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Abstract: As fathers are increasingly involved in childcare, understanding the neurological underpin-
nings of fathering has become a key research issue in developmental psychobiology research. This
systematic review specifically focused on (1) highlighting methodological issues of paternal brain
research using functional magnetic resonance imaging (fMRI) and (2) summarizing findings related
to paternal brain responses to auditory and visual infant stimuli. Sixteen papers were included from
157 retrieved records. Sample characteristics (e.g., fathers’ and infant’s age, number of kids, and time
spent caregiving), neuroimaging information (e.g., technique, task, stimuli, and processing), and main
findings were synthesized by two independent authors. Most of the reviewed works used different
stimuli and tasks to test fathers’ responses to child visual and/or auditory stimuli. Pre-processing
and first-level analyses were performed with standard pipelines. Greater heterogeneity emerged
in second-level analyses. Three main cortical networks (mentalization, embodied simulation, and
emotion regulation) and a subcortical network emerged linked with fathers’ responses to infants’
stimuli, but additional areas (e.g., frontal gyrus, posterior cingulate cortex) were also responsive
to infants’ visual or auditory stimuli. This review suggests that a distributed and complex brain
network may be involved in facilitating fathers’ sensitivity and responses to infant-related stimuli.
Nonetheless, specific methodological caveats, the exploratory nature of large parts of the literature
to date, and the presence of heterogeneous tasks and measures also demonstrate that systematic
improvements in study designs are needed to further advance the field.

Keywords: brain; father; fMRI; neuroimaging; parenting

1. Introduction

During the past two decades, a global change in fatherhood has occurred, at least in
Western societies [1]. The change is mostly prominent in the increase in time that modern
fathers spend in direct caregiving (e.g., feeding and playing) [2–4]. Specific socio-economic
levers that boosted this change in fatherhood include the increased rates of women’s
employment [5], the economic crisis of the early 21st century [6], and the introduction or
improvement of paid paternal leave [7,8]. These factors resulted in a cultural adaptation
of the classic masculine identity for men who become fathers [9], suggesting a shift away
from “hegemonic masculinity” toward a “caring masculinity” [10]. Of course, there are
still wide individual differences in the degree of fathers’ engagement in direct caregiving
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and in the phenotypes of fathering behavior [11]. Nonetheless, there is also a growing
need and interest to understand the impact of a more prominent role for the paternal
figure in the family caregiving environment on subsequent child development [12] and
the neurobiological underpinnings of fatherhood [13–15]. The present study provides a
review of functional magnetic resonance imaging (fMRI) studies conducted so far on the
neurological correlates of fatherhood and paternal caregiving in humans with a specific
focus on brain responses to infant-related stimuli. This systematic review is warranted to
highlight promising lines of research, open questions, and implications for healthy and
at-risk developmental conditions.

1.1. The Key Role of Fathering Behavior

A rapid literature search on Scopus for “fathering” or “paternal caregiving” revealed
that research tagged with these keywords has started to become a stable topic in the in-
ternational scientific community only after 2000, with a minimum of 25 (year 2003) to
a maximum of 118 (year 2018) annually published papers. This rapidly accumulating
amount of research highlights the importance of fathering and direct fathers’ engagement
in daily caregiving for infants’ development, especially during the first months and years
of life [16,17]. Gettler and colleagues [18] recently argued that paternal caregiving may be
critical in at least three major domains: direct care and teaching, social capital cultivation,
and reduction of family conflicts. Meta-analytic evidence suggests that higher paternal
sensitivity is associated with child attachment security [19]. The specificity of the pater-
nal role is also highlighted by studies that showed how fathers and mothers engage in
different interactive patterns and activities [20] and that higher paternal engagement in
direct caregiving may result in a greater heterogeneity of stimuli provided to the child
by parents [21]. Paternal behavior has also been shown to promote children’s language
and cognitive development [21,22]. The involvement of fathers in active co-parenting
has been found to be predictive of more positive socio-emotional development in a sam-
ple of 9-month-old infants in at-risk families [23]. Lastly, during a visual cliff paradigm,
paternal—but not maternal—expressed anxiety was significantly and positively associated
with infant expressed anxiety and task avoidance, suggesting the early establishment of a
non-verbal and implicit emotional resonance between fathers and infants at 10–15 months
of age [24]. In summary, previous research suggests that fathers may be active contributors
to infants’ health by providing sensitive responses to the child, supporting embodied
affective mirroring, and promoting emotional regulation and socio-cognitive abilities. De-
spite the well-documented importance of paternal caregiving for child development, the
literature on the neurobiology of fathering is still limited.

1.2. Neurobiology of Fathering in Animal Models

Most recently, research on fatherhood began to highlight preliminary evidence of the
role played by the paternal brain in male caregiving and co-parenting in animal models.
These studies suggest that paternal caregiving behaviors may only partially rely on the same
neural circuits and networks linked with maternal caregiving [25]. Research conducted on
bi-parental rodent species (e.g., peromyscus californicus) reported increased neural activity
of the medial preoptic area (MPOA) in males following pup exposure [26] as well as
increased latency to approach the pup and reduced time spent caregiving after lesions of
the basolateral amygdala [27]. In another bi-parental rodent species, namely the prairie
vole, fathers exposed to pups have greater activity in the MPOA, amygdala, lateral septum,
and stria terminalis [28]. Above these subcortical regions, other cortical regions have also
been hypothesized to be involved in the paternal brain complex network. For example,
in non-human primates (i.e., marmoset), vasopressin receptor density on neurons in the
prefrontal cortex was higher in fathers than in non-father counterparts [29]. It has recently
been hypothesized that cortical networks underpinning paternal caregiving might include
brain areas involved in mentalization (e.g., superior temporal sulcus, STS; prefrontal cortex,
PFC), embodied simulation (e.g., anterior insula; premotor areas; inferior parietal lobule),
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and emotion regulation (orbitofrontal cortex, PFC; inferior frontal gyrus, IFG) [25,30]. This
hypothetical model presents intriguing overlapping areas with the specific dimensions and
roles of paternal caregiving highlighted in the previous paragraph. Consistently, it further
suggests that the male brain appears to adapt to the transition to fatherhood to provide the
neural underpinnings for effective fathering behavior [17,25].

1.3. Challenges in Exploring the Human Paternal Brain

Evidence of the involvement of specific networks in the paternal brain of human
fathers are gradually accumulating. For example, a recent meta-analysis performed by
Witteman et al. [31] systematized the literature on the neural network involved in infant cry
perception, testing as moderator parenthood and gender. The results indicated that males
exhibited a larger activation in the right triangular IFG and left angular gyrus compared to
females, suggesting that males may activate more semantic processing to evaluate infant
cries. Moreover, when parents were compared to non-parents, a higher activation of the
bilateral auditory cortex, posterior insula, dorsal anterior insula, pre- and post-central
gyrus, and right putamen was observed.

Nonetheless, there is wide variations in the methodology used by previous research in
this field, which challenges the drawing of a coherent picture of what pertains to the human
paternal brain [15,30]. Heterogeneity in hardware, study design, stimulus choice, and
presentation—as well as the different approaches used to analyze the data—represents the
first barrier to achieving an integrated comprehension of paternal brain fMRI studies. This
is especially true for readers who may be partially familiar with neuroimaging techniques
and related methodological issues. Furthermore, even if task stimuli and control conditions
are carefully designed to investigate and highlight specific processes of brain activity,
it is not possible to completely isolate the brain response to a single stimulus from the
surrounding environment, either considering other brain networks or secondary stimulus
features. These issues make the interpretation of the results and the comparison among
different studies pretty challenging. As such, to provide a comprehensive and rigorous
overview of human paternal brain research to date, we included the investigation and the
description of previous fMRI studies’ methodology as a key goal of the present review.
The appreciation of findings in the context of a careful description and review of methods
is warranted to contribute to a better understanding of the knowledge accumulated so
far on the human paternal brain and may also benefit future research by highlighting
methodological issues that can be improved.

