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OUTLINE OF THE DOCUMENT 

 

In this PhD thesis, three research articles examine the brain morphometrics, intrinsic and 

extrinsic mediating factors, and the durability of the structural brain changes occurring 

during the transition to parenthood. These studies follow first-time mothers and fathers, 

scanning their brains with Magnetic Resonance Imaging (MRI) before pregnancy and 

then again at different moments of the postpartum period. Section 1 describes the 

motivation behind this thesis, as well as the implications each research article has in the 

health care system, including perinatal mental wellbeing, family policies, and brain aging. 

Section 2 introduces the terms neuroplasticity and maternal behavior, explains how 

pregnancy hormones and infant cues activate and maintain maternal behavior, and revises 

the current knowledge of the maternal brain adaptations both in rodents and humans. The 

section finishes by stating which gaps of knowledge of the parental brain field are 

addressed by the present thesis. Section 3 states the three objectives of the thesis. The 

following three sections correspond to the research articles, entitled: “Pregnancy and 

adolescence entail similar neuroanatomical adaptations: A comparative analysis of 

cerebral morphometric changes”, “First-time fathers show longitudinal gray matter 

cortical volume reductions: evidence from two international samples”, and “Do 

Pregnancy-Induced Brain Changes Reverse? The Brain of a Mother Six Years after 

Parturition”. Then, Section 7 discusses the broader significance of these findings, the 

insight they have provided of the neuroplasticity of the parental brain, and future 

directions of the current work. Finally, Section 8 gathers the general conclusions of the 

work. Of note, this thesis will refer to mothers as persons who identify as women that 

undergo pregnancy through natural or assisted processes, and to transition to motherhood 

as the process including pregnancy and the postpartum period.  
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1. MOTIVATION 

 

During the nine months of human pregnancy, a woman’s body undergoes extreme 

changes to gestate, accommodate, deliver, and nourish her baby: her blood volume almost 

doubles, her mammary glands begin to produce milk and a new organ appears, the 

placenta, which will secrete enormous amounts of hormones that will coordinate all these 

adaptations. Another system in a mother's body undergoes major adaptations during 

pregnancy: her brain. The perinatal period, including pregnancy and the postpartum 

period, is a unique period of neuroplasticity in the adult female brain. In humans, such 

neuroplasticity manifests in pronounced volume changes in the mother’s brain during 

pregnancy (Hoekzema et al., 2017; Oatridge et al., 2002) and early postpartum periods 

(Kim et al., 2010; Lisofsky et al., 2019; Luders et al., 2020; Oatridge et al., 2002). 

However, the nature of this brain remodeling is still in its early years of research. The 

present thesis constitutes the first approach in literature to characterize previously 

observed changes in brain volume in mothers, which may shed light on the underlying 

neuroplasticity. It covers three main objectives: 1) characterizing the brain morphometric 

features being remodeled, 2) identifying the pregnancy intrinsic and parenting extrinsic 

factors that mediate these changes, and 3) tracking the durability of the changes. This 

work examines in detail the neuroscience behind a remarkable lifetime transition that, 

like other women-specific processes, has been historically overlooked by the scientific 

community. This research will hopefully inspire others to gradually reduce the sex-bias 

in neuroscience. 

 

Characterizing the maternal brain adaptations has important implications for the health 

care system. During periods of extreme brain plasticity, such as pregnancy, the brain is 

more sensitive to assaults -a plastic brain is a vulnerable brain. In fact, the perinatal period 

is one of the stages in a woman's life with the highest risk for various mental disorders. 

An estimated 17% of worldwide mothers suffer from postpartum depression (Wang et al., 

2021), which is a “major depression event with perinatal onset” often characterized by 

high levels of anxiety, avoidance, and intrusive behaviors towards the baby (American 

Psychiatric Association, 2013). If left mistreated or misdiagnosed, postpartum depression 

can put the mother at risk for recurrent major depression and self-harm, as well as 

compromise the child's safety and cognitive and emotional development. Characterizing 



 

 

4 

 

the morphometric features sensitive to change in expectant mothers (Objective 1, Study 

1) is a first step towards investigating which brain systems are disrupted in women who 

suffer perinatal mental disorders. Hopefully, this will ultimately contribute to the 

development of preventive strategies as well as safer and more effective treatments. 

 

Non-human animal models indicate that the parental brain is shaped both by pregnancy- 

and parental experience-induced neuroplasticity (Stolzenberg & Champagne, 2016). 

Identifying the specific contributions of each of these two mechanisms to human brain 

plasticity across the parental transition (Objective 2) is currently a major milestone in the 

field. As of yet, most research into brain changes associated with parenthood has focused 

on biological mothers (Martínez-García, et al., 2021a), making it difficult to separate 

pregnancy-hormonal influences from other extrinsic factors associated with parenthood 

that may also lead to neural changes (e.g., caregiving experience, sleep deprivation, and 

other life-style changes that can lead to health disparities). Study 1 of this thesis compares 

maternal brain changes directly with those occurring during female adolescence, a well-

described period of hormonally induced neuroplasticity. As an alternative approach to 

understand the mediating factors, the studies of this thesis follow the brains of both 

biological mothers (Studies 1 and 3) and their male partners (Study 2), who experience 

the cognitive, and emotional demands of caring for a newborn without going through 

pregnancy. Studying the paternal brain (Study 2) can reveal the extent to which brain 

changes in parents can be induced by experiential and environmental factors other than 

the reproductive experience. This information has a direct impact on public health policies 

aimed to support optimal pregnancy and parenting atmospheres.  

 

Finally, this thesis has also important implications on the field of brain aging. In 

neuroscience, the influence of hormonal transitions on the aging brain remains largely 

understudied, and this gap disproportionately affects women (Barth & de Lange, 2020; 

Taylor et al., 2019). Women’s endocrine lifespan, including reproductive experience, is 

often overlooked among all “lifespan” factors that are used to predict typical and atypical 

brain aging (e.g., years of education, lifetime physical activity, smoking history, or 

substance abuse). Large-scale neuroimaging studies in middle-aged and older women 

suggest that parity may influence the course of women's brain aging (Aleknaviciute et al., 

2022; de Lange et al., 2019; de Lange, Barth, Kaufmann, Anatürk, et al., 2020; Orchard 
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et al., 2020) and their risk of neurodegenerative diseases such as Alzheimer (Beeri et al., 

2009; Colucci et al., 2006; de Lange, Barth, Kaufmann, Maximov, et al., 2020; Jang et 

al., 2018). While these studies have demonstrated a link between reproductive history and 

the late-life brain status, their retrospective nature does not allow to establish causality. 

The present thesis includes the first study (Study 3) to track the long-term effects of 

pregnancy on the human brain with a longitudinal design (Objective 3). In doing so, this 

research unlocks a pathway in the study of female-specific brain aging trajectories.  

 

In conclusion, through a series of original longitudinal studies, this thesis addresses the 

morphometric features, mediating factors, and durability of the brain adaptations to 

motherhood, which expands the knowledge of parental mental health in particular and 

women’s health in general. 
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2. INTRODUCTION 

 

2.1. Neuroplasticity of the human brain  

 

An extraordinary feature of the brain is its capacity to change. Brain plasticity or 

neuroplasticity is the intrinsic ability of the nervous system to make adaptive changes in 

response to internal and external stimuli through processes that regulate cellular function, 

structure and connectivity (Mateos-Aparicio & Rodríguez-Moreno, 2019). 

