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Abstract

Early parenthood results in changes in cortical thickness in regions related to parental care.
However, the enduring effects of this period on the structure of the human brain, and cognition in
late-life, is unknown. In an elderly sample, we examined the relationship between the number of
children parented (here, 1-6 children) and cortical thickness in 267 males (74.0 £3.5 years) and 231
females (73.8+3.5 years). We also compared cognition and cortical thickness between parents of one
child and non-parents, in n=36 males (73.4£3.7 years), and n=46 females (72.8 £3.3 years). We
obtained a positive relationship between number of children parented and verbal memory
performance, showing increasing memory performance with number of children. For mothers,
number of children positively correlated with cortical thickness in the parahippocampal gyrus and
negatively correlated with regions of the visual cortex. Mothers of one child showed thinner cortical
thickness in the dorsolateral prefrontal cortex and visual cortex compared with childless women.
Fathers of one child showed thinner cortical thickness in the anterior cingulate cortex and thicker
cortical thickness in the temporal pole compared with childless men. Our results are the first to reveal
distributed differences in cortical thickness related to parenthood that are evident beyond the post-
partum period. Our findings overlap substantially with the areas found to be altered across pregnancy
and the postpartum period, suggesting that neural changes associated with early parenthood persist

into older age, and are potentially cognitively beneficial.
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Introduction

New parents face an endless series of novel challenges to ensure the survival of their
offspring. In addition to their own personal needs and existing responsibilities, new parents must
confront persistent demands for care and protection of their infant. As children grow, new challenges
arise: swapping nappies and baby bottles for school lunches and soccer practice. The increased
environmental complexity of parenthood continues for years - even decades, and is increased by each
subsequent child; requiring simultaneous care across different stages of dependency. Successfully
navigating these challenges requires rapid behavioural change and skill acquisition, driven by a
combination of neuroendocrine and experiential factors (Stolzenberg & Champagne, 2016). The
lasting impact of parenthood on the human brain is unknown, with research in this field still in its

infancy.

The overwhelming majority of studies investigating the parental brain are preclinical, and
almost all have been conducted in females. In rodents, hormonal changes during pregnancy prime the
mother for the onset of novel, pup-directed maternal behaviours, which are triggered after parturition
in the presence of pups (Rosenblatt, 1994). Converging evidence in non-human animals suggest that
neural adaptations support maternal behaviours, including changes to dendritic morphology, cell
proliferation and gene expression (Hillerer, Neumann, Couillard-Despres, Aigner, & Slattery, 2014;
Kinsley & Amory-Meyer, 2011). In the rodent, neural changes centre around the amygdala, parietal
cortex, prefrontal cortex, and the oxytocin-producing medial preoptic area (MPOA) of the
hypothalamus (Fleming & Korsmit, 1996). Changes to the MPOA are crucial for the development of
maternal behaviour, and interruption to the function of this region results in complete absence or
cessation of maternal behaviours (Numan, Corodimas, Numan, Factor, & Piers, 1988; Numan &
Insel, 2003; Numan & Numan, 1991). Taken together, these studies suggest that the mammalian brain

undergoes substantial restructuring to accommodate the demands of parenthood.

Although well established in rodents, the impact of reproductive experience on the human
brain is less clear. Studies on human parenthood are largely infant-centric, rather than parent-centric.
In other words, most existing studies focus on the parents’ response to the infant, rather than more
generalised changes to the parental brain. Most studies use functional magnetic resonance imaging
(fMRI) to examine parents’ brain response to infant pictures, movies, or sounds of infant cries (see
Swain, Lorberbaum, Kose, & Strathearn, 2007 for review). Several brain areas in human adults
consistently activate in response to infant cues, which has been labelled the ‘parental caregiving
network’ (Feldman, 2015). The parental caregiving network encompasses a number of interconnected
sub-networks that together define the social brain, including the motivation-reward, empathy,

emotional regulation and mentalising networks (Feldman, 2015). The parental care-giving network is
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differentially activated in mothers and fathers in response to infant pictures, movies and cries,
depending on the sex of the individual, and whether they are a primary or secondary caregiver
(Abraham et al., 2014). Neural changes associated with parenthood can be enhanced through greater
interaction with the child (i.e., increased time spent in childcare), suggesting that this network can be

flexibly activated depending on the environmental context (Abraham et al., 2014; Feldman, 2015).