1.4. The Present Study

We report on a systematic summary and integration of the evidence to date of paternal
brain response to infant-related visual or auditory stimuli. By narrowing the focus of the
review to neurological responses to visual or auditory infant-related stimuli, we aimed to
provide as close an overall picture as possible to the daily neurological functioning of a
father’s brain while interacting with his infant; in other words, an integrated view of the
paternal brain in action. The primary aim of this review was to investigate which specific
brain areas are activated in fathers in response to infant-related stimuli. According to pre-
vious research [25], it is plausible to speculate that three major cortical circuits are involved
in paternal caregiving and fathering: a mentalizing network, an embodied simulation net-
work, and an emotion regulation network. We also hypothesized a subcortical mammalian
parenting network to further support an integrated brain circuitry that underpins paternal
behavior. This model was used to guide data abstracting. A secondary aim—yet prelimi-
nary to better frame the main goal findings—was to highlight the methodological aspects
of paternal brain studies to date. As these methodological issues are key to interpretation
of the main findings, they are reported first.
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2. Materials and Methods
2.1. Literature Search

The systematic review was performed according to the Referred Reporting Items for
Systematic Review and Meta-Analysis (PRISMA) guidelines [32]. Records were searched
on three databases (i.e., PubMed, PsycINFO, and Scopus) to identify eligible studies
published until February 2020. The search targeted studies focusing on the paternal brain.
The following search string was used: “neuroimaging OR functional magnetic resonance
imaging OR magnetic resonance imaging” AND “father OR father–child relationship”.
Medical subject headings (MeSH) were used where possible.

2.2. Selection of Retrieved Records

The complete flow chart of the study selection is shown in Figure 1. Cross-referencing
did not reveal any additional studies to be included. The retrieved records were first
filtered independently by two authors (LP and JL) for potentially relevant articles by
screening titles, abstracts, and the full articles. Disagreement was solved in conference.
Duplicate records were first identified and removed. Only fMRI studies were included.
Moreover, only studies that included fathers of children up to preschool age were selected
to obtain a more homogeneous sample focused on the early stages of development. Only
peer-reviewed, English language papers, reporting original results were included. No
restrictions were set for fathers and/or infants’ clinical conditions, publication time, or
type of experimental task.
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2.3. Data Abstracting

The following data were abstracted: general information (authors, year of publication,
title, journal), sample characteristics (sample size, fathers’ age, infants’ age, number of
father offspring, marital status, fathers’ participation in caregiving), methodology (use
of control groups, type of stimulus, study design), neuroimaging acquisition (sequence
set up) and processing (analysis technique), and findings (exploratory results, region-of-
interest results).
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2.4. Data Synthesis

The data were synthesized according to the aims of the present review. Study char-
acteristics (sample and study design details) were reviewed first; this included a detailed
report on sample size and fathers and infants’ variables, as well as on the methodological
design of original studies. The primary findings of the original studies were attributed
to four different networks: mentalizing network, embodied simulation network, emotion
regulation network, and subcortical mammalian parenting network. All findings reporting
brain areas or circuits that did not fall into these three major networks previously identified
in animal model research on paternal caregiving were synthesized into a fifth category
(i.e., other brain regions). The retrieved synthesis was shared among the authors of this
review for discussion and refinement.

3. Results
3.1. Participant Characteristics

Sixteen studies were included in the systematic review (Table 1). The sample size
varied widely among the included studies, ranging from five [33] to 88 [34]. Nine papers
reported the number of children for the enrolled fathers, which ranged from zero (i.e., ex-
pecting fathers) to a maximum of five. All fathers were cohabitants with the mothers of their
infant(s). The time spent caregiving was not systematically detailed; only one study [35]
reported descriptive statistics for this variable (i.e., 33 h per week on average). Infant’s age
ranged from zero to 72 months (see Figure 2). All fathers and infants were healthy.

Table 1. Schematic description of the core characteristics of the included studies.

Study Journal Fathers N Other Group(s) Stimulus Type Brain NetWork(s) §

Abraham et al., 2014 [44] PNAS 21 Mothers; homosexual
fathers Visual M, ES

Atzil et al., 2012 [41] JAACAP 15 Mothers Visual M, ES

De Pisapia et al., 2013 [33] Neuroreport 5 Mothers; non-parent
adults Sound M, O

Kim et al., 2015 [46] Front Psychol 19 Mothers Sound SC
Kuo et al., 2012 [36] Biol Psychol 10 N/A Visual ER, SC, O
Li et al., 2017 [42] Horm Behav 31 N/A Sound M, SC
Li et al., 2018 [43] Physiol Behav 42 N/A Sound M, ER

Mascaro et al., 2013 [40] PNAS 70 N/A Visual M,
Mascaro et al., 2014a [38] SCAN 36 N/A Sound ES, ER, SC
Mascaro et al., 2014b [34] PNEC 88 Non-father men Visual ES, ER, O
Mascaro et al., 2017 [45] Behav Neurosci 69 N/A Visual ER

Matsuda et al., 2011 [47] Neuroimage 15 Mothers; non-parent
men Sound NSA

Seifritz et al., 2003 [37] Biol Psychiatry 10 Mothers; non-parent
women Sound SC

Thijssen et al., 2018 [48] Horm Behav 25 N/A Sound O
van ‘t Veer et al., 2019 [39] SCAN 21 N/A Visual ES, O

Wittfoth-Schardt et al.,
2012 [35] Neuropsychoph 19 N/A Visual SC

§ Based on Feldman et al. 2019. N/A, not applicable; M, mentalizing; ES, embodied simulation; ER, emotion regulation; SC, subcortical
regions; O, others; NSA, no significant associations.

3.2. Methodology Review

The tasks involved the exposure of fathers to visual or auditory stimuli of their own
infant or another familiar or unknown infant while undergoing an fMRI scan. Six studies
used only stimuli of an unknown infant, while ten studies also included fathers’ own infant
stimuli. An overview of the stimuli used is reported in Table 2.
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Figure 2. Offspring age range for the included studies [34–47]. Note. Two studies were not included
because the data were not available (De Pisapia et al., 2013) [33] or were related to unborn infants
(Thijssen et al., 2018) [48]. Please, note that in Abraham et al. (2014) [44] and Matsuda et al. (2011) [47]
the minimum and maximum ages were not available. Nonetheless, mean and standard deviations
were reported, and an estimated range was obtained by applying ± two standard deviations to
mean age.

Table 2. Overview of the stimuli used in paternal brain research.