Neuroplasticity involves changes on multiple scales, ranging from molecular changes to 

cellular and morphological changes, the two latter conforming structural plasticity 

(Brinton, 2009; García-Segura, 2009). At the molecular level, plasticity takes the form of 

alterations in intracellular cascades, neurotransmitters, and brain receptors. Cellular 

plasticity includes the generation of new functional neurons (i.e., neurogenesis) from 

neural stem cells or neural progenitor cells. Morphological changes include modifications 

of dendritic branching, post-synaptic spine density, and soma size. Brain plasticity also 

includes molecular, cellular, and morphological changes in glial cells (microglia, 

astrocytes, and oligodendrocytes), including the reversible extension of their cellular 

processes, myelination, and gliogenesis. By cross-talking with neurons, glial cells such 

as microglia (Crapser et al., 2021; Ikegami et al., 2019) and astrocytes (Perez-Catalan et 

al., 2021) also regulate neuronal plasticity, directing the formation and remodeling of 

synapses and neuronal circuits. Collectively, molecular, cellular, and morphological 

changes sculpt the brain’s architecture by modulating synaptic strength, neuronal firing, 

neuronal connectivity, glial activity, neurogenesis, and gliogenesis. This phenomenon 

allows our brain to continuously respond to changes in our internal state (e.g., hormonal, 

immune, or growth factors) and the environment (e.g., stress, experience, and sensory 

stimulation). The present thesis will consider “brain plasticity” and “neuroplasticity” as 

synonymous.  

 

Humans retain a basal level of neuroplasticity throughout life (Kinsley et al., 2008). The 

day-a-day learning and creation of new memories require different forms of molecular 

plasticity that selectively intensify or weaken synaptic transmission between neurons. In 

addition to basal levels of brain plasticity, the brain also exhibits pronounced, larger-scale 

structural changes during “sensitive periods” (Kinsley et al., 2008; Knudsen, 2004). 



 

 

7 

 

Researchers once believed that these “sensitive periods” were confined to early 

development and adolescence, when critical cognitive, social, and emotional milestones 

are reached. Brain plasticity during early development involves the creation of a 

functionally wired network from scratch, beginning with cell birth (neurogenesis and 

gliogenesis) and progressing to cell migration, differentiation, maturation, synapse 

formation, and myelin formation (Kolb & Gibb, 2011). During childhood, the brain 

overproduces both neurons and connections (Kolb & Gibb, 2011). From there and until 

late adolescence, the brain eliminates redundant cells and synapses while maintaining and 

strengthening the remaining ones. These plasticity trajectories translate into dynamic 

macroscopic cortical changes over time (Bethlehem et al., 2022; Blakemore, 2008; Giedd 

et al., 1999). The cortex of a child displays an initial strong increase in cortical grey matter 

volume from mid-gestation until six years, followed by a near linear decrease throughout 

childhood and adolescence (Bethlehem et al., 2022). 

 

According to studies of the last decade, the windows of enhanced brain plasticity should 

be extended to a later stage of life marked by tremendous physical and cognitive demands 

and extreme hormonal fluctuations: pregnancy and the transition to motherhood. 

 

2.2. Maternal behavior 

 

Parental behavior can be defined as any behavioral response displayed by one member of 

a species towards infants, with the ultimate goal of increasing the likelihood of survival 

of the offspring (Numan, 2020, Chapter 1). Parental behavior occurs in a variety of 

vertebrates, including fish, amphibians, reptiles, birds, and mammals, being essential for 

the survival of the young in the two latter (Rosenblatt, 2003). Parenting comprises 

multiple social behaviors that can be influenced by several internal and external factors. 

Internal factors can include species-specific conditions such as the level of maturity of 

the young at birth, the litter size, and the mode of delivering nutrients to the offspring, 

among others. External factors can include environmental and social pressures such as 

food shortage, predation, and disease. Human parental behavior is additionally shaped by 

culture, socioeconomic status, and individual beliefs and motivations.  
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In mammals (class Mammalia), due to the necessity of infant nutrition by lactation, 

maternal behavior is the dominant form of parental care, and will be the main focus of 

this thesis. Yet, in a few mammalian species males exhibit paternal behavior, and many 

species display “alloparenting” or “cooperative breeding”, in which relatives or 

conspecifics help to raise the offspring (Numan, 2020, Chapter 7). In humans, paternal 

investment is affected by socio-cultural and historical differences, as well as individual 

beliefs, producing behaviors that range from a father being fully absent to being the 

primary caregiver (Abraham & Feldman, 2022). Also, humans rely heavily on alloparents 

to provide childcare, including relatives like grandparents or siblings; adoptive and foster 

parents; and caregivers not related biologically, such as babysitters or teachers (Abraham 

& Feldman, 2018).  

 

Rodents (order Rodentia), especially rats (Rattus norvegicus) and mice (Mus Musculus) 

models, are the best-studied mammals to understand the neural underpinnings of parental 

behavior (Pereira et al., 2022). This is due to a number of practical reasons: they are easy 

to maintain and breed in captivity, have short gestation times, and produce many offspring 

per litter. In rodents, maternal behaviors include nest building, pup grooming and licking, 

retrieving all pups to the nest, and nursing. Occasionally, maternal behavior also refers to 

abilities or behaviors that are indirectly related to caring for the pups, such as learning, 

foraging strategies, and enhancement of problem solving in a novel context. Through this 

thesis, the expression “maternal behavior” or “maternal care”, when used to describe 

rodents, will refer to any of the above-mentioned pup-specific behaviors, unless otherwise 

noted.  

 

Importantly, some species can display maternal behavior through pup-stimulated 

sensitization (Stolzenberg & Champagne, 2016). For instance, although adult virgin 

female rats do not show maternal responsiveness when first exposed to conspecific young 

pups, they will eventually display maternal behavior if continuously housed with those 

young pups (Rosenblatt, 1967).  
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2.3. Hormones and maternal behavior 

 

“Sensitive periods” for neuroplasticity coincide with life transitional stages accompanied 

by major hormonal surges. Hormones and the central nervous system maintain constant 

crosstalk during the life span (Been et al., 2021). Hormones send essential information to 

the brain and regulate its plasticity, allowing an adequate neural response to ongoing 

modifications of the inner and outer world (García-Segura, 2009, Chapter 1). In turn, 

brain changes affect hormone secretions from endocrine glands throughout the body, 

including the hypothalamus and pituitary glands in the brain (García-Segura, 2009, 

Chapter 2). Pregnancy is characterized by hormonal fluctuations that exceed any other 

neuroendocrine events of a female’s lifetime (e.g., menstruation, adolescence, 

menopause) (Anderson et al., 2015; Deems & Leuner, 2020; Kuo et al., 2016; Voltolini 

& Petraglia, 2014). The circulating levels of estrogens and progesterone increase steadily 

across the three trimesters and fall off rapidly at parturition after placental detachment. 

Prolactin levels also rise steadily until parturition.  During the postpartum period, steroid 

levels plummet and oxytocin and prolactin begin fluctuating in close coordination with 

breastfeeding, resulting in a markedly different hormonal environment than during 

pregnancy. As a result of its extensive hormonal exposure and distinctive endocrine 

trajectory, the maternal brain provides a unique window into hormonally induced 

neuroplasticity. 

 

20th century neuroendocrinology studies with non-human mammals show that the 

hormones associated with pregnancy and parturition prime the mother’s brain to display 

maternal behavior right after parturition (Numan, 2020, Chapter 3). Rat models have 

provided a great understanding of the hormonal regulation of maternal behavior. Early 

studies of Dr. Jay S. Rosenblatt show that blood transfused from a newly parturient female 

to a virgin female stimulated maternal behavior in terms of pup retrieving (Terkel & 

Rosenblatt, 1972), suggesting that the onset of maternal behavior was regulated by 

hormonal factors associated with parturition. These theories were later confirmed by Dr. 

Michael Numan,  Dr. Robert R. Bridges, and colleagues, who created a new 

groundbreaking model in rats for the study of the hormonal regulation of maternal 

responsiveness (Bridges, 1984; Moltz et al., 1970). In rats, early and mid-pregnancy are 

characterized by progressive increases in estradiol and progesterone, while late pregnancy 
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is characterized by high levels of estradiol and pituitary prolactin, superimposed with an 

abrupt decline in progesterone (Pereira et al., 2022). Ovariectomized virgin females 

treated with an equivalent hormonal regimen of estradiol, progesterone, and prolactin 

reduced their latency to behave maternally from typical 6-7 days to 35-40 hours (Bridges, 

1984; Moltz et al., 1970). These findings demonstrate that estradiol and prolactin of late 

pregnancy, along with the pre-delivery decline in progesterone, facilitate the onset of 

maternal behavior. A number of other studies suggest that oxytocin plays an additional 

role in arousing maternal behavior (Numan, 2020, Chapter 4). Specifically, a combination 

of oxytocin and estradiol stimulates maternal behavior in ovariectomized virgin female 

rats, while oxytocin alone takes longer to induce the maternal response (Fahrbach et al., 

1985; Pedersen et al., 1982).  