A surprisingly small number of studies (five) have examined structural changes associated
with parenthood in humans, and most (four of five) have focused on changes in females but not
males. These studies are small (sample sizes between 8-25), which may explain the inconsistent
patterns of results. In mothers, Oatridge et al. (2002) found that during pregnancy, total brain size
decreased and ventricular volume increased compared with pre-conception, and returned to pre-
conception size by 24 weeks post-partum. Kim et al. (2010) found that new mothers showed increased
grey matter volumes throughout the cerebral cortex four months post-partum, compared with 1-month
post-partum. Increased grey matter volume in the midbrain at four months post-partum predicted the
mother’s positive opinions of her own baby. In a follow-up study, Kim, Dufford, & Tribble (2018)
found increasing grey matter thickness in mothers across the first 6 months post-partum, and
identified a positive correlation between cortical thickness and parental self-efficacy. Conversely,
Hoekzema et al. (2017) showed that pregnancy resulted in substantial decreases in grey matter
thickness, particularly in networks subserving social cognition and theory of mind. Reduced grey
matter in mothers across pregnancy predicted increased mother-infant attachment and was sustained
for at least two years post-partum. Fatherhood also modulates plasticity in regions related to parental
care. Kim et al. (2014) found regional grey matter volume changes (both increases and decreases) in
fathers at four months post-partum compared with one month post-partum. Together, the results of
these studies show an inconsistent pattern of increases and decreases in cortical thickness in early
parenthood, which may suggest that early parenthood involves dynamic and stage-specific neural re-
organisation, and contains periods of alternating cortical thinning and thickening. Consequently, the
neurobiological effects of parenthood on the human brain may be subtle and require larger studies to

characterise accurately.

It is not yet clear how long parenthood-related changes to the brain are sustained after the
very early parental period (parturition), but preliminary evidence from preclinical models suggest that
the changes may be permanent. Strikingly, preclinical evidence suggests that motherhood may convey
a protective effect against dementia. Gatewood et al. (2005) found reduced hippocampal amyloid
deposits and attenuated memory decline in older mother rats, compared with older virgin rats. Thus,
reproductive experience appears to benefit rodents into senescence, with hormonal and environmental
changes that interact to produce a parental brain that is healthier, more flexible and resistant to age-

related decline (Gatewood et al., 2005; Kinsley et al., 1999; Macbeth & Luine, 2010). Determining
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whether these neuroprotective effects are evident in humans, as well as rodents and other mammals,
would contribute to our understanding of the protective advantages of parenthood on neuroanatomical

changes and preserved cognition in late-life.

No study has investigated the enduring effects of parenthood on the structure and function of
the human brain beyond two-years post-partum. Here, we report the ‘dose’ effects of parenthood by
examining the relationship between cortical thickness and the number of children a person has
parented, in a large healthy aged sample that forms part of the ASpirin in Reducing Events in the
Elderly (ASPREE) clinical trial; specifically, the ASPREE-NEURO sub-study (Ward et al., 2017).
We also report long-term differences in brain structure between parents and non-parents that are
sustained across the lifespan and into older age. We hypothesised that regional cortical thickness
differences would differ between parents and non-parents and be associated with the number of
children. For both sexes, early parenthood is likely to involve environmental, cognitive and
psychosocial changes, and therefore we anticipated that changes found in the maternal brain would
also be evident in the paternal brain albeit to a lesser extent (Storey, Walsh, Quinton, & Wynne-

Edwards, 2000).

Methods

Participants

All participants were enrolled in ASPREE-NEURO, which is a sub-study of the ASPirin in
Reducing Events in the Elderly (ASPREE) clinical trial. (Baseline characteristics of the full ASPREE
sample are reported in McNeil et al., 2017). Imaging data was acquired as part of the ASPREE-
NEURO sub-study (Ward et al., 2017), which aimed to determine the effect of low-dose aspirin on a
range of MRI biomarkers (cerebral microbleeds, white matter hyperintensities) over a three-year
period, in neurotypical adults aged 70-yrs and over. We included data from baseline (prior to study
medication), and scans taken one year and three years later. Older adults in Australia were eligible to
participate if aged 70-years and over, had no history of occlusive vascular disease, atrial fibrillation,
cognitive impairment or disability; were not taking antithrombotic therapy, and did not have anaemia
or a diagnosis likely to cause death within five years. At study entry, each participant had a Modified
Mini Mental Status Examination (3MS; Teng & Chui, 1987) score of at least 78/100.