Stimulus Condition Tasks References

Auditory stimuli

Crying/laughing 6 De Pisapia et al., 2013 [33]; Kim et al., 2015 [46]; Li et al., 2017 [42]; Mascaro et al.,
2014a [38]; Seifritz et al., 2003 [37]; Thijssen et al., 2018 [48]

Infant-directed speech 1 Matsuda et al., 2011 [47]
Baby vocalization 1 Mascaro et al., 2014a [38]

Visual stimuli

Face pictures 5 Li et al., 2017 [42]; Mascaro et al., 2014b [34]; Mascaro et al., 2013 [40];
Wittfoth-Schardt et al., 2012 [35]; Mascaro et al., 2017 [45]

Father-infant videotapes 3 Abraham et al., 2015 [44]; Atzil et al., 2012 [41]; Kuo et al., 2012 [36]
Infant alone videotapes 2 Atzil et al., 2012 [41]; van’t Veer et al., 2019 [39]

In total, 18 different stimuli were investigated in 16 manuscripts, as a two-task com-
bination was included in two of the selected records. Most of the studies investigated
infant audio stimuli (crying, laughing, vocalization, speech) (eight tasks) or infant face
pictures (five tasks). The remaining stimuli included pictures or videos of father–infant
interactions. Nine out of the 18 tasks directly investigated the contrast of their own vs.
an unknown infant (e.g., their own infant face vs. an unknown infant face), while the
others modulated different aspects of the stimulus, such as its intrinsic emotional content
(e.g., crying vs. laughing). Ten of the 16 studies focused only on fathers, while three
studies compared fathers to non-father males, five compared fathers to mothers, and
one included mixed groups (male/female, parent/non-parent) to investigate gender- and
parenthood-related differences.

Fifteen tasks were administered according to a block design paradigm, while only
three used an event-related paradigm. The fMRI sequence parameters are reported in
Table 3. Most studies were performed on a 3 T scanner (12 out of 16 studies), with the
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most frequent set up using a 2000 ms or a little longer repetition time (TR), a 30 ms echo
time (TE) and a final voxel resolution of 3.5 × 3.5 × 3.55 mm3. Only one study [36]
applied a TR smaller than 2000 ms, with the drawback of a poor voxel resolution (i.e., 4 ×
4 × 4 mm3). Almost all studies (14 out of 16) acquired anisotropic voxels, that is with
a slice thickness larger than the in-plane resolution, and most of them set a non-zero
gap between consecutive slices (9 out of 16 studies). Two studies were performed on
1.5 T scanners [35,37], with a worse combination of TR-voxel resolution than the studies
performed on more modern scanners.

Table 3. Summary of the most common fMRI sequence parameters.

Study Field Strength TR
[ms]

TE
[ms]

Slice Thickness
(Slice Gap) [mm]

In Plane Resolution
[mm2] Number of Slices

Abraham et al., 2014 [44] 3 T 3000 35 3 2.33 × 2.33 39
Atzil et al., 2012 [41] 3 T 3000 35 3 1.56 × 1.56 39

De Pisapia et al., 2013 [33] 4 T 2000 33 3 (0.45) 3 × 3 34
Kim et al., 2015 [46] 3 T 2000 30 5 3.125 × 3.125 30
Kuo et al., 2012 [36] 3 T 1500 30 4 4 × 4 28
Li et al., 2017 [42] 3 T 2000 28 2.5 (1.05) 3.5 × 3.5 34
Li et al., 2018 [43] 3 T 2380 30 3 3 × 3 38

Mascaro et al., 2013 [40] 3 T 2000 28 2.5 (1.05) 3.5 × 3.5 34
Mascaro et al., 2014a [38] 3 T 2000 28 2.5 (1.05) 3.5 × 3.5 34
Mascaro et al., 2014b [34] 3 T 2000 28 2.5 (1.05) 3.5 × 3.5 34
Mascaro et al., 2017 [45] 3 T 2000 28 2.5 (1.05) 3.5 × 3.5 34
Matsuda et al., 2011 [47] 4 T 2600 25 5 3.75 × 3.75 23
Seifritz et al., 2003 [37] 1.5 T 2675 / 4 2.8 × 2.8 25
Thijssen et al., 2018 [48] 3 T 2200 30 2.75 (0.275) 2.75 × 2.75 38

van ‘t Veer et al., 2019 [39] 3 T 2200 30 2.75 (0.275) 2.75 × 2.75 38
Wittfoth-Schardt et al., 2012 [35] 1.5 T 2100 30 3 (0.75) 3 × 3 35

TR, repetition time; TE, echo time.

All studies included in this review adopted a similar approach to the data analysis.
They performed comparable preprocessing and first-level analyses (i.e., in each subject),
although they used different approaches in the second-level one (i.e., population level). A
“consensus preprocessing pipeline” can be identified including all pre-formed steps in at
least 80% of the studies (i.e., at least 13 out of 16 studies); it includes motion correction,
slice timing correction, temporal filtering, registration to a common template (e.g., Ta-
lairach, MNI), and spatial smoothing. Differences among the studies in the “consensus
preprocessing pipeline” essentially concern the execution order of the different steps, the
specific parameters set up (e.g., the smoothing level, the common template space, etc.,),
and the software used to perform the analysis. Further preprocessing steps include brain
extraction (4 out of 16 studies), outlier volume detection either for removing the whole
subject or for removing outlier volumes (5 out of 16 studies), and use of nuisance regressors
(e.g., motion regressors, instruction stimuli, patient response) in the first-level analysis
(5 out of 16 studies). After the preprocessing, all studies used a linear model to identify
the activation patterns for each subject related to the different experimental conditions
that were used in the second level analysis. In the second level analysis, all studies first
performed a voxel analysis using linear models, at least for exploratory purpose [38,39].

However, differences emerged in the linear model selection (e.g., random effects,
mixed effects), in the selection of the clinical covariates, and in the selection of the statistical
test to be performed on top of the linear model. Almost all studies (13 out of 16) also
exploited some regions of interest (ROIs) to better focus their analyses. ROIs were selected
either a priori (five studies), data-driven (six studies), or defined with a mixed approach
(two studies). A priori ROIs were selected on the basis of physiological hypotheses or from
previous studies. Data-driven ROIs were usually obtained by performing a preliminary
second-level analysis to identify the brain regions associated with the specific stimulus
implemented in the study, thus using the same data that will be used in the subsequent
statistical analyses. In the mixed approach, the a priori selected ROIs were further refined
using a population level analysis. ROIs were exploited in different ways. In the most
common approach (10 studies), the average activation value for each subject in the given
ROIs was computed, thus improving its signal to noise ratio and statistical power, and
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used as input for further statistical analyses (e.g., ANOVA, correlation, etc.,). Differently,
three studies used the selected ROIs as a mask to restrict the voxel statistical analysis, thus
avoiding spurious activations/statistical differences and reducing the amount of type I
errors. Table 4 reports a summary of the different methodological choices performed in all
the studies.

Table 4. Summary of the fMRI analytical methods.

Study Voxel Level ROI Purpose ROI Selection Summary of
Selected ROIs 2nd Level Analysis Software

Abraham et al.,
2014 [44] Yes Sampling ROI Mixed Amyg, STS, TP,

vmPFC, FP

VOXEL: random
effect models; ROI:

correlations
Brain Voyager

Atzil et al., 2012 [41] Yes - - - Random effect
models; correlation Not specified

De Pisapia et al.,
2013 [33] Yes Inclusive Mask Data-driven STL, dmPFC, PCC Random effect

models Brain Voyager

Kim et al., 2015 [46] Yes Inclusive Mask Theory-driven

Limbic system,
striatum, midbrain

regions (STG,
Put, SN)

Random effect
models; Mediation

models
SPM8

Kuo et al., 2012 [36] Yes Sampling ROI Mixed
OFC, SFG, mFG,
IFG, Cau, SPL,

mTL, CG

Random effect
models; correlations SPM8

Li et al., 2017 [42] Yes Sampling ROI Theory-driven Cau, ACC Random effect
models FSL

Li et al., 2018 [43] Yes Sampling ROI Data-driven 15 ROIs for different
analyses

Mixed effect
models; correlation

analysis
FSL

Mascaro et al.,
2013 [40] Yes (exploratory) Sampling ROI Theory-driven VTA, SN VOXEL/ROI:

Correlation analysis Brain Voyager

Mascaro et al.,
2014a [38] Yes Sampling ROI Theory-driven AI

VOXEL: Random
effect models,

correlation analysis;
ROI: correlation

analysis

Brain voyager

Mascaro et al.,
2014b [34] Yes Sampling ROI Data-driven mFG, AI, vmPFC,

mOFC

VOXEL: random
effect model,

correlation analysis.
ROIs: t-test,

correlation analysis.