 

2.4. A neuroscience perspective of the maternal brain  

 

2.4.1. Maternal brain adaptations in rodents 

 

The neural mechanisms sustaining the link between hormones and maternal behavior 

have been identified in rodent models. Pregnancy hormones such as estradiol, prolactin, 

and oxytocin target the brain and remodel core neural circuits that regulate maternal 

behavior. As the activation of this circuit facilitates the onset of maternal behavior, 

researchers refer to it as the “maternal brain circuit” (Numan, 2020, Chapter 5). How do 

these peripheral hormones reach the brain? Estradiol, prolactin, and oxytocin receptors 

are densely expressed in the brain (Almey et al., 2015; Grattan et al., 2001; Quintana et 

al., 2019). Given its lipid-like nature, steroid hormones cross the blood-brain barrier by 

transmembrane diffusion, whereas peptide hormones such as prolactin are believed to 

cross using transporters (Banks, 2012). Oxytocin makes an interesting exception. This 

neuropeptide is synthesized in neurons of the hypothalamic paraventricular nucleus, from 

where it reaches diverse brain areas via long axonal projections, or via local diffusion 

through the extracellular fluid (Busnelli & Chini, 2018).  

 

Once they reach the brain, peripartum hormones promote changes in the “maternal brain 

circuit” (Numan, 2020 Chapter 5). Following the decrease in progesterone before 

parturition, prolactin and estradiol bind to receptors in the medial preoptic area (mPOA) 
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of the hypothalamus and enhance their excitability via cytoplasmic kinase cascades and 

genomic signaling pathways. The hormonal priming of mPOA stimulates dopamine 

release from the mesolimbic reward system, in particular, from ventral tegmental area to 

the nucleus accumbens. The action of dopamine on the nucleus accumbens releases the 

steady inhibition of the ventral pallidum, increasing its responsiveness to pup-stimuli that 

arrive from the amygdala. Projections from the ventral pallidum to other basal ganglia, 

motor areas and medial prefrontal cortex, are key to eliciting maternal approach behaviors 

such as pup retrieval. Once the “maternal brain circuit” is properly primed, it becomes 

responsive to centrally released oxytocin, which up-regulates the neural firing of multiple 

regions including the mPOA, ventral tegmental area, nucleus accumbens, and amygdala. 

Functional activation of the “maternal brain circuit” is achieved through hormonally 

induced neuroplasticity changes in spines, dendritic branches, somas, axons, and the 

surrounding glial cells, which altogether result in enhanced synaptic transmission and 

conducting velocity (Hillerer et al., 2014; Pawluski et al., 2021). Importantly, while 

gestational hormones activate this circuit and initiate maternal care, once maternal 

behavior is established, it emancipates from hormonal stimulation and is maintained 

solely by infant stimuli (Stolzenberg & Champagne, 2016).  

 

2.4.2. Maternal brain adaptations in humans 

 

The brain networks that support maternal behavior in humans have been inferred 

predominantly from maternal neural responses to infant stimuli. Functional MRI (fMRI) 

based on Blood-Oxygen-Level-Dependent (BOLD) response has been the main 

neuroimaging technique used to study human brain function (Attwell & Iadecola, 2002). 

BOLD-fMRI uses regional changes in blood oxygenation to indirectly infer neuronal 

activity. With this technique, we can infer which regions become active when a person 

performs a specific task or is exposed to specific stimuli. In research on the human 

maternal brain, fMRI is commonly used to determine which brain regions are activated 

by baby-related stimuli, often comparing the mother’s own child with a non-related child 

(Martínez-García et al., 2022a). Several brain regions show consistent activation upon 

visual, auditory, tactile, and olfactory infant cues (Bjertrup et al., 2019; Paul et al., 2019; 

Rigo et al., 2019; Shih et al., 2022), forming a putative “maternal caregiving brain 

network”. This network shares core regions of the rodent “maternal brain”, but also 
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includes later-evolved components that are unique to humankind (Feldman, 2015; 

Numan, 2020, Chapter 8). Similar to rodents, subcortical regions commonly activated in 

human mothers in response to their infant cues include the amygdala, and dopaminergic 

reward regions like the striatum, especially the nucleus accumbens, and the ventral 

tegmental area. This network may maintain aspects of parental behavior highly conserved 

among mammals such as vigilance for the child’s safety and reward from the mother-

infant bond. Beyond the subcortical network, cortical regions commonly activated in 

human mothers when presented with stimuli or their infant include the insula, inferior 

frontal gyrus and the prefrontal cortex. Other subcortical regions such as the hippocampus 

and the hypothalamus, and cortical regions such as the temporo-parietal junction and the 

posterior cingulate cortex, also appear activated upon infant stimuli, but less consistently. 

Altogether, these brain areas have been associated with higher-order cognitive processes 

related to parenting such as emotional empathy, mentalizing, and emotion regulation. 

Regional activation of the “maternal caregiving brain network” is linked to maternal 

sensitivity towards the infant, suggesting that this network may contribute to initiation 

and/or maintenance of maternal behavior.  

The impact of motherhood on brain function has been explored, to a lesser extent, through 

resting-state fMRI. Resting-state fMRI allows to extract an index of the spontaneous 

intrinsic neural activity based on BOLD’s low-frequency fluctuations (Murphy et al. 

2013). During the acquisition, subjects are instructed to lie on the scanner and remain 

awake during the acquisition, allowing to reveal global changes in brain function beyond 

responses to infant stimuli. This technique is also suitable to measure functional 

connectivity, that is, the degree of co-activation between the functional time-series of 

anatomically separated brain regions at rest. Seed-based resting-state fMRI studies show 

differences between mothers and non-mothers in prefrontal cortex (Bak et al., 2020; 

Zheng et al., 2020), posterior cingulate cortex (Zheng et al., 2020), and temporo-parietal 

junction (Bak et al., 2020), which are critical nodes of the mentalizing or default mode 

network. Also, the stronger the functional connectivity between two core subcortical 

regions of the “maternal circuit”, the amygdala and the nucleus accumbens, the better the 

maternal structuring measured during mother-child interactions (Dufford et al., 2019). At 

one year postpartum, mothers differ from non-mothers in effective functional 

connectivity between key regions of the “maternal caregiving brain network” such as the 
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prefrontal cortex, posterior cingulate cortex, parahippocampal gyrus, amygdala, and 

nucleus accumbens (Orchard et al., 2022).  

 

While functional neuroimaging studies typically inform about brain activity at a certain 

time during the postpartum, structural MRI can capture more stable brain changes. The 

pituitary gland, a small neuroendocrine organ, was the first structure studied in the human 

maternal brain. The pituitary gland constantly produces prolactin during pregnancy, 

which stimulates milk production for the postpartum breastfeeding (Duthie & Reynolds, 

2013). Such  hyperprolactinemia leads to hypertrophy of prolactin cells and a pituitary 

enlargement (Dinç et al., 1998). 

 

As new neuroimaging techniques developed, researchers began to analyze finer aspects 

of the brain's morphology, including changes to cortical volume, thickness, surface area, 

and folding. Structural MRI produces high-resolution images with well-defined gray and 

white matter interfaces, so it is the gold standard imaging method to capture changes in 

brain structure and morphometry (Backhausen et al., 2021; Mills & Tamnes, 2014). The 

majority of studies have analyzed changes in gray matter, while white matter 

modifications remains underexplored (Zhang et al., 2020). Most studies focused on 

changes during the postpartum period (Chechko et al., 2021; Kim et al., 2010, 2018; 

Lisofsky et al., 2019; Luders et al., 2020, 2021a, 2021b, 2021c), whereas a few examined 

brain changes throughout the gestational period (Hoekzema et al., 2017, 2020; Oatridge 

et al., 2002). Some of the cortical regions that consistently change in mothers include the 

precuneus, superior temporal gyrus, medial prefrontal gyrus extending to the anterior 

cingulate, medial temporal areas (including the hippocampus, parahippocampal gyrus, 

and insula), dorsolateral prefrontal cortex, and ventral striatum including the nucleus 

accumbens. Gray matter changes vary in direction depending on the timeframe captured. 

