rs3796863 of the
©D38 gene

Fathers carriers of CC
genotype showed lower
peripheral OT.

High OT was associated with
early parental care.

Higher increase in PRL in
fathers when holding their
second child (vs. first child)
Fathers showed a non-
significant trend toward
greater percentage increases
in PRL associated with
above average chid contact.
Fathers who spent less than
3h at home with their
newborn prior to the
2-3weeks postpartum
showed significantly greater
increase in PRL after holding
their bables during than
fathers who were home all
day with theirinfants.

At 2months postpartum,
fathers who held their babies
for less than an hour in the
4h prior testing showed
higher baseline PRL
concentrations than fathers
Who held their babies for
more than an hour.

Paternal OT independently
explained 22% of the
variance in triadic synchrony.
No relations between
paternal CORT and triadic
synchrony.

The interaction between OT
and CORT did not predict
additional variance above
and beyond the two
hormones.

Paternal OT levels were
associated with paternal
stimulatory parenting
behavior, but not with
paternal affectionate
parenting behavior.
Averaged OT uniquely
predicted Father-infant
Affect Synchrony, while
Averaged PRL was unrelated
to Aflect Synchrony.
Averaged PRL uniquely
predicted Coordinated
Exploratory Play, but
Averaged OT was unrelated
to Coordinated Exploratory
Play.

In combination, PRL and OT
explained 38 and 26% of the
variance in Aflect Synchrony
and Coordinated Exploratory
Play, respectively.

Paternal stimulatory touch
but not affectionate contact
was related to plasma and
salivary OT. OT increases in
high stimulatory contact
fathers but not n low
stimulatory contact fathers,
following parent-infant
contact OT increased from
the pre- to post-contact
assessment among high
stimulatory contact fathers.

OT increased in both parent
and child following the
contact interaction.

Higher OT levels in parent
and chid were related to
greater affect synchrony.

Under conditions of high
affect synchrony, infants with
parents showing

high OT had significantly
higher OT than infants

with parents with

low OT.

Largest deciines at waking
(AM) and before bed (PM) T
in new fathers.

Fathers with newborns
differed significantly for AM T
‘compared with fathers with
older nfants.

Fathers reporting higher
involvement n childcare
‘showed significantly lower
values of AM and

PM T compared with
fathers reporting

no care.

Reported differences
between the high- and low-
Affect Synchrony groups
were found for plasma and
saliva OT.

Plasma and saliva OT were
correlated with parent
Positive Engagement, Affect
Synchrony, and Positive
Communicative Sequences
between parent and chid.

Plasma and saliva OT
were associated with
parents’ attachment
relationships to infant and
saliva OT was correlated
with Parental
Preoccupations.

Lower repeated T levels in
fathers compared to
controls.

Post hoc tests indicated that
AUCG-T was significantly
lower in fathers than in
controls at T2.

The changes in T levels did
not reach statistical
significance either within the
group of fathers or within the
group of controls.

Greater autonormic readiness
for social engagement in the
OT condition.

Episodes of social reciprocity
were longer n the OT
condition.

In the OT condition, fathers
had longer episodes of touch
(combined affectionate and
stimulatory touch).

Latencies to the first episode
of father's touch and social
gaze at the infant were
shorter in the OT condition.

OT modulates parental
proximity to the infant, as
well as the father's head
speed and head acceleration
but not the father's
Vocalization during dyadic
interaction.

Following OT administration,
the maximum distance.
between father's head and
the infant was greater, and
minimum distance was
reached earlier, compared
with the placebo condition.

CORT levels at the end of
interaction (T4) were
significantly lower than at T1,
T2,and T3,

Fathers' CORT production
‘was higher for the OT group
‘compared to placebo.
Fathers' CORT was
negatively correlated with the
mean durations of father's
neutral affect; mean duration,
frequency, total duration, and
latency to father's
proprioceptive touch;
frequency of gaze synchrony
between father and infant;
and touch mys-synchrony.

T was negatively

correlated with the mean
durations of parental
vocalization and positively
correlated with the

latency to paternal
vocalization.

T correlated with

frequency and proportion

of father's gaze to infant's
body.