Brain Voyager

Mascaro et al.,
2014b [34] Yes Sampling ROI Data-driven Hyp, Accu, Cau,

SN/VTA

VOXEL: random
effect model,

correlation analysis.
ROIs: t-test,

correlation analysis.

Brain Voyager

Mascaro et al.,
2017 [45] Yes - - - ANCOVA;

correlation analysis Brain Voyager

Matsuda et al.,
2011 [47] Yes Sampling ROI Data-driven pIFG, SPL, ACC

VOXEL: Random
effect model; ROIs:

ANOVA,
correlation analysis

Brain voyager

Seifritz et al.,
2003 [37] Yes - - - VOXEL: t-test;

ROIs: Brain voyager

Thijssen et al.,
2018 [48] Yes Inclusive Mask Data-driven Infant cry network

2 × 2 models and
post-hoc t-test,

F-test
FSL

van ‘t Veer et al.,
2019 [39] Yes (exploratory) Sampling ROI Theory-driven Amyg

VOXEL: mixed
effect model. ROI:

GLM repeated
measure model

(SPSS)

FSL + SPSS

Wittfoth-
Schardt et al.,

2012 [35]
Yes Sampling ROI Theory-driven GP, Hip

VOXEL: random
effect model; ROIs:

ANOVA,
connectivity

analysis

SPM8

ROI, region of interest; ACC, anterior cingulate cortex; Accu, accumbens; AI, anterior insula; Amyg, amygdala; Cau, caudate nucleus; CG,
cingulate gyrus; dmPFC, dorsomedial prefrontal cortex; FP, frontal pole; GP, globus pallidus; Hyp, hypothalamus; IFG, inferior frontal
gyrus; mFG, middle frontal gyrus; mTL, mediotemporal lobe; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; pIFG, posterior
inferior frontal gyrus; Put, putamen; SN, substantia nigra; SFG, superior frontal gyrus; SPL, superior parietal lobule; STG, superior temporal
gyrus; STS, superior temporal sulcus; TP, temporal pole; vmPFC, ventromedial prefrontal cortex; VTA, ventral tegmental area.
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3.3. Emerging Paternal Brain Areas
3.3.1. Mentalizing Network

Two main areas related to mentalization have been reported as significantly associated
with human fathers’ exposure to their own infant stimuli: the superior temporal sulcus
(STS) [40,49] and the medial prefrontal cortex (MPFC) [33,41–43,49]. Higher STS activations
were reported when fathers were exposed to videotaped interactions of themselves and
their own 11-month-old infants compared to similar videos of unfamiliar father–infant
pairs [49]. Similar findings were obtained for static pictures of their own 1–3-year-old
children compared to pictures of unfamiliar children or adults [40]. The MPFC involvement
was reported in response to videotaped interactions [49] and static pictures of the own
1–2-year-old children compared to an unknown child and to an adult stimulus [42]. In
another study, the activation of both STS and MPFC emerged in response to cry acoustics
of both own and unfamiliar children during the first four months of life [43].

3.3.2. Embodied Simulation Network

The insula was reported to be more active in fathers exposed to videotaped interactions
of themselves and their infants compared to unknown infants’ stimuli [41,49]. Anterior
insula (AI) was more active in men when looking at emotional infant pictures compared
to adult ones [38]. Other circuits known to be part of the embodied simulation network
have also been reported by single studies. Mascaro and collaborators [38] showed higher
activation of the middle and lateral superior frontal gyrus (SFG) in response to 1–3-year-old
infants’ pictures in fathers compared to non-father counterparts. The ventral anterior
cingulate cortex (vACC) activation was reported by Abraham and colleagues [44] in fathers
looking at previously videotaped interactions with their own infants at the end of the
first year of life. The juxtapositional lobule emerged as significantly more active in fathers
watching video clips of their own infants in potentially threatening settings, compared to
unknown infants in similar contexts [39].

3.3.3. Emotion Regulation Network

The inferior frontal gyrus (IFG) has been reported in multiple studies in response to a
different set of infants’ stimuli (crying) [43], static pictures [40], and brief videotapes [36].
Li and colleagues [43] reported similar activation of this area in response to their own
and to a stranger infant crying sound, whereas Kuo and colleagues [36] highlighted a
more pronounced IFG activation in response to videos of their own infant compared to
stranger ones. Mascaro and collaborators [38] reported a higher IFG response in fathers
exposed to unfamiliar infant vs. adult face stimuli. Looking at infant pictures—compared
to adults’ ones—was significantly associated with an increased activity of the orbitofrontal
cortex (OFC) in men [34]. This activation was higher in fathers compared to non-father
counterparts. Additionally, fathers of 2–4-months-old infants also exhibited greater OFC
activation while watching previously videotaped 15-sec interactions with their own infants
compared to unknown adult–infant pairs [36]. The same area was more active in response
to a positive emotionality face picture of the own infant in fathers of 12–24-month-old
females compared to fathers of age-matched males [45].

3.3.4. Subcortical Parenting Network

Many subcortical structures emerged as significantly activated when fathers were
exposed to infants’ stimuli. These included the caudate [35,36,43,46], the putamen [42], the
pallidum [35], the globus pallidus [38], the thalamus [42,43,46], the substantia nigra [42],
and the amygdala [35,37,44]. In Wittfoth-Schardt’s paper [35] the own infant stimulus was
linked with increased left pallidum response compared to a familiar infant stimulus and
with increased right pallidum and left amygdala’s ventral tegmental area compared to an
unfamiliar infant stimulus. Notably, Li and colleagues [43] did not find any significant
difference in the neural response of first-time fathers to the crying sound of unknown and
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own 4-month infants. Nonetheless, the same authors reported increased activation of the
thalamus to the own infants’ stimuli compared to unknown adult ones [42].

3.3.5. Other Brain Regions

Other brain regions emerged as being associated with paternal neural responses
to infant stimuli. Both the superior frontal gyrus (SFG) [36] and the precentral gyrus
(PrG) [40] were more responsive to the own infant, whereas the fusiform gyrus (FuG)
was more responsive to visual infant stimuli vs. adult ones [34] and to unfamiliar infant
stimuli compared to own infant videos [36]. Increased activation for own (vs. unknown)
infants in threatening (vs neutral) situations emerged in bilateral motor areas (e.g., parietal
operculum, posterior cingulate cortex, lingual gyrus, occipital pole, lateral occipital cortex,
and juxtapositional lobule cortex) [33,39,48]. These effects were confirmed both prenatally
and postnatally, despite the significant difference between own and unknown infant’s
stimuli being no longer significant postnatally.