First-time mothers scanned before conceiving and again at two months after birth display 

prominent and widespread gray matter brain volume decreases compared to nulliparous 

women (Hoekzema et al., 2017). Immediately after childbirth, mothers display smaller 

gray matter volumes compared to non-mothers (Chechko et al., 2021; Lisofsky et al., 

2019). Finally, studies scanning mothers at two time-points after parturition reveal brain 

volume increases during the first months of postpartum (Kim et al., 2010; Lisofsky et al., 

2019; Luders et al., 2020). The unified trajectories resulting from these longitudinal 
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studies draw a dynamic evolution of gray matter volumetric decreases during pregnancy 

and gray matter volume increases during the postpartum (Martínez-García et al., 2021a).  

 

Studies suggest a mechanistic link between structural and functional changes in the 

human maternal brain. Brain regions whose structure changes in mothers coincide with 

functional modifications reported during postpartum (Section 3.4.1). Furthermore, the 

degree of structural brain adaptations has been associated with different indirect measures 

of the mother-infant relationship. During pregnancy, the magnitude of gray matter 

volume changes predicts higher scores of the mother-to-infant attachment (Hoekzema et 

al., 2017) and greater brain activations with the infants’ visual stimuli (Hoekzema et al., 

2020). During the postpartum, gray matter volume increases in a midbrain cluster 

comprising the hypothalamus, amygdala, and globus pallidus, predicts a better mother's 

subjective perception of her baby (Kim et al., 2010). All in all, the structural brain changes 

observed during pregnancy and postpartum seem to reflect a neural adjustment that 

facilitates sensitive and timely behaviors towards the newborn. 

 

2.5. Current research lines 

 

Our understanding of the maternal brain has grown significantly over the past 20 years, 

but many questions remain unresolved. Neuroimaging studies have proved that 

motherhood transition is marked by pronounced changes in brain volume that overlap 

with brain regions that support different aspects of maternal behavior such as motivated 

behavior, empathy, and emotion regulation (Martínez-García et al., 2021a). Rodent 

models suggest that these brain changes may reflect an adaptive process of enhanced 

neuroplasticity in the “maternal circuits”. However, parental behavior is species-specific, 

as may be the underlying brain mechanisms, making it difficult to translate rodent 

findings to humans. Currently, human parental brain researchers face the challenge of 

elucidating the neuroplasticity behind the macroscopic brain changes detected by MRI. 

The present thesis constitutes the first attempt in the neuroimaging field to unravel the 

initially observed brain volume changes in mothers, which may reveal different aspects 

of the underlying neuroplasticity. This thesis uses longitudinal structural MRI to examine 

the cortical morphometry (Study 1), mediating factors (Studies 1 and 2), and durability 

(Study 3) of the brain changes of first-time parents from preconception to the postpartum. 
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Study 1 decomposes the volumetric reductions associated with pregnancy into their 

specific morphometric details. In addition, this study compares this profile of brain 

changes with that occurring during female adolescence to determine if these two 

hormonally driven transitions leave similar traces in the brain. Study 2 examines the 

neuroanatomic adaptations of men transitioning into fatherhood to determine the 

contribution of other factors outside the reproductive experience. Finally, no study has 

explored beyond two years postpartum whether these brain changes are maintained or 

instead return to pre-pregnancy levels. Study 3 analyzes for the first time whether the 

brain volume reductions observed in primiparous women persist six years after delivery. 
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3. OBJECTIVES AND HYPOTHESES

The present thesis aims to characterize the cortical morphometry, mediating factors, and 

durability of the brain volume changes observed in first-time mothers from preconception 

to the postpartum. The specific objectives and hypotheses are as follows:  

• Objective 1: To characterize the specific brain morphometric features being

remodeled during the motherhood transition (Study 1: Carmona et al.,

(2019)). Hypothesis 1: Pregnancy will produce a profile of morphometric

brain changes that will resemble the cortical flattening of female adolescence,

the other major period of hormonal surges in a woman's life.

• Objective 2: To discern the contribution of pregnancy hormones (Study 1:

Carmona et al., (2019)) and the postpartum parenting experience (Study 2:

Martínez-García et al., (2022b)). Hypothesis 2: Gestational hormones will

be the main drivers of the neuroanatomical adaptations, while childbearing

experience will lead to subtler adaptations. Consequently, gray matter volume

reductions will be more pronounced in first-time mothers than in first-time

fathers.

• Objective 3: To determine whether these brain changes are confined to the

postpartum period or endure beyond that period (Study 3: Martínez-García

et al., (2021b)). Hypothesis 3: Gray matter volume reductions in first-time

mothers will partially recover during the postpartum but will not reach

preconception levels at six years postpartum.
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4. Study 1: Pregnancy and adolescence entail similar

neuroanatomical adaptations: A comparative analysis of cerebral

morphometric changes



Carmona, S., Martínez‐García, M., Paternina‐Die, M., Barba‐Müller, E., 
Wierenga, L.M., Alemán‐Gómez, Y., ... & Hoekzema, E. (2019). 
Pregnancy and adolescence entail similar neuroanatomical 
adaptations: a comparative analysis of cerebral morphometric 
changes. Human brain mapping, 40(7), 2143-2152.

Doi: https://doi.org/10.1002/hbm.24513
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5. Study 2: First-time fathers show longitudinal gray matter cortical

volume reductions: evidence from two international samples



Magdalena Martínez-García, María Paternina-Die, Sofia I 
Cardenas, Oscar Vilarroya, Manuel Desco, Susanna Carmona, 
Darby E Saxbe, (2022). First-time fathers show longitudinal gray 
matter cortical volume reductions: evidence from two 
international samples, Cerebral Cortex, ; bhac333.

Doi: https://doi.org/10.1093/cercor/bhac333 
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6. Study 3: Do Pregnancy-Induced Brain Changes Reverse? The Brain of a Mother Six 

Years after Parturition 
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Abstract: Neuroimaging researchers commonly assume that the brain of a mother is comparable
to that of a nulliparous woman. However, pregnancy leads to pronounced gray matter volume
reductions in the mother’s brain, which have been associated with maternal attachment towards
the baby. Beyond two years postpartum, no study has explored whether these brain changes are
maintained or instead return to pre-pregnancy levels. The present study tested whether gray matter
volume reductions detected in primiparous women are still present six years after parturition. Using
data from a unique, prospective neuroimaging study, we compared the gray matter volume of
25 primiparous and 22 nulliparous women across three sessions: before conception (n = 25/22),
during the first months of postpartum (n = 25/21), and at six years after parturition (n = 7/5). We
found that most of the pregnancy-induced gray matter volume reductions persist six years after
parturition (classifying women as having been pregnant or not with 91.67% of total accuracy). We
also found that brain changes at six years postpartum are associated with measures of mother-to-
infant attachment. These findings open the possibility that pregnancy-induced brain changes are
permanent and encourage neuroimaging studies to routinely include pregnancy-related information
as a relevant demographic variable.
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1. Introduction

Motherhood is a life-changing event that affects the social, psychological, and bio-
logical spheres. Biologically, pregnancy entails dramatic adaptations in the function and
structure of all physiological systems, including the brain. Studies in non-human animal
models indicate that pregnancy and motherhood modify the so-called maternal circuit: a set
of brain regions that includes reward and social processing areas [1–3]. Such modifications,
triggered by pregnancy and peripartum hormonal fluctuations and then by mother–pup
interactions, play a critical role in the onset, maintenance, and adjustment of maternal
care [4].

Results from neuroimaging studies in humans closely align with those obtained in
non-human animal models. For instance, functional magnetic resonance imaging (MRI)
studies show that the mother’s brain responds to her child’s stimuli by activating regions
involved in reward and social processing [5]. According to this literature, activations in
reward regions, especially in the nucleus accumbens, reflect the hedonic state that the
mothers experience when presented with stimuli of their child [6]. Activations in areas
involved in social processing, such as medial prefrontal cortex and precuneus, reflect
mentalizing or Theory of Mind (ToM) processes, that is, the disposition of a person to
interpret others’ minds, in this case, the mother’s disposition to interpret her infant’s
signs [7].