Our participants (N=573) were aged 70-88 years. Data from 21 participants contained
incomplete MRI scans and were discarded. Data from five participants were excluded due to the

presence of neurological conditions (history of brain cancer (n=1), Parkinson’s disease (n=4)). In the
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final sample, data from 547 subjects aged 70-88 years (mean age [+/-stdev] = 73.9+/-3.5years) were
retained for the first timepoint, including n=287 males (74.0 +3.6 years), and n=260 females (73.7

+3.4 years). Participant attrition across the three timepoints is given in Supplementary Table 1.

As part of a health outcomes questionnaire, ASPREE-NEURO participants were asked “How
many children do you have?”. More detailed parenthood data (e.g. biological/adopted children,
grandparenthood, primary/secondary caregiver, absence from children etc.) were not collected. The
number of children parented by males and females in our sample is shown in Supplementary Figure 1.
Participants with seven or more children (n=6) were excluded from analyses due to their low

frequency.

Data Acquisition

Cognitive Tasks

At baseline, participants completed a 30-minute battery of cognitive tasks, including the
Controlled Oral Word Association Test (COWAT; Ross, 2003), Hopkins Verbal Learning Test-
Revised (HVLT-R; Brandt & Benedict, 2001), Symbol Digit Modalities Test (SDMT; Smith, 1982),
Color Trails (D’Elia, Satz, Uchiyama, & White, 1996), Stroop Test (Victoria version; Troyer, Leach,
& Strauss, 2006) and Center for Epidemiological Studies Depression Inventory (CES-D; Radloff,
1977).

Image Acquisition and Preparation

All MRI scans were obtained on a 3T Siemens Skyra MR scanner (Erlangen, Germany) at
Monash Biomedical Imaging, Melbourne, Australia. ASPREE-NEURO sequence protocols are
described in detail elsewhere (Ward et al., 2017). Here, we used T1 and T2 data. T1-weighted
magnetization-prepared rapid gradient-echo (MPRAGE) images were acquired (TR=2300 ms,
TE=2.13 ms, TI=900 ms, matrix size=256x240x192, bandwidth=230 Hz/pixel). T2-Fluid attenuated
inversion recovery (FLAIR) images (TR=5000ms, TE=395ms, TI=1800ms, matrix
size=256x240x160, bandwidth=78 1Hz/pixel) were also acquired, to highlight gross white matter

abnormalities and detect white matter hyper-intensities.

To extract cortical thickness values, MR images were segmented using the ‘recon-all’
function of FreeSurfer v5.3.0 (Dale, Fischl, & Sereno, 1999). To optimise the extraction of the pial
surface (cerebrospinal fluid-grey matter boundary), both T1 MPRAGE and T2 FLAIR scans were

used. Cortical thickness values were extracted for 34 regions (plus mean thickness) for each
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hemisphere using the Desikan-Killiany atlas, producing 70 cortical thickness values in total (2

hemispheres x 34 regions + 2 x hemisphere means; Desikan et al., 2006).

Data Analysis

A step-wise regression was conducted to control for the effects of age, education, systolic and
diastolic blood pressure, BMI, and cholesterol. Z-scores of the residuals were taken and used
throughout the subsequent analyses. Regressors were selected based on previous studies reporting
correlations between these factors and cortical thickness (Seo et al., 2011; Veit et al., 2014). Although
cortical thickness measurements were computed at three timepoints, the effect of
parenthood in late life was not expected to change across the three year measurement period. Rather,
any differences in the relationship between cortical thickness and parenthood across time was
assumed to be attributable to measurement error. Therefore, to control for false positives due to
measurement error, the mean cortical thickness for each participant was calculated from the three

measurements for each brain region.

The ‘dose’ effects of the number of children on cortical thickness were tested using
Spearman’s correlation. The analysis was performed on all 70 thickness measures for 498 elderly
subjects, n=267 male (74.0 £3.5 years) and 231 female (73.843.5 years) participants who were
parents of between one and six children. To test the hypothesis that cortical thickness would differ
between parents and non-parents, for both sexes, the cortical thickness of 70 brain regions were
compared between individuals with one child and individuals with no children in 82 elderly subjects,
including males (n=36; 73.4 £3.7 years) and females (n=46; 72.8 £3.3 years). The effects of
parenthood were quantified using Cohen’s d. Significance was estimated using a permutation test

(10,000 permutations of group assignments).