4. Discussion

The present review aimed to obtain an integrated summary of previous studies
that investigated the human paternal brain response to child-related auditory and visual
stimuli. Preliminarily to the interpretation of the findings, a fine-tuned and in-depth
methodological screening of the studies was done to highlight potential biases and caveats
as well as to disentangle the variability in task design and neuroimaging data among the
included records.

4.1. Preliminary Methodological Issues

Considering hardware resources, only two studies used 1.5 T scanners, while the
majority were performed on 3 T or 4 T scanners with acceptable TR-voxel resolution. To
date, no studies have exploited the advantage of recent multi-band technology [50] that
improves the temporal resolution of fMRI data by dramatically decreasing TRs. This is
noteworthy, as the temporal resolution is one of the main limitations of the majority of
functional studies [51]. Regarding stimuli and tasks, despite a relevant heterogeneity in the
choice of stimuli (i.e., audio, images, videos) and modality of presentation (e.g., duration,
interstimulus, baseline, control conditions, etc.,), most of the studies investigated two main
aspects of fatherhood: the response to different emotional displays and the effect of being
exposed to one’s own vs. an unknown child. Noteworthy, all but three studies adopted
a block design. An event-related approach was used in only three studies [35,37,47].
Block-design tasks have the advantage of being very simple, yet robust and they require
straightforward analysis. Nonetheless, they are more prone and susceptible to subject
habituation and they have lower temporal resolution compared to event-related tasks [52].

Pre-processing of fMRI data was performed by using standard steps for artifact
detection and correction and for spatial normalization/alignment as well as canonical
general linear modeling that was applied to model the BOLD signal. Large differences
emerged among the included studies in the second level analysis and in the use of specific
ROIs. This is not surprising in fMRI studies, as the population-level statistical analyses are
commonly customized to the specific hypotheses to test. In most of the selected studies, a
whole-brain analysis did not highlight significant results, often due—at least partially—to
the correction needed to account for type I error when performing multiple comparisons
(one for each brain voxel) with the same statistical analysis on correlated data (close voxels
are strongly correlated). Some studies showed the results obtained using uncorrected
p-values (i.e., not performing the correction for multiple comparisons), but the reliability
and the reproducibility of these results are weak. The use of specific ROIs can overcome this
limitation, both by reducing the number of experiments to correct for and by improving
the SNR of the data. In the studies reviewed here, ROIs selection was made “a priori,” on
the basis of previous results—usually from animal model research. In some cases it was
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built on biological-behavioral association hypotheses. In fewer studies, the choice of ROIs
was data-driven—usually based on whole-group whole-brain analyses.

Both methods (theory- and data-driven) are commonly accepted; notwithstanding,
limitations should also be acknowledged. The “a priori” ROI selection is suitable for
verifying a single hypothesis (e.g., the involvement of a brain area in a specific cogni-
tive/emotional process); however, it prevents the identification of unexpected, additional
circuitry that may cooperate in the task [53,54]. Data-driven approaches allow to identify
more brain areas that are potentially involved in the task; nonetheless, when both the ROI
selection and the subsequent statistical analyses are performed on the same (small) sample,
the results may become self-referential and biased. A good practice should be to perform
and show the results from a whole-brain analysis in ROI-based studies. This may further
support the rationale for ROIs selection, strengthen ROI-related results, and help formulate
new hypotheses.

4.2. Toward an Integrated View of the Human Paternal Brain

Our review largely supports the involvement of three major cortical brain networks
that can be ascribed to the so-called “paternal brain” model (Figure 3) [25]. The role of
these networks adds to our comprehension of fathering. First, mentalization-related brain
areas such as the STS have been linked with the neural processing of human faces and
voices [55,56], social perception [57], and the understanding of others’ actions, intentions,
and mental states [58,59]. Similarly, the MPFC is involved in the processing of others’
emotional states, regardless of the type of stimulus (e.g., visual or audio) [60,61]. The
recruitment of these areas while interacting with their own infant or being exposed to
related stimuli is not surprising, as fathers have to pay attention to social cues that facilitate
the understanding of infants’ mental and socio-emotional status. Previous research has
highlighted that fathers have similar capacity to understand and interpret infants’ social
cues and to produce mind-related comments when compared to mothers [62]. The recruit-
ment of these circuits may sustain the observed capacity of fathers to provide accurate
interpretations of their infants’ social cues.

Second, the embodied simulation network appears to be specifically activated in
the paternal brain while watching or hearing their own infants’ stimuli. This network is
thought to facilitate an immediate grasping of others’ intentions and to favor an emotional
resonance between two interacting individuals [63]. Among the regions included in this
network, a significant increase in the activation of the anterior insula in the fathers’ brain
was reported by different studies in response to both visual [44] and auditory [42] stimuli
of their own infants. The anterior insula is a key brain area involved in the integration of
interoceptive signals into a person’s body image and in the integration of exteroceptive
signals into a cohesive sense of self [64–66]. Notably, anterior insula develops early during
fetal life and reaches an advanced maturational stage at 27 weeks of gestation [67]. Recent
research suggests that the insula may be involved in the early development of self–other
rudimentary differentiation in infants [68] and early bodily interactions with parents appear
to play a pivotal role in promoting such milestone development during the first months
of life [66]. Nonetheless, while previous studies on the role of bodily interactions with
the caregiver mainly focused on the mother [69–71], very little is known about the role
played by fathers’ physical stimulations. Previous research suggests that mothers and
fathers may engage in different patterns of social touch with their infant [72,73] and that
fathers may mirror and resonate specific affective expressions during social-cognition
tasks [74]. Future studies are warranted to explore how the anterior insula sensitivity
to the own infants’ stimuli may support such an embodied promotion of infants’ early
socio-cognitive development.
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A third brain network—that is the emotional regulation network—was also reported.
These include the IFG [75] and the OFC [76]. The IFG is activated in response to the
perception of emotional displays [77], and it appears to play a pivotal role in emotion
appraisal [77,78], a process that is key to parental caregiving and sensitivity [79,80]. The
OFC activation is thought to enhance amygdala and hippocampus activity, two subcortical
regions involved in emotion regulation and memory formation [81]. From this perspective,
it is intriguing to imagine that the integrated activation of the emotional regulation net-
work and subcortical mammalian brain areas may support the creation of infant-related
memories that may ultimately promote appropriate sensitive and reliable caregiving be-
haviors in the father. Notably, previous research on mothers highlighted that caregiving
sensitivity is linked to regions involved in the same networks activated in the paternal
brain, such as the anterior insula, IFG, hippocampus, and MPFC [82]. It is plausible to
hypothesize that paternal sensitivity may also build on the same brain regions involved
in maternal sensitivity, further supporting the notion that it is the direct involvement in
primary caregiving that shapes a parent’s brain partially regardless of parents’ sex.

Other brain regions not previously included in the paternal brain model emerged from
this review. These include bilateral motor areas that can add to the embodied simulation
network [83,84]. For example, the juxtapositional lobule (formerly known as the supple-
mentary motor cortex) is involved in the creation of time-dependent motor memories [85]
which are key in developing expectancies in self–other interactions such as parent–infant ex-
changes [86]. The SFG was previously linked to the brain response of mothers to the crying
sound of their own infants and the activation of these areas was increased in breastfeeding
mothers [87]. It may be plausible that the same area may be involved in the paternal brain
response, even if Kuo and colleagues [36] used visual stimuli and the specific involvement
of the SFG needs further explorations. The PrG is involved in the execution of voluntary
movements and it is plausible to speculate that it may be recruited by the paternal brain
to prompt appropriate fathering behaviors in response to infants’ stimuli, as previously
hypothesized for mothers [88]. Finally, larger FuG volume has been documented in women
reporting higher quality of care during their own childhood [89] which may suggest that
this area may be involved in the intergenerational transmission of sensitive parenting
across generations.