As compared to functional studies, very few have investigated whether pregnancy and
motherhood modify brain anatomy. Existing longitudinal data indicate that the transition
to motherhood also produces anatomical adaptations in reward and social cognition brain
circuits [8]. These adaptations seem to be dynamic: They differ in direction and magnitude
depending on the time frame studied (pregnancy vs. postpartum) [9–12]. Specifically,
whereas studies comparing preconception to postpartum brains found gray matter (GM)
volume decreases [13–15], those analyzing the brain from the early to late postpartum
period found GM volume increases [13,16,17]. This suggests a U-shaped trajectory of
volume decreases during pregnancy, followed by increases after parturition. However, it
remains to be determined if brain volume ever fully returns to pre-pregnancy levels. The
longest longitudinal study to date that tested the persistence of brain changes after the
early postpartum compared the neuroanatomical MRI data of primiparous women across
three sessions: a few months before their first pregnancy, during the early postpartum,
and at two years after parturition [14]. In this study, we found pronounced GM volume
reductions within ToM networks following the first pregnancy, and these reductions were
still detectable two years after parturition.

The first two years postpartum—which together with the intrauterine period are
known as “the first thousand days of life”—are considered a critical period to promote
optimal child development [17]. As infants are highly dependent, this critical period
of nurturance and care requires a tremendous maternal investment [18]. Since early
maternal care has been associated with neuroanatomical changes during pregnancy [14]
and postpartum [16,19], it is possible that mother’s brain structure returns to pre-pregnancy
levels after these first two critical years. If changes remit, they might indicate that they are
confined to the period of maximal maternal investment and that, after that, the mother’s
brain is equivalent to that of nulliparous women. On the contrary, if changes are still
detectable after this critical period, they might indicate that pregnancy has a long-lasting—
perhaps irreversible—impact on women’s brains. Still, it is unknown how the anatomy of
a woman’s brain evolves beyond the first two years postpartum.

Here, we assessed if a single pregnancy leaves a trace in the anatomy of a woman’s
brain that persists beyond the first two years of maximal maternal investment. For that, we
followed the subjects of the prospective cohort study of Hoekzema et al., 2017 [14], and
scanned them again at six years after parturition. We compared the brain of primiparous
and nulliparous women across three sessions: before conception (PRE), during the early
postpartum (POST), and six years after parturition (POST6y). We aimed to determine:
(1) if the GM volume reductions detected in the mother’s brain during their first and



Brain Sci. 2021, 11, 168 3 of 14

only pregnancy were still present six years after parturition and (2) if, based on GM
changes, we could classify women as never having been pregnant or as having been
pregnant more than six years ago. Finally, to corroborate that brain changes detected were
related to motherhood, we examined whether brain changes between the PRE and POST6y
sessions predicted the measures of mother-to-infant attachment collected during the early
postpartum.

2. Materials and Methods
2.1. Participants

In the previous study, we followed a prospective cohort study of 25 first-time mothers
and 20 nulliparous women that was set up to examine the effects of pregnancy on the
human brain [14]. For first-time mothers, the data set included one MRI session before
conception (PRE) and another during the early postpartum (POST). Mean time between the
PRE and POST sessions was 1.27 (±0.30) years. For nulliparous women, two MRI sessions
were acquired at comparable time intervals (Table 1).

Table 1. Demographic characteristics of the sample.

Group MOTHERS NULLIPAROUS

Session PRE POST POST6y PRE POST POST6y

n of participants 25 25 7 22 21 5
Age (mean ± s.d.) (years) 33.87 ± 3.89 35.14 ± 3.87 40.55 ± 3.14 31.17 ± 5.77 32.12 ± 6.03 38.83± 6.37

Education (n of subjects) 2 2 0 2 2 1
-School 4 4 2 4 3 1
-College 19 19 5 16 16 3
-University

Means of conception (n of subjects) 9 9 3
- - --Natural 16 16 4

-Fertility assisted

Time since the PRE session
(mean ± s.d.) (years) - 1.27 ± 0.30 7.22 ± 0.50 - 1.11 ± 0.31 7.57 ± 0.56

Time since parturition date
(mean ± s.d.) (months) - 2.45 ± 1.59 75.80 ± 7.07 - - -

The variables “age”, “education”, and “time since the PRE session” did not differ significantly between the groups of mothers and
nulliparous women at POST6y (age: p-value = 0.545, education: p-value = 0.462, time since the PRE session: p-value = 0.285). The means of
conception at the PRE and POST sessions were skewed toward fertility treatment. However, as stated in Hoekzema et al., 2017 [14], “there
were no gray matter volume differences between the groups.” Abbreviations are as follows: PRE = pre-pregnancy session, POST = early
postpartum session, POST6y = six years after parturition session, s.d. = standard deviation.

To assess the long-term effects of pregnancy, we re-contacted the participants for a
new MRI scanning session six years after parturition (POST6y) [14]. Among the 25 mothers
included in the original sample, five already had another child, one was pregnant, one
had a traumatic brain injury, three had moved out of the country, and eight either did not
reply or were no longer interested in participating in the study. This resulted in a final
sample of seven mothers (mean age 40.55 ± (3.14) years). For these seven mothers, we also
recovered their scores on the Maternal Postnatal Attachment Scale (MPAS), administered
during the first months of postpartum. Mean values for the three MPAS subscales were as
follows: “Quality of Attachment” = 36.87 (±4.75), “Absence of Hostility” = 16.19 (±2.94),
and “Pleasure in Interaction” = 22.00 (±1.83). To control for the effects of other unknown
confounding variables, we also contacted the nulliparous women of the original sample of
Hoekzema et al., 2017 [14]. Among the 20 nulliparous women, 14 had become mothers,
and three were no longer interested in participating in the study. To increase the sample,
for the present study, we also scanned two nulliparous women who were not included in
the previous study, but whose anatomical scans were obtained at comparable dates, in the
same scanner and using identical sequence parameters. For one of these women, a session
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matching the POST session time interval was also available, resulting in a sample of five
nulliparous women (mean age 38.83 ± (6.37) years).

Informed consent for the six-year follow-up session was obtained from all participants.
Table 1 provides a general description of the participants at each session. For further details
about the original sample and the analyses investigating the impact of demographic or clinical
factors on the results, see Hoekzema et al., 2017 [14] and Supplementary Tables S1 and S2.

2.2. MRI Data Acquisition

High-resolution anatomical MRI brain scans were acquired in a Philips Achieva 3 Tesla scan-
ner located at Hospital del Mar in Barcelona. The protocol was identical to that of the previous
sessions [15], consisting of a T1-weighted gradient echo pulse sequence (repetition time = 8.2 mil-
liseconds, echo time = 3.7 milliseconds, voxel size = 0.9375 mm × 0.9375 mm × 1 mm, field of
view = 240 mm × 240 mm × 180 mm, and flip angle = 8◦). During the POST6y session
acquisition, there was a software update on the Philips scanner (from version 5.1.7 to
version 5.3.1), and six participants out of 12 were scanned with a different software version.
The effects caused by the software update were isolated and corrected before the image
processing (see Supplementary Methods and Results 1 for the correction details).

2.3. Image Processing

Images were processed with SPM12 (https://www.fil.ion.ucl.ac.uk/spm/), imple-
mented in Matlab 2017b (https://es.mathworks.com/). We used the longitudinal sym-
metric diffeomorphic modeling pipeline [20], which produces for each subject a map of
volume change between sessions. We calculated the maps of volume change between PRE
and POST, and between PRE and POST6y sessions.