Data analysis for the cognitive tasks mirrored the analysis structure of the MRI data. All
cognitive tasks (COWAT, HVLT-R, SDMT, Color Trails, Stroop and CES-D) were compared
between participants who were childless (non-parents) and those who were parents to one child. The
relationship between all cognitive tasks and number of children (range 1-6) was also examined. As
this study is highly novel and exploratory in nature, no correction for multiple comparison was

applied to avoid type II errors (Armstrong, 2014).

Results

For mothers, three regions showed a significant relationship with number of children (1-6
children; Table 1; Figure 1). The left pericalcarine sulcus and cuneus showed a negative correlation

with number of children, with cortical thickness decreased as number of children increased. The right
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parahippocampal gyrus showed a positive correlation with number of children (Figure 2). For fathers,
the thickness of the right fusiform gyrus and the left temporal pole showed a positive correlation with

number of children (1-6 children; Figure 3).
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Figure 1: Spearman’s Rho for brain regions showing a significant relationship between
cortical thickness and number of children for female. Regions highlighted in red (right
parahippocampal gyrus) depict a positive relationship, regions highlighted in blue (left
pericalcarine sulcus and cuneus) depict a negative relationship.
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Figure 2: Cortical thickness of the right parahippocampus (mmy) for participants with one
to six children, showing a positive relationship between number of children and thickness,
Spearman’s Rho = 0.15, p=0.024
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Table 1: Relationship between number of children and cortical thickness for females and males.

Females Region H Mean Timepoint 1 Time-point2  Time-point 3
N=1226 N=211 N=189
Parahippocampal R r 0.15 0.14 0.17 0.13
Gyrus
)4 0.024 0.030 0.013 0.074
Cuneus L r -0.15 -0.12 -0.17 -0.15
)4 0.023 0.072 0.016 0.047
Pericalcarine L r -0.15 -0.10 -0.14 -0.14
Sulcus
)4 0.028 0.151 0.046 0.061
Males Region H Mean Timepoint 1 Timepoint 2  Timepoint 3
N=263 N=251 N=226
Fusiform Gyrus R r 0.12 0.15 0.09 0.13
)4 0.044 0.018 0.162 0.060
Temporal Pole R r 0.12 0.08 0.14 0.07
)4 0.048 0.188 0.031 0.332

Abbreviations: H, hemisphere; R, right; L, left; r, Spearman’s Rho; p, p value.

0.1

40.05

1-0.05

Figure 3: Spearman’s Rho for brain regions showing a significant relationship between
cortical thickness and number of children for males. Regions highlighted in red (vight fusiform
gyrus and temporal pole) depict a positive relationship.
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In females, two regions showed consistent differences in cortical thickness between mothers
of one child and childless women (non-mothers). The left dorsolateral prefrontal cortex and the right
pericalcarine sulcus showed thinner grey matter in mothers compared with non-mothers (Table 2;
Figure 4). In males, two regions showed significant differences in cortical thickness between fathers
of one child and those who had not fathered children. The left anterior cingulate showed thinner grey
matter in fathers compared with non-fathers, and the right temporal pole showed thicker grey matter

in fathers compared with non-fathers (Figure 5).

Table 2: Cortical thickness differences between parents (one child) and non-parents for males and females.

Females Region H Mean Timepoint 1 Time-point2  Time-point 3
N{Mm]\crs) =20 N{Mm]\crs) =20 N{Mnl]\crs): 17
N(Non—Molhcrs] =25 N(Non—Molhcrs] =23 N(Non—Molhcrs] =22
Caudal Middle L Cohen’sd -0.89 -0.93 -0.52 -0.87
Frontal Gyrus
p 0.005 0.006 0.136 0.050
Pericalcarine R Cohen’sd -0.74 -0.59 -0.66 -0.75
Sul
weus » 0.019 0.066 0.065 0.070
Males Region H Mean Timepoint 1 Time-point 2  Time-point 3
NFathers) = 18 NFathers)= 17 NFathers) = 16
N(Nnn—lehcrs) =17 N(Nnn—lehcrs) =17 N(Nnn—lehcrs) =17
Caudal Anterior L Cohen’sd -0.93 -0.71 -0.90 -0.92
Cingulate Cortex
p 0.009 0.047 0.019 0.053
Temporal Pole R Cohen’sd 0.79 1.00 0.54 0.21
P 0.026 0.007 0.150 0.631