4.3. Limitations

One of the most important points raised by this systematic review is that the pa-
ternal brain is highly responsive to infant stimuli. Nonetheless, the available literature
surprisingly lacks enough details on the actual time spent by fathers in direct caregiving
activities during daily life. This is a major limitation of studies so far, as it dramatically
reduces the possibility of making further hypotheses on the effective role played by direct
experience in fathering in linking transition to fatherhood and functional changes in brain
reactivity to infant stimuli. From a methodological point of view, there is substantial
variability among the included studies in terms of sample size (i.e., 5 to 88), with half of the
studies involving fewer than 25 participants. This may imply potential limitations in the
statistical power of the original analyses. Moreover, it should be highlighted that a recent
meta-analysis failed to witness the test-retest reliability of task-functional MRI [90]. These
methodological issues, together with the limited number of studies, did not allow us to
perform a meta-analytical synthesis and limited the generalizability of the present results.
It should also be noted that within the selected literature there was substantial overlap
of papers produced by the same lab. Two papers [41,44] are from Ruth Feldman’s lab in
Israel, two papers are published by the group of van IJzendoorn [39,48], and six papers
are from Mascaro’s research team [34,38,40,42,43,45]. Only five papers out of sixteen (31%)
are produced independently by different labs. Although this issue is obviously related
to the availability of fMRI resources in a limited number of parenting-focused lab facili-
ties, it should be highlighted that the findings reported in the present systematic review
are highly interdependent across publications. This issue calls attention to the need for
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additional research from multiple research groups and/or on multiple samples of fathers
to generate replicable findings and eventually increase generalizability. Furthermore, the
research reviewed here provided information on fathers of infants aged 0–2 years (with
the exception of Seifritz et al. [37] (0–3 years) and Wittfoth-Schardt et al. [35] (3–6 years)).
Nonetheless, the actual minimum and maximum age of infants were not reported in two
studies [44,47]. Despite the fact that brain areas do not seem to cluster by infants’ age in
the reviewed literature, the variability in task design and infant stimuli did not allow to
conduct a proper meta-regression on the relationship between infants’ age and paternal
brain response. Nonetheless, this remains a relevant goal of future longitudinal studies.
As recent research suggests that the quality of paternal interactive behavior and dyadic
interaction may increase from 4 to 18 months of infants’ age [91], acquiring information on
the timing of paternal brain adaptation to fatherhood appears key to identifying potential
developmentally sensitive windows. Finally, regarding data analysis, no studies included
resting-state fMRI or performed connectivity analysis on the neural circuitry of fathers
based on fMRI tasks. The analysis of functional connectivity can reveal interactions and
interdependence of brain areas, thus helping to better frame the development and charac-
teristics of complex neural networks related to fatherhood. This kind of approach is highly
encouraged as it could provide evidence supporting the models of brain interactions that
emerged from traditional task-based fMRI studies.

5. Conclusions

The present systematic review suggests that child-related visual and auditory stimuli
activate a paternal brain network that includes, but is not limited to, three interconnected
subnetworks that regulate embodied simulation, mentalization, and emotion regulation
and recruit subcortical areas that have relevant roles in the socio-emotional elaboration
of child-related stimuli. However, this conclusion should be considered with caution, as
several shortcomings of the studies to date (e.g., underpowered sample size) have been
highlighted, and different brain regions may serve multiple functions. As previous research
on mothers showed that caregiving sensitivity is underpinned by regions involved in the
same networks activated in the paternal brain [82], it is plausible to hypothesize that
paternal caregiving sensitivity maybe built on these networks. Although previous research
and reviews have focused on the hormonal and brain underpinnings of mammalian
paternal caregiving [92,93], the present systematic review further adds to the research
field by providing an updated, human-focused review that specifically reports on fathers’
functional brain responses to child-related stimuli. It should be highlighted that the study
of live brain-to-brain interactions is increasingly becoming possible due to hyper-scanning
techniques [94–96]. Consistently, the present systematic presentation of paternal neural
networks that may be recruited in live father–child interactions appears to be timely and it
might benefit future studies in this promising neuroscientific and developmental field.

Future research is warranted to test how the complex paternal network is associated
with fathers’ caregiving sensitivity and, in a broader sense, the quality of fathers’ caregiving
behavior. Overall, the review provides a partial understanding of the activation of fathers’
brain networks, as it does not take into account the amount of father involvement in direct
caregiving, the developing nature of father–child relationship, and other sensory stimuli
characteristic of the father–child relationship. The focus on functional connectivity analysis
could unveil the development and characteristics of complex neural networks related to
fatherhood. The use of advantageous study designs, such as longitudinal studies starting
from transition to fatherhood and including emotional and physical dimensions of paternal
closeness, would also generate a deeper understanding of human fatherhood, useful for
research advancement and clinical purposes.
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24. Majdandžić, M.; Möller, E.L.; De Vente, W.; Bögels, S.M.; Van Den Boom, D.C. Fathers’ challenging parenting behavior prevents

social anxiety development in their 4-year-old children: A longitudinal observational study. J. Abnorm. Child Psychol. 2014,
42, 301–310. [CrossRef] [PubMed]

25. Feldman, R.; Braun, K.; Champagne, F.A. The neural mechanisms and consequences of paternal caregiving. Nat. Rev. Neurosci.
2019, 20, 205–224. [CrossRef] [PubMed]

26. de Jong, T.R.; Chauke, M.; Harris, B.N.; Saltzman, W. From here to paternity: Neural correlates of the onset of paternal behavior
in California mice (Peromyscus californicus). Horm. Behav. 2008, 56, 220–231. [CrossRef]

27. Bales, K.L.; Saltzman, W. Fathering in rodents: Neurobiological substrates and consequences for offspring. Horm. Behav. 2016,
77, 249–259. [CrossRef]

http://doi.org/10.1177/0192513X14522247
http://doi.org/10.1177/0002716211413731
http://doi.org/10.1037/fam0000472
http://www.ncbi.nlm.nih.gov/pubmed/30299135
http://doi.org/10.1037/men0000079
http://doi.org/10.1177/0958928717739243
http://doi.org/10.1080/13545701.2013.798425
http://doi.org/10.5172/jfs.2014.20.1.19
http://doi.org/10.1177/0950017015590749
http://doi.org/10.1086/686149
http://doi.org/10.1111/spc3.12307
http://doi.org/10.1016/j.euroecorev.2012.02.011
http://doi.org/10.1111/jomf.12532
http://doi.org/10.1111/jftr.12352
http://doi.org/10.1016/j.tins.2019.05.008
http://doi.org/10.1016/j.yhbeh.2019.104660
http://www.ncbi.nlm.nih.gov/pubmed/31883946
http://doi.org/10.1542/peds.2016-1357
http://www.ncbi.nlm.nih.gov/pubmed/27600319
http://doi.org/10.1111/cdep.12347
http://www.ncbi.nlm.nih.gov/pubmed/31894183
http://doi.org/10.1146/annurev-anthro-102218-011216
http://doi.org/10.1037/a0025855
http://www.ncbi.nlm.nih.gov/pubmed/22004434
http://doi.org/10.1177/0003122411427673
http://doi.org/10.1016/j.dr.2020.100924
http://doi.org/10.1055/s-0033-1353445
http://www.ncbi.nlm.nih.gov/pubmed/24297617
http://doi.org/10.1002/imhj.20227
http://www.ncbi.nlm.nih.gov/pubmed/20174599
http://doi.org/10.1007/s10802-013-9774-4
http://www.ncbi.nlm.nih.gov/pubmed/23812638
http://doi.org/10.1038/s41583-019-0124-6
http://www.ncbi.nlm.nih.gov/pubmed/30760881
http://doi.org/10.1016/j.yhbeh.2009.05.001
http://doi.org/10.1016/j.yhbeh.2015.05.021