As previously mentioned, this study was a follow-up analysis, built upon the results
obtained in a previously published paper [20]. Thus, to avoid any potential bias due to im-
age processing steps, we applied a pipeline identical to that used in the previous study (see
Figure S2) [20]. Specifically, the anatomical images of each participant were longitudinally
registered. This step included rigid-body registration, intensity inhomogeneity correction,
and nonlinear diffeomorphic registration. The subjects’ images were then registered to
the within-subject average image to avoid biases associated with asymmetry in pairwise
registration, giving as a result the Jacobian determinants of the longitudinal pairwise
registration. The midpoint average images were segmented into specific tissues using the
unified segmentation algorithm [21]. Jacobian determinants were subsequently multiplied
by each subject’s GM segmentation, creating maps of GM volume change. These maps of
GM volume change were normalized into Montreal Neurological Institute (MNI) space us-
ing Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL)
tools and smoothed with a 12-mm, full-width, half-maximum smoothing kernel [22].

2.4. Statistical Analyses
2.4.1. Region of Interest Analyses

We performed a region of interest (ROI) analysis to focus on the specific areas known
to be affected during pregnancy. These ROIs were obtained from the results reported
in Hoekzema et al., 2017 [14], and correspond to regions where GM volume decreases
more in the mothers than in nulliparous women (GM volume changes ((Nulliparous POST-
PRE) − (Mothers POST-PRE))). Those ROIs, named based on their location within the
MNI space, are: Left Fusiform, Left Hippocampus, Left Inferior Frontal, Left Inferior
Orbitofrontal, Left Middle Frontal, Left Superior Temporal, Medial Frontal, Precuneus,
Right Fusiform, Right Inferior Frontal, and Right Superior Temporal (Figure S1). We created
an additional ROI including all the above mentioned regions named “All ROIs.”

For each ROI, we tested whether the mean GM volume changes (POST6y-PRE) and
the slopes (PRE to POST, and POST to POST6y) differed between groups after correcting
for the potential age effects. We used the non-parametric Wilcoxon–Mann–Whitney test
to determine the significance of the group comparisons. The test was limited to one side

https://www.fil.ion.ucl.ac.uk/spm/
https://es.mathworks.com/
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as we specifically expected to find more decreases in the mothers than in the nulliparous
group. The threshold was set to False Discovery Rate-Adjusted p-value (q-value) of 0.05 to
correct for multiple comparisons [23].

2.4.2. Whole-Brain Analyses

As exploratory analyses, we examined if groups showed GM volume increases or
decreases (between the PRE and POST6y) in other regions not included within the ROIs. We
did a whole-brain, voxel-based analysis through a General Linear Model, including age as
a covariate. The significance threshold was set to p-value < 0.05 family-wise error-corrected,
and a cluster of 25 contiguous voxels.

2.4.3. Pattern Recognition Analyses

For classification and regression tests, we performed the multivariate pattern recog-
nition analyses in PRoNTo (version 2.10; http://www.mlnl.cs.ucl.ac.uk/pronto/), imple-
mented in Matlab. Briefly, the pipeline searches for regularities in the maps of GM volume
changes and trains a decision function. This function is used to predict the label of the
images based on the signal regional contribution within the image. When the labels are
discrete (e.g., mothers vs. nulliparous women), the learned function is called the classi-
fier model; when they are continuous (e.g., MPAS scores), it is called regression model.
Here, we performed both approaches. First, we used a support vector machine model
to test the power of the GM changes (POST6y-PRE) to discriminate between the groups
while including age at POST6y as a potential confounder. Then, with a multiple kernel
ridge regression algorithm, we tested whether mothers’ brain changes could predict MPAS
scores. To evaluate the performance of the pattern recognition analyses, we examined the
accuracy of the classification and the goodness of fit measures for the regression models
using a leave-one-out, cross-validation strategy. The models’ statistical significances were
calculated non-parametrically with 10,000 permutations at a threshold of p-value < 0.05.

2.4.4. Positive Predictive Value (PPV)

Given our limited sample size at POST6Y, as a post hoc analysis, we calculated the
positive predictive value (PPV) of our results [24,25]. The PPV is the probability that a
“positive” or significant finding reflects a true effect. This probability was calculated for the
between-group differences in GM volume change (POST6y-PRE) in the “All ROIs” mask
(Supplementary Methods and Results 2).

2.4.5. Supplementary Analyses

Due to an unexpected technical problem, the radiofrequency head coil (RFHC) had to
be replaced for three (two nulliparous and one primiparous woman) participants out of 12.
To ensure that our findings did not depend on this variable, we repeated the main analysis
excluding these participants. Supplementary Methods and Results 3 show that the main
findings persisted after excluding the subjects with a different RFHC.

3. Results
3.1. Region of Interest Analyses

When comparing the GM volume changes between the PRE and POST6y in the “All
ROIs” mask, we found larger decreases in the mothers’ group than in the nulliparous’ group
(p-value = 0.015). Figure 1 and Table S3 show the estimated GM volume trajectories (means
and slopes) in both groups, for every ROI and every session (PRE, POST, and POST6y).
Results of the early postpartum session belonged to the previous study of Hoekzema et al.,
2017 [14], and are included in Figure 1 as reference. As can be observed, most of the ROIs
followed the same pattern of change and remained reduced six years after parturition
(POST6y-PRE). When studying the group differences at POST6y, all the ROIs survived
multiple comparisons, except for the Left Hippocampus (p-value = 0.053), Left Inferior
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Orbitofrontal (p-value = 0.074), and Left Superior Temporal (p-value = 0.053) that did not
reach the threshold established for statistical significance.
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3.2. Whole-Brain Analyses

Whole-brain, voxel-wise comparisons also indicated that prominent GM volume
decreased in the mothers’ group. As shown in Figure 2, these volume decreases affected
regions within the explored ROIs, especially those of the medial wall such as the Medial
Prefrontal cortex, the Precuneus, and other lateral areas outside the ROIs. We did not find
any significant increase in the mothers’ group or changes—either increases or decreases—
within the nulliparous women.
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3.3. Pattern Recognition Analyses
3.3.1. Classification

Figure 3 shows the results of the classification analysis. At six years after parturition,
it is still possible to accurately discriminate between mothers and nulliparous women.
Based on the GM volume changes between the PRE and the POST6y session, all mothers
were correctly identified (class accuracy = 100%, p-value = 0.023), and only one nulliparous
woman was misclassified as a mother (class accuracy = 80%, p-value = 0.059). This resulted
in a total accuracy of 91.67% of women correctly classified and a group balanced accuracy
of 90% (p-value ≤ 0.011).
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Figure 3. Classification analysis based on the gray matter volume changes between pre-pregnancy
and six years after parturition sessions. Black diamonds represent the mothers, and white circles
represent the nulliparous women. The dashed line is the cutoff function value between both groups.
Classification function values (mean ± s.d.) for mothers and for nulliparous women are 0.899 ± 0.428
and −0.530 ± 0.448, respectively.

3.3.2. Regression

Regression analyses indicated that GM volume changes between the PRE and POST6y
sessions significantly predicted postpartum scores of the MPAS subscale “Pleasure in
Interaction” (Figure 4). Post hoc Spearman correlations indicated that the larger GM
reductions at POST6y, the higher scores on the scale “Pleasure in Interaction” (Figure 5).
No significant predictions were found for the MPAS subscales of “Absence of Hostility”
and “Quality of Attachment”.

3.4. Positive Predictive Value (PPV)

The estimated Cohen’s d of the between-group differences in the GM volume change
(POST6-PRE) of the “All ROIs” mask was 1.635, and the statistical power of the test
was 0.768 (Supplementary Methods and Results 3). The large effect size counteracted the
reduced PPV commonly associated with the reduced sample size. As indicated in Figure S3,
the probability that the between-group difference in the “All ROIs” mask reflected a true
effect, that is, the PPV, was 0.939.
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Figure 4. Regression analysis of the postpartum MPAS subscale of “Pleasure in Interaction” based
on the gray matter volume changes between pre-pregnancy and six years after parturition sessions.
The graph shows predicted (X-axis) versus actual “Pleasure in Interaction” MPAS score (Y-axis). The
mean value (±s.d.) of the predicted score is 22.127 (±1.140), the correlation coefficient with the actual
score is (R) = 0.65, p-value = 0.020, nMSE = 0.330, and pnMSE = 0.017. Abbreviations are as follows:
MPAS = maternal postpartum attachment scale, s.d. = standard deviation, nMSE = normalized mean
squared error, pnMSE = p-value of normalized mean squared error.
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4. Discussion

We found that most pregnancy-induced GM volume reductions in ToM brain regions
persist at least six years after parturition. Based on GM volume changes at six years
postpartum, we can classify women as having been pregnant or not with 91.67% of total
accuracy. We also found that GM brain changes six years after parturition are associated
with measurements of mother-to-infant attachment collected during early postpartum,
supporting the hypothesis that the detected brain changes between the PRE and POST6y
sessions are, indeed, related to early postpartum scores on the maternal attachment scale.