Abbreviations: H, hemisphere; R, right; L, left; p, p value.


https://doi.org/10.1101/589283
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/589283; this version posted March 27, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

10.2

1-0.2

Figure 4: Cohen’s d for the difference between females with one child and females with zero
children. Regions highlighted in blue (left caudal middle frontal/DLPFC, right pericalcarine sulcus)
depict a negative Cohen’s d and thinner GM in mothers, compared with non-mothers.

0.8
0.6
0.4

40.2
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-0.6

Figure 5: Cohen’s d for the difference between males with one child, to males with zero children.
Regions highlighted in red (right temporal pole) depict a positive Cohen’s d and thicker GM in
fathers, regions highlighted in blue (left caudal anterior cingulate cortex) depict a negative
Cohen’s d and thinner GM in fathers compared with non-fathers.

No significant differences were obtained between childless and parental participants of either
sex for any of the cognitive tests. In males, no relationship was found between any cognitive test and

parenthood. Females showed a marginally significant positive relationship between parity and delayed
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recall scores on the Hopkins Verbal Learning Test - Revised (HVLT-R), »=0.17, p=0.011, such that

women with more children showed better HVLT-R memory outcomes.

Discussion

In this study, we investigated differences in cortical thickness in parenthood that are long-
term and persist into older age. No study has ever examined the effect of parenthood on brain
structure in humans beyond two years post-partum. The anatomical distribution of the observed
effects has previously been confined to human pregnancy and early parenthood in structural
(Hoekzema et al., 2017; Kim et al., 2018; Kim et al., 2010; Kim et al., 2014) and functional studies of

parenthood (see Swain et al., 2007 for review).

We found a positive relationship between number of children and cortical thickness in the
parahippocampal gyrus of elderly mothers. This result is consistent with findings in early parenthood,
where grey matter changes are seen in the parahippocampal gyrus during pregnancy (Hoekzema et al.,
2017) and the postpartum period (Kim et al., 2010). The parahippocampal gyrus is associated with
memory, which is compatible with our cognitive results, where memory outcomes were improved in
elderly women with more children. Motherhood appears to be associated with a small but reliable
improvement in memory outcomes for women, which is sustained into older age. This result is
consistent with evidence from early parenthood, where memory is impaired during pregnancy
(Davies, Lum, Skouteris, Byrne, & Hayden, 2018), returns to pre-pregnancy levels in the postpartum
period (Buckwalter, Buckwalter, Bluestein, & Stanczyk, 2001; Macbeth & Luine, 2010), and is
enhanced in late parenthood (Gatewood et al., 2005).

Our result is consistent with results seen in preclinical models. Spatial learning and memory
are improved in rodents with reproductive experience, and this effect is stronger in multiparous
mothers (mothers with more than one pregnancy; Kinsley & Lambert, 2008; Macbeth & Luine, 2010).
This cognitive benefit persists into late-life for the parous rats, who have increased hippocampal long-
term potentiation, enhanced memory capacities and fewer signs of brain aging compared with aged
nulliparous females; an effect that is enhanced with multiparity (Gatewood et al., 2005). Our findings,
that both memory performance and parahippocampal thickness increase with multiparity in humans,
are consistent with these reports and suggest that parenthood positively impacts human cognition and

may enhance neuroplasticity in late-life.

Compared with childless women, those with one child showed thinner grey matter in the left

dorsolateral prefrontal cortex. The dorsolateral prefrontal cortex is involved in high-order cognitive
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functions including executive functioning, cognitive control and emotional regulation