Brain Sci. 2021, 11, 816 16 of 18

28. Kirkpatrick, B.; Williams, J.R.; Slotnick, B.M.; Carter, C.S. Olfactory bulbectomy decreases social behavior in male prairie voles
(M. ochrogaster). Physiol. Behav. 1994, 55, 885–889. [CrossRef]

29. Kozorovitskiy, Y.; Hughes, M.; Lee, K.; Gould, E. Fatherhood affects dendritic spines and vasopressin V1a receptors in the primate
prefrontal cortex. Nat. Neurosci. 2006, 9, 1094–1095. [CrossRef] [PubMed]

30. Rilling, J.K.; Mascaro, J.S. The neurobiology of fatherhood. Curr. Opin. Psychol. 2017, 15, 26–32. [CrossRef]
31. Witteman, J.; Van IJzendoorn, M.H.; Rilling, J.K.; Bos, P.A.; Schiller, N.O.; Bakermans-Kranenburg, M.J. Towards a neural model

of infant cry perception. Neurosci. Biobehav. Rev. 2019, 99, 23–32. [CrossRef] [PubMed]
32. Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Gøtzsche, P.C.; Ioannidis, J.P.A.; Clarke, M.; Devereaux, P.J.; Kleijnen, J.;

Moher, D. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate healthcare
interventions: Explanation and elaboration. BMJ 2009, 339. [CrossRef]

33. De Pisapia, N.; Bornstein, M.H.; Rigo, P.; Esposito, G.; De Falco, S.; Venuti, P. Sex differences in directional brain responses to
infant hunger cries. Neuroreport 2013, 24, 142–146. [CrossRef]

34. Mascaro, J.S.; Hackett, P.D.; Rilling, J.K. Differential neural responses to child and sexual stimuli in human fathers and non-fathers
and their hormonal correlates. Psychoneuroendocrinology 2014, 46, 153–163. [CrossRef]

35. Wittfoth-Schardt, D.; Grunding, J.; Wittfoth, M.; Lanfermann, H.; Heinrichs, M.; Domes, G.; Buchheim, A.; Gundel, H.;
Waller, C. Oxytocin modulates neural reactivity to children’s faces as a function of social salience. Neuropsychopharmacology 2012,
37, 1799–1807. [CrossRef]

36. Kuo, P.X.; Carp, J.; Light, K.C.; Grewen, K.M. Neural responses to infants linked with behavioral interactions and testosterone in
fathers. Biol. Psychol. 2012, 91, 302–306. [CrossRef]

37. Seifritz, E.; Esposito, F.; Neuhoff, J.G.; Lüthi, A.; Mustovic, H.; Dammann, G.; Von Bardeleben, U.; Radue, E.W.; Cirillo, S.;
Tedeschi, G.; et al. Differential sex-independent amygdala response to infant crying and laughing in parents versus nonparents.
Biol. Psychiatry 2003, 54, 1367–1375. [CrossRef]

38. Mascaro, J.S.; Hackett, P.D.; Gouzoules, H.; Lori, A.; Rilling, J.K. Behavioral and genetic correlates of the neural response to infant
crying among human fathers. Soc. Cogn. Affect. Neurosci. 2014, 9, 1704–1712. [CrossRef] [PubMed]

39. Van’t Veer, A.E.; Thijssen, S.; Witteman, J.; Van Ijzendoorn, M.H.; Bakermans-Kranenburg, M.J. Exploring the neural basis for
paternal protection: An investigation of the neural response to infants in danger. Soc. Cogn. Affect. Neurosci. 2019, 14, 447–457.
[CrossRef] [PubMed]

40. Mascaro, J.S.; Hackett, P.D.; Rilling, J.K. Testicular volume is inversely correlated with nurturing-related brain activity in human
fathers. Proc. Natl. Acad. Sci. USA 2013, 110, 15746–15751. [CrossRef] [PubMed]

41. Atzil, S.; Hendler, T.; Zagoory-Sharon, O.; Winetraub, Y.; Feldman, R. Synchrony and specificity in the maternal and the paternal
brain: Relations to oxytocin and vasopressin. J. Am. Acad. Child Adolesc. Psychiatry 2012, 51, 798–811. [CrossRef]

42. Li, T.; Chen, X.; Mascaro, J.; Haroon, E.; Rilling, J.K. Intranasal oxytocin, but not vasopressin, augments neural responses to
toddlers in human fathers. Horm. Behav. 2017, 93, 193–202. [CrossRef] [PubMed]

43. Li, T.; Horta, M.; Mascaro, J.S.; Bijanki, K.; Arnal, L.H.; Adams, M.; Barr, R.G.; Rilling, J.K. Explaining individual variation in
paternal brain responses to infant cries. Physiol. Behav. 2018, 193, 43–54. [CrossRef]

44. Abraham, E.; Hendler, T.; Shapira-Lichter, I.; Kanat-Maymon, Y.; Zagoory-Sharon, O.; Feldman, R. Father’s brain is sensitive to
childcare experiences. Proc. Natl. Acad. Sci. USA 2014, 111, 9792–9797. [CrossRef] [PubMed]

45. Mascaro, J.S.; Rentscher, K.E.; Hackett, P.D.; Mehl, M.R.; Rilling, J.K. Child gender influences paternal behavior, language, and
brain function. Behav. Neurosci. 2017, 131, 262–273. [CrossRef] [PubMed]

46. Kim, P.; Rigo, P.; Leckman, J.F.; Mayes, L.C.; Cole, P.M.; Feldman, R.; Swain, J.E. 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. 2015, 6, 1772. [CrossRef]

47. Matsuda, Y.T.; Ueno, K.; Waggoner, R.A.; Erickson, D.; Shimura, Y.; Tanaka, K.; Cheng, K.; Mazuka, R. Processing of infant-directed
speech by adults. Neuroimage 2011, 54, 611–621. [CrossRef] [PubMed]

48. Thijssen, S.; Van ’t Veer, A.E.; Witteman, J.; Meijer, W.M.; van IJzendoorn, M.H.; Bakermans-Kranenburg, M.J. Effects of vasopressin
on neural processing of infant crying in expectant fathers. Horm. Behav. 2018, 103, 19–27. [CrossRef]

49. Abraham, E.; Hendler, T.; Zagoory-Sharon, O.; Feldman, R. Interoception sensitivity in the parental brain during the first months
of parenting modulates children’s somatic symptoms six years later: The role of oxytocin. Int. J. Psychophysiol. 2019, 136, 39–48.
[CrossRef] [PubMed]

50. Demetriou, L.; Kowalczyk, O.S.; Tyson, G.; Bello, T.; Newbould, R.D.; Wall, M.B. A comprehensive evaluation of increasing
temporal resolution with multiband-accelerated protocols and effects on statistical outcome measures in fMRI. Neuroimage 2018,
176, 404–416. [CrossRef] [PubMed]