To put in perspective the following discussion, we would like to first address the main
limitation of our study: the reduced sample size at POST6y. Small sample sizes are common
in longitudinal studies tracking the effect of pregnancy on the brain. Aside from Hoekzema
et al., 2017 [14], the other published study describing the impact of pregnancy on the
human brain included data from only nine mothers, only two of whom had pre-pregnancy
scans [13]. The reason behind such limitation is that scanning participants before and
after pregnancy is challenging because it implies predicting the moment of conception and
ensuring the viability of the pregnancies. For the current study, which was a continuation
of Hoekzema et al., 2017 [14], we started with a sample of 25 primiparous women and
followed them for six years. For the six-year, follow-up MRI session, we had to exclude
mothers with second pregnancies, as well as female controls who became mothers. This, in
addition to the typical dropout of such long longitudinal studies, led to a final sample of
seven first-time mothers and five nulliparous women. To date, this sample represents the
only longitudinal data set available to examine the long-term effects of pregnancy on the
human brain. Statistically, we tried to minimize the caveats of small sample sizes by using
more robust non-parametric tests and selecting a restrictive threshold corrected for multiple
comparisons. Also, to determine the ratio of true “positive” findings, we calculated the
PPV of our results. As our main effects were large, the PPV associated was also large.
Specifically, the estimated probability that our significant findings indeed reflected a true
effect was 0.939.

Despite the abovementioned sample size limitations, the insights provided from
this unique data set indicate that pregnancy leads to GM volume reductions that are still
detectable six years after parturition. This finding supports previous literature and provides
new insights about the trajectories and the temporality of the brain changes accompanying
motherhood. Before the current study, only six longitudinal MRI studies were designed to test
the impact of motherhood on the anatomy of a woman’s brain [13,15,17,26]. Whereas Kim
et al., 2010 [16], Lisofsky et al., 2019 [17], and Luders et al., 2018 [26], approached the topic
of motherhood by analyzing how the brain changes during the postpartum period, only
Oatridge et al., 2002 [13], and Hoekzema et al., 2017 [14], included the pregnancy period.
Together, these studies suggest that there are GM volume decreases during pregnancy [13,14],
followed by increases after parturition [13,17,26].

There is controversy on whether GM reductions fully recover during the postpartum.
According to Oatridge et al., 2002 [13], there is a reduction in brain size during pregnancy
with an inflection point at parturition and a recovery at six months postpartum. On the
contrary, Hoekzema et al., 2017 [14], found that the GM volume reductions detected during
pregnancy persisted at least two years after parturition. As opposed to Oatridge et al.,
2002 [13], in our previous study we included a control group and restricted the sample to
primiparous women [14]. The inclusion of a group of nulliparous women is crucial to con-
trol for brain changes induced by aging, as well as by other possibly unknown confounding
factors. Besides, it is essential to control for the effect of previous pregnancies since, ac-
cording to rodent literature, the number of pregnancies affects behavior, neurobiology,
and hormonal sensitivity [27]. Here, we showed that most of the GM volume reductions
observed when comparing pre-pregnancy with postpartum brains are still present six years
after parturition. Likewise, whole-brain analyses revealed that GM volume decreases,
while no significant increases with respect to the PRE session were detected. Our results
also revealed that women were classified as being mothers or not with a 91.67% total
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accuracy based on GM volume changes. Every mother was correctly classified, and only
one nulliparous woman was misclassified. Altogether, our data suggest that the magnitude
of GM volume decreases associated with pregnancy exceeds potential increases during
early postpartum and that, even six years after parturition, pregnancy-induced GM volume
changes have not remitted. Literature in rodents indicates that some of the behavioral
and neural changes induced by pregnancy are maintained after the weaning period [28].
Behaviorally, the dams of post-weaned rats are less anxious and fearful than virgin rats [29]
and have better foraging and spatial memory skills [30–33]. Also, primiparous rats initiate
maternal behavior faster when grouped with donors’ pups [28], and multiparous mice
retrieve pups faster than primiparous dams [34], thus illustrating the long-term prim-
ing effects of previous pregnancies. Neurally, the previous reproductive experience is
known to cause long-term changes in crucial areas of the maternal brain circuit, especially
in the hippocampus and hypothalamus. Specifically, the hippocampus of post-weaning
primiparous rats differs from that of virgin rats in several aspects such as dendritic struc-
ture [35,36], amount of neural aging [31], and estrogens’ sensitivity [37]. Besides, in mice,
post-weaning primiparous dams exhibit altered hypothalamic gene expression compared
to virgin mice [38].

In humans, recent cross-sectional studies also support the long-term effects of parent-
hood on the brain. In particular, they indicate that elderly subjects who were parents differ
anatomically from those who did not have children [39,40]. Those long-term effects may
be mediated by hormonal factors. Other periods of acute exposure to estrogens, such as
adolescence or hormone therapy in male-to-female transgender subjects, lead to reductions
in GM volume that extend beyond the period of hormonal exposure [41,42]. Indeed, some
of these GM volume reductions, such as those observed during adolescence, are considered
life-lasting. We recently showed that the profile of neuroanatomical changes induced
by pregnancy resemble those occurring during adolescence [15]. There, we discussed
the potential biological mechanisms behind these GM volume reductions [15]. Here, we
showed that at least some pregnancy-induced brain changes remain several years after
parturition. Findings open the possibility that brain changes induced by pregnancy are,
indeed, permanent.

Besides hormonal factors, another plausible mediator of the enduring effects of moth-
erhood on the brain is the day-to-day caring of the infant. Research has shown that the
interaction with the baby during the postpartum period can impact the anatomy and
functionality of the caregiver’s brain, either in mothers [16,43], fathers [44,45], or foster
parents [46]. The long-term maternal commitment forces women to continuously stay alert
for the infants’ needs and to engage multitasking strategies to take care of them. In fact,
enhanced working memory has been reported long after the weaning in female rodents that
both gestated and mothered the pups, but not in females that had only undergone preg-
nancy [47], suggesting that some of the brain changes in mothers are long-term maintained
by the ongoing relationship with the child.

In addition, it is plausible that factors not directly related to pregnancy and mother-
hood could account for the observed brain changes. However, we believe this is unlikely.
To minimize the possible effect of confounding factors, we used three strategies. First, we
restricted the analysis to the ROIs that, according to the results of Hoekzema et al., 2017 [14],
underwent a GM volume reduction between the pre-pregnancy and post-pregnancy ses-
sions. Importantly, quantification analyses with all the functional brain networks (seven-
network parcellation by Yeo et al., 2011 [48]) showed that these ROIs overlap with regions
involved in ToM [14], a brain network that has been extensively related to maternal behav-
ior [49]. Second, we performed a whole-brain analysis of GM volume changes (between
the pre-pregnancy and the six years after parturition sessions), in which we included age
as a nuisance covariate. The results indicated that the GM volume reductions detected
in the current study are not driven by age variability. Finally, we tested the association
between the gray matter volume reductions in the “All ROIs” mask observed at six years
postpartum and a key feature of maternal care: mother-to-infant attachment. Specifically,
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we analyzed whether the observed brain changes were related to the scores obtained
during the early postpartum on the MPAS, a scale that measures maternal attachment.
Both prediction models and correlation analysis suggest that the observed brain changes
are related to maternal attachment. Specifically, the more pleasure the mother reported
while interacting with her child, the greater the decrease in GM volume between sessions.
Hence, although we cannot entirely discard the influence of other unknown factors, a
plausible interpretation is that the brain changes found at six years postpartum are related
to pregnancy-related factors.