(Alvarez & Emory, 2006; Wager, Davidson, Hughes, Lindquist, & Ochsner, 2008). Neuroimaging
data highlights the importance of the prefrontal cortex in parenting behaviours, as this region is
activated in almost every fMRI study of human mothers’ responses to infant stimuli (Swain et al.,
2007). Increased brain activity in a mother’s prefrontal cortex in response to her own baby (compared
to an unfamiliar baby) is positively associated with maternal sensitivity and higher quality of mother-
infant interactions (Atzil, Hendler, & Feldman, 2011; Musser, Kaiser-Laurent, & Ablow, 2012).
Conversely, decreased fMRI activation in the prefrontal cortex is correlated with difficulties adjusting
to parenthood (Laurent & Ablow, 2011; Swain et al., 2008). Neural changes in early motherhood are
likely to have evolved to assist in the dual survival of parent and young (Kinsley, Franssen, & Meyer,
2011). Three recent studies have shown maternal cortical thickness changes in the prefrontal cortex
across pregnancy and the early post-partum period (Hoekzema et al., 2017; Kim et al., 2018; Kim et
al., 2010). In all three of these studies, structural change was associated with increased maternal
sensitivity (attachment; parental self-efficacy; positive opinions about their baby). Our results indicate
that parenthood-related changes in the cortical thickness of the dorsolateral prefrontal cortex are

sustained across the lifespan.

Our results show thinner cortical thickness of the visual cortex (pericalcarine and cuneus) for
females. These results appear in both hemispheres across both analyses (childless versus one child,
and number of children). Interactions with children provide a rich array of sensory experiences for
mothers. Interactions involving multi-sensory cues (e.g., visual, auditory, tactile) between mothers
and infants throughout the postpartum period, and continuing into late-parenthood, may alter the
structure and function of the maternal sensory regions over time (Kim et al., 2018). In rodents, neural
reorganisation of the olfactory bulb, parietal lobe, and somatosensory cortex were associated with the
expression of maternal behaviours during the postpartum period (Kinsley & Lambert, 2008). Our
findings of cortical thickness changes in regions involved in visual information perception and
processing during the early postpartum period are consistent with earlier findings in human mothers,
(grey matter volume; Kim et al., 2018) and enhanced brain activation in response to own infant cues

(Nishitani, Kuwamoto, Takahira, Miyamura, & Shinohara, 2014).

Compared with childless men, fathers showed thinner grey matter in the left caudal anterior
cingulate cortex and thicker grey matter in the right temporal pole. The caudal anterior cingulate and
temporal pole are both involved in social cognition, including emotional regulation, empathy and
theory of mind (Etkin, Egner, & Kalisch, 2011; Olson, Plotzker, & Ezzyat, 2007). Social cognition is
acknowledged as a hallmark of the human parental brain, especially relevant for pre-verbal infants
(Lenzi et al., 2009). Theory of mind abilities, including empathy, contribute to successful social

interactions and are important for human survival. Our results support previous studies of early
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parenthood that found grey matter volume changes in the anterior cingulate cortex associated with
early parenthood in mothers (Hoekzema et al., 2017; Kim et al., 2010) and fathers

(Kim et al., 2014), and suggests they persist into late-life. Fathers also showed a positive correlation
between number of children and cortical thickness for the fusiform gyrus and temporal pole. These
correlations are close to the threshold of significance and require further studies to comprehensively

characterise this effect.

We argue that the structural brain changes reported in this study, which endure throughout the
lifespan, are related to the environmental changes of parenthood. While the drastic hormonal shifts of
pregnancy may play an initial role in mothers, the hormonal milieu of pregnancy returns to a pre-
pregnancy state following parturition, at which time many hormonal and biological changes are
resolved, i.e., uterus size, lactation, etc (Henry, 2016). In our elderly sample the hormonal exposure of
pregnancy occurred three or more decades earlier. Conversely, the environmental complexity of
parenthood endures throughout the entire parenting experience, possibly throughout the life-span of a
parent, and compounds with increasing number of children. The neural impact of parenthood is
evident in non-human mammals from environmental changes alone. Exposure to unfamiliar pups for
ten minutes for four days was sufficient to induce neural changes and improve spatial memory for
non-parental male rats (Everette et al., 2007; Everette et al., 2006). This suggests that the mere

presence of offspring produces neural change in the absence of pregnancy-induced hormonal changes.