51. Logothetis, N.K. What we can do and what we cannot do with fMRI. Nature 2008, 453, 869–878. [CrossRef]
52. Petersen, S.E.; Dubis, J.W. The mixed block/event-related design. Neuroimage 2012, 62, 1177–1184. [CrossRef]
53. Fedorenko, E.; Hsieh, P.J.; Nieto-Castañón, A.; Whitfield-Gabrieli, S.; Kanwisher, N. New method for fMRI investigations of

language: Defining ROIs functionally in individual subjects. J. Neurophysiol. 2010, 104, 1177–1194. [CrossRef]
54. Sohn, W.S.; Yoo, K.; Lee, Y.B.; Seo, S.W.; Na, D.L.; Jeong, Y. Influence of ROI selection on resting functional connectivity: An

individualized approach for resting fMRI analysis. Front. Neurosci. 2015, 9, 280. [CrossRef]

http://doi.org/10.1016/0031-9384(94)90075-2
http://doi.org/10.1038/nn1753
http://www.ncbi.nlm.nih.gov/pubmed/16921371
http://doi.org/10.1016/j.copsyc.2017.02.013
http://doi.org/10.1016/j.neubiorev.2019.01.026
http://www.ncbi.nlm.nih.gov/pubmed/30710581
http://doi.org/10.1136/bmj.b2700
http://doi.org/10.1097/WNR.0b013e32835df4fa
http://doi.org/10.1016/j.psyneuen.2014.04.014
http://doi.org/10.1038/npp.2012.47
http://doi.org/10.1016/j.biopsycho.2012.08.002
http://doi.org/10.1016/S0006-3223(03)00697-8
http://doi.org/10.1093/scan/nst166
http://www.ncbi.nlm.nih.gov/pubmed/24336349
http://doi.org/10.1093/scan/nsz018
http://www.ncbi.nlm.nih.gov/pubmed/30847472
http://doi.org/10.1073/pnas.1305579110
http://www.ncbi.nlm.nih.gov/pubmed/24019499
http://doi.org/10.1016/j.jaac.2012.06.008
http://doi.org/10.1016/j.yhbeh.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28161387
http://doi.org/10.1016/j.physbeh.2017.12.033
http://doi.org/10.1073/pnas.1402569111
http://www.ncbi.nlm.nih.gov/pubmed/24912146
http://doi.org/10.1037/bne0000199
http://www.ncbi.nlm.nih.gov/pubmed/28541079
http://doi.org/10.3389/fpsyg.2015.01772
http://doi.org/10.1016/j.neuroimage.2010.07.072
http://www.ncbi.nlm.nih.gov/pubmed/20691794
http://doi.org/10.1016/j.yhbeh.2018.05.014
http://doi.org/10.1016/j.ijpsycho.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29486216
http://doi.org/10.1016/j.neuroimage.2018.05.011
http://www.ncbi.nlm.nih.gov/pubmed/29738911
http://doi.org/10.1038/nature06976
http://doi.org/10.1016/j.neuroimage.2011.09.084
http://doi.org/10.1152/jn.00032.2010
http://doi.org/10.3389/fnins.2015.00280


Brain Sci. 2021, 11, 816 17 of 18

55. Belin, P.; Zatorre, R.J.; Lafallie, P.; Ahad, P.; Pike, B. Voice-selective areas in human auditory cortex. Nature 2000, 403, 309–312.
[CrossRef] [PubMed]

56. Pitcher, D.; Japee, S.; Rauth, L.; Ungerleider, L.G. The superior temporal sulcus is causally connected to the amygdala: A combined
TBS-fMRI study. J. Neurosci. 2017, 37, 1156–1161. [CrossRef] [PubMed]

57. Deen, B.; Koldewyn, K.; Kanwisher, N.; Saxe, R. Functional organization of social perception and cognition in the superior
temporal sulcus. Cereb. Cortex 2015, 25, 4596–4609. [CrossRef] [PubMed]

58. Pelphrey, K.A.; Morris, J.P. Brain mechanisms for interpreting the actions of others from biological-motion cues. Curr. Dir.
Psychol. Sci. 2006, 15, 136–140. [CrossRef]

59. Ciaramidaro, A.; Adenzato, M.; Enrici, I.; Erk, S.; Pia, L.; Bara, B.G.; Walter, H. The intentional network: How the brain reads
varieties of intentions. Neuropsychologia 2007, 45, 3105–3113. [CrossRef]

60. Van Overwalle, F. Social cognition and the brain: A meta-analysis. Hum. Brain Mapp. 2009, 30, 829–858. [CrossRef]
61. Corradi-Dell’Acqua, C.; Hofstetter, C.; Vuilleumier, P. Cognitive and affective theory of mind share the same local patterns of

activity in posterior temporal but not medial prefrontal cortex. Soc. Cogn. Affect. Neurosci. 2014, 9, 1175–1184. [CrossRef]
62. Lundy, B.L. Father- and mother-infant face-to-face interactions: Differences in mind-related comments and infant attachment.

Infant Behav. Dev. 2003, 26, 200–212. [CrossRef]
63. Gallese, V.; Sinigaglia, C. What is so special about embodied simulation? Trends Cogn. Sci. 2011, 15, 512–519. [CrossRef]
64. Tsakiris, M.; Schütz-Bosbach, S.; Gallagher, S. On agency and body-ownership: Phenomenological and neurocognitive reflections.

Conscious. Cogn. 2007, 16, 645–660. [CrossRef]
65. Craig, A.D. Emotional moments across time: A possible neural basis for time perception in the anterior insula. Philos. Trans. R.

Soc. B Biol. Sci. 2009, 364, 1933–1942. [CrossRef] [PubMed]
66. Montirosso, R.; McGlone, F. The body comes first. Embodied reparation and the co-creation of infant bodily-self.

Neurosci. Biobehav. Rev. 2020, 113, 77–87. [CrossRef] [PubMed]
67. Afif, A.; Bouvier, R.; Buenerd, A.; Trouillas, J.; Mertens, P. Development of the human fetal insular cortex: Study of the gyration

from 13 to 28 gestational weeks. Brain Struct. Funct. 2007, 212, 335–346. [CrossRef]
68. Fotopoulou, A.; Tsakiris, M. Mentalizing homeostasis: The social origins of interoceptive inference. Neuropsychoanalysis 2017,

19, 3–28. [CrossRef]
69. Della Longa, L.; Gliga, T.; Farroni, T. Tune to touch: Affective touch enhances learning of face identity in 4-month-old infants.

Dev. Cogn. Neurosci. 2019, 35, 42–46. [CrossRef]
70. Crucianelli, L.; Wheatley, L.; Filippetti, M.L.; Jenkinson, P.M.; Kirk, E.; Fotopoulou, A. (Katerina) The mindedness of maternal

touch: An investigation of maternal mind-mindedness and mother-infant touch interactions. Dev. Cogn. Neurosci. 2019, 35, 47–56.
[CrossRef]

71. Provenzi, L.; Rosa, E.; Visintin, E.; Mascheroni, E.; Guida, E.; Cavallini, A.; Montirosso, R. Understanding the role and function of
maternal touch in children with neurodevelopmental disabilities. Infant Behav. Dev. 2020, 58, 101420. [CrossRef]

72. Feldman, R.; Gordon, I.; Schneiderman, I.; Weisman, O.; Zagoory-Sharon, O. Natural variations in maternal and paternal care are
associated with systematic changes in oxytocin following parent-infant contact. Psychoneuroendocrinology 2010, 35, 1133–1141.
[CrossRef]
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