Although more research is needed, our findings are consistent with animal research,
which indicates that gray matter modifications are triggered by pregnancy and peripartum
hormonal fluctuations and play a critical role in maternal care. Indeed, a recent study
suggests that pregnancy might represent another time of a woman’s lifespan akin to puberty,
where hormonal fluctuations might have organizational effects on the brain structure [15].

5. Conclusions

In conclusion, we used a unique data set to study the long-term effects of pregnancy on
the human brain. Our results illustrate that pregnancy-induced brain changes are detectable
even at six years after parturition; at this period, the brain of a mother is still different
from that of a nulliparous woman. In fact, based exclusively on GM volume changes, we
can correctly classify women as having undergone pregnancy or not with 91.67% of total
accuracy. Those brain changes seem to be related to maternal behavior, as they predict
the measure of mother-to-infant attachment collected during the early postpartum. These
findings open the possibility that the brain changes induced by pregnancy are lifelong and
enduring.
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7. GENERAL DISCUSSION 

 

This final chapter discusses the impact of the research of the present thesis on the parental 

brain field, health system and society as a whole. A detailed discussion of the specific 

results of each study can be found in the articles. The section begins by providing a 

broader view of the significance of the findings. Then, it discusses the potential 

neuroplasticity mechanisms operating in the human maternal brain. Finally, the chapter 

describes the limitations of the current thesis and proposes several future lines of research.  

 

7.1.  Significance and impact of the findings  

 

In Study 1, a detailed surface-based morphometric analysis unveiled, for the first time, 

the effects of pregnancy on the cortical mantle and sulcal anatomy of the human cerebral 

cortex (Carmona et al., 2019). The exact brain morphological measures are depicted in 

Figure 1 of the article. The study analyzed the MRI prospective data of a group of 25 

female adolescents who had never been pregnant, a group of 25 first-time adult mothers, 

and a group of 20 adult females who had never been pregnant. The results reveal that the 

pre-to-post pregnancy gray matter reductions initially found by Hoekzema et al., (2017) 

reflect a flattening of the cortex similar to that taking place during adolescence, that is, a 

thinner and less gyrified cortex with shorter, narrower, and shallower sulci (Figure 2, 

Study 1). These results have two major implications in the field of parenting and 

neuroplasticity. First, this study suggests that the phenomenon “matrescence”, coined by 

the anthropologist Dana Raphael in the 1970s, might indeed have a neurobiological basis. 

Just as adolescence describes a teenager's transition to adulthood, “matrescence” 

describes a woman's transition to motherhood and all the psychological and cognitive 

changes that it brings (Raphael, 2011). Study 1 shows that the similarities between the 

adolescence and motherhood transitions are also evident at the neuroanatomic level; that 

both periods involve an alike flattening of the cortex. Many studies propose that gray 

matter volume reductions during adolescence reflect a pruning or selective elimination of 

synaptic boutons (Huttenlocher, 1979; Huttenlocher & Dabholkar, 1997) and the 

surrounding glial cells and vasculature elements (Mills & Tamnes, 2014). Whether the 

neural mechanisms that govern the cortical flattening of adolescence can also apply to 

pregnancy is still under debate (see section 7.2 for further information about the plasticity 
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mechanisms that have been proposed to subserve human maternal brain changes). 

Second, Study 1 reports similar neuroanatomic changes during two periods of significant 

increases in steroid hormones, which are key regulators of neuroplasticity, memory, and 

behavior (Galea et al., 2017). These findings suggest that pregnancy, like adolescence, 

may be a “sensitive period” when steroid hormonal priming triggers an augmented state 

of neuroplasticity that serves an adaptive purpose for the cognitive and emotional 

challenges posed by motherhood.  

 

While the results of Study 1 support the view that steroid hormones are the primary 

mediators of maternal brain changes, experience-dependent factors associated with 

approaching parenthood can also induce brain plasticity. Among these experience factors 

is the interaction with the baby after birth. Study 2 aimed to isolate the experience-induced 

effects on the parental brain by following the brains of two overseas samples of first-time 

fathers participating in parenting, since they experience the cognitive and emotional 

demands of caring for a newborn without going through pregnancy (Martínez-García et 

al., 2022b).  Two samples of first-time fathers, one in Spain and the other in California, 

were scanned before and after the delivery of their partners and were compared with a 

control group of childless men. This study demonstrates that the parental brain structural 

adaptations in mothers and fathers share common bases but also differ in some ways. On 

the one hand, the results of the study indicate that, similarly to mothers, both samples of 

first-time fathers show significant cortical reductions across fatherhood. These changes 

are, however, less marked than those previously seen in mothers after their first 

pregnancy. While first-time mothers display a 2.6% reduction in total cortical volume 

(Study 1), Californian and Spanish fathers display a 1.14 % and 0.76% reduction, 

respectively (Study 2). These findings suggest that both gestational factors and the 

postpartum experience as a parent can trigger structural neuroplasticity in the parental 

brain. Fathers’ cortical reductions are located in brain networks linked to social cognition 

and visual processing. One interpretation is that such reductions reflect a fine-tuning of 

brain areas that control behaviors required for childrearing such as sustained attention and 

mentalizing. In this article, there were no specific measures of participants' paternal 

involvement to indicate if there was any relationship between father-infant interaction 

and parental brain plasticity, but other studies have suggested that the caregiving practice 

and father-to-infant feelings can help develop the paternal brain both at the structural 
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(Kim et al., 2014) and functional levels (Abraham et al., 2014). On the other hand, Study 

2 finds unique brain structural adaptations in fathers. In mothers, literature has 

consistently reported structural changes in cortical circuits involved in social cognition, 

as well as in subcortical circuits associated with motivation and reward processing 

(Martínez-García et al., 2021a). Conversely, according to Study 2 fathers exhibit changes 

in cortical networks but preservation of subcortical structures. According to these 

findings, postpartum parenting may induce plasticity primarily in cortical networks that 

facilitate the cognitive and emotional demands of parenting, while subcortical circuits 

may be more sensitive to pregnancy-related factors. The findings suggest that fathers who 

spend time at home after birth become more attuned fathers, which has tremendous 

implications for family policies and parental leave plans. In fact, this study, and others 

from our team (Paternina-Die et al., 2020), have appeared in opinion articles of 

prestigious magazines (New York Times, Medscape) to explain why parenting 

responsibilities and paid family leave is not just a women’s issue, but one that concerns 

all caregivers. The article derived from Study 2 has received high online interest, ranking 

among the top 5% of all research outputs monitored by Altmetrics.  

 

Lastly, Study 3 tracked the durability of the maternal brain changes beyond the period of 

maximal maternal investment (Martínez-García et al., 2021b). It is becoming increasingly 

apparent from brain aging studies that motherhood may have a long-lasting impact on the 

brain (de Lange, Barth, Kaufmann, Anatürk, et al., 2020; de Lange et al., 2019). Yet 

longitudinal studies have not explored the maternal brain beyond the first two years 

postpartum. Trying to fill this gap of knowledge, Study 3 re-contacted primiparous 

mothers of the study of Hoekzema., (2017) for a follow-up MRI scanning session at six 

years postpartum. Despite its small sample size (seven mothers and five controls), this 

study represents the only longitudinal available dataset exploring the long-term effects of 

pregnancy on the human brain. Results indicate that most pregnancy-induced gray matter 

volume reductions have not remitted six years after parturition. In combination with the 

results of Study 1, these findings suggest that pregnancy is another time of a woman’s 

life similar to adolescence, when hormones might have profound organizational effects 

on the brain structure that extend far beyond the period of hormonal exposure. Besides 

hormonal factors, changes may be long-term maintained by the ongoing relationship and 

interaction with the child. In any case, the long-term effects of motherhood on the brain 

https://www.nytimes.com/2021/11/08/opinion/paid-family-leave-fathers.html
https://www.medscape.com/viewarticle/981165
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suggest that parenting-related variables should be routinely included in neuroimaging 

studies, especially when studying healthy and disrupted brain aging trajectories. As of 

now, the UK Biobank is the only publicly available large-scale MRI database