Child-rearing provides parents of both sexes with rich sensory stimulation and increased
environmental complexity that may be comparable to traditional concepts of an enriched physical
environment. It has long been recognised that complex, or ‘enriched’ environments lead to improved
outcomes and neuroprotective effects against ageing. Enriched environments stimulate synaptogenesis
(Diamond, Krech, & Rosenzweig, 1964) and more complex dendritic branching (Volkmar &
Greenough, 1972), and may provide a protective effect against brain ageing (Speisman et al., 2013).
For instance, male and female rats housed in enriched conditions develop greater cortical depth (ex
vivo) compared with littermates in impoverished settings. Furthermore, cortical depth reported in
post-partum rats housed in environmentally impoverished conditions resembled that of virgin rats
housed in enriched environments, suggesting the maternal brain was stimulated in a manner similar to
typical enrichment protocols (Diamond, Johnson, & Ingham, 1971). Marmoset fathers involved in the
rearing of offspring also experience similar brain changes to non-parent animals living in enriched
environments, and this effect is mediated by the amount of father-infant contact (Kozorovitskiy,
Hughes, Lee, & Gould, 2006). This reflects literature on the subject in humans and suggests that the
amount of parent-infant contact is associated with the degree of neuroanatomical change (Abraham et

al., 2014).
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In the present study, cortical thickness differences between parents and non-parents were
evident in both sexes. This novel finding implicates the parental environment, which exists for both
sexes. However, the neuroanatomical changes associated with parenting multiple children were far
more significant for mothers, with only marginal effects identified in fathers. This may reflect
differences in care-giving responsibilities between the sexes: the “silent generation” cohort examined
in this study most likely included participants who were predominantly in ‘traditional’ care-giving
arrangements, with roles and responsibilities as primary care-giving mothers and ‘bread-winning’
fathers (Broomhill & Sharp, 2004). The social structure of the silent generation may have limited the
cumulative impact of parenthood for the males in this cohort. The current findings are the first to
show a relationship between number of children and grey matter thickness in the ageing human brain.
Future studies to investigate neurobiological changes across parenting of multiple children in humans
are required, as there are currently no such studies in humans at any life-stage (Maupin, Roginiel,

Rutherford, & Mayes, 2016).

The diverse and subtle changes in cortical grey matter thickness measured in this study point
to a rich and multi-layered process of cortical plasticity that begins during pregnancy (in females) and
early parenthood (males and females), and is sustained across the lifespan. The physiological
processes that can alter cortical thickness include changes in the number of synapses, glial cells or
neurons, morphological changes to dendritic structure and axonal myelination, and vasculature
changes - including angiogenesis - that influence blood volume and perfusion. While the study design
precludes identification of the neurobiological mechanisms that underpin the observations, the novelty
and social importance of the findings highlight the need for further studies: in vivo, to examine the
microstructural, functional and neurovascular characteristics of parenthood; and post-mortem

stereological, to determine the cellular and morphological origins of the cortical thickness changes.

The data used in this study were acquired as part of a larger study with broader aims. Detailed
demographic information related to parenthood was not obtained from the participants, and so
information about the parenting experiences is not available. For example, we do not know about
birth details, whether children were adopted or survived beyond birth, the parental style, and whether
participants are involved in the care of grandchildren. Many of these unknown factors, such as birth
and feeding methods, hormone levels and parental sensitivity, potentially impact maternal
neuroplasticity(Kim, Strathearn, & Swain, 2016). Future studies should control for these factors, as
well as examine the potential effects of grandparenthood and other opportunities for interaction with

children during later life.

Conclusion
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This study is the first examination of the effect of parenthood on the ageing human brain. The
results are consistent with published neuroanatomical and behavioural findings in early parenthood,
and reveal distributed differences in cortical thickness related to parenthood that are evident beyond
the post-partum period. The findings suggest that grey matter changes associated with early
parenthood, for both sexes, endure throughout the life-span and into older age. Our understanding of
the structural changes related to human parenthood remains in its infancy, even during pregnancy and
the early post-partum period. The neuroscience of parenthood is a fertile area for further research to
identify the critical time periods of parenthood when the brain is highly plastic, and examine
longitudinal changes beyond the immediate post-partum months. The nascent field of the
neuroscience of parenting has the potential to elucidate the neurobiological and neuroanatomical
impact of the human reproductive experience, which may provide unique insights into mechanisms of

neuroplasticity.
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Supplementary

Supplementary Table 1: Participant numbers in the study cohort at 0, 12 and

36 months showing a 15% attrition across three years.

Time-point 1 Time-point 2 Time-point 3
(0 months) (12 months) (36 months)
N (Males) 282 271 244
N (Females) 255 236 213
N (Total) 537 507 457
120 ——mmmm—m————————— T
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Supplementary Figure 1: Number of children per participant, split
by gender
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