T marginally correlated

with father's seff-reported
weekly hours spent with
infant

OTinduced change in T
levels correlated with
parent-child social
behaviors; when controling
for basal T levels, the
unique contribution of
T-change in predicting
behavior remains in

most cases.

Tat T1 negatively
correlated with Parent-Infant
Synchrony. Tat T2
negatively correlated with
Stimulatory Affectionate
Touch.

No correlations between
OT and parental behavior at
both time points.

There is an interaction of

T and OT in predicting
parental behavior across
time.

Father-Infant Synchrony
best predicted by
hormones from T1 with a
significant negative
association to T; Paternal
Affectionate.

Touch is best predicted by
hormones from T2, with a
significant negative

‘main effect for T and a
significant interaction
effect between OT and T.
When T was low or
medium, OT was
uncorrelated to
Affectionate Touch.

When T was above
average, OT was
negatively correlated

with Affectionate:

Touch.

Stronger negative relation
between T and qualty of
caregiving in fathers with
lower CORT levels.

Lower quality of

postnatal caregiving
associated with higher
prenatal CORT levels.

‘The quality of caregiving was
unrelated to either postnatel
T or CORT in the postnatal
period.

There was an interaction of
quality of caregiving and

T on GORT postnatally,
caused by a stronger
negative relation between
‘CORT and quality of
caregiving in fathers
showing high T levels.
Higher basal CORT at
infant's birth was related to
greater involvement in direct
care. Lower basal T at the
second day after birth was
related to greater
involvement in diirect care.
Higher levels of basal CORT
atthe day of birth and at the
second day were related to
greater involvement in
indirect care at follow-up.

Lower levels of basal T on
the second day were related
to more involvement in
indirect care.

Fathers whose CORT
increased more while holding
their infants for the first time
reported greater involvement
in indirect care.

Fathers with higher levels of
basal CORT and increases in
CORT while holding their
infants for the first time, were
more involved in play at
2-4months postpartum.
Although not significant,
fathers with relatively
‘accelerated T rebounds
reported spending less time
with their infants.

Fathers who
demonstrated accelerated
T rebounds (from T2 to
T3) exhibited significantly
higher levels of paternal
care qualy.

Death of a sibling/friend and
the upheaval of one's
parental relationships each
predict a younger age of
‘sexual debut.

Age of sexual debut did
predict the rate of T
recovery from T2 to T3:

The younger one’s sexual
debut, the more accelerated
their T *rebound” from T2
and T3,

Decreased GMV in the OFC
was associated with
oreased intrusive parenting
behaviors.

Increased activations in
cognitive areas related with
decreased OT levels.

Increased activity in emotion
regulation and mentalizing
cirauits in response to own
infant.

Increased actiity in salience,
reflexive caring, emotion
reguiation, and mentalizing
circuits n response to baby
(vs. doll).

Decreased activation in ight
orbitofrontal cortex in
response to own nfant was
associated with greater
pateral sensitvity and
reciprocity.

Increased T leves after
interaction with own

infant were associated

with increased activation

in the left caudate in
response to own

.

Increased activation in socio-
cognitive and mentalizing
networks was associated
with OT levels and parent-
infant synchrony.

Increased activity in the
auditory cortex, thalamus/
hypothalamus and caudate
in response to own infant
baby cries at the first month
postpartum were associated
with positive parenting in
fathers.

Increased connectivity within
and between two empathy
networks (embodied
simulation and mentalizing)
when viewing own infant
videos.

Own and unknown infant
cries activate empathy and
‘approach motivation circuits.
Decreased dorsal anterior
cinguiate cortex and anterior
insula activity in response to
infant cries in older fathers.
Increased neural responses
were associated with lower
infant age.

Increased activation of right
posterior temporal gyrus in
fathers who reported
negative emotions in
response to own infant's cry.
Increased activity in default
mode and dorsal attention
networks in response to own
baby (vs. unknown baby).

SNPs, Single nucieotide polymorphisms; OT, Oxytocin; PRL, Prolactin; CORT, Cortisol; T, Testosterone; GMV, Gray matter volume; OFC, Orbitofrontal cortex; and RO, Region-of-

interest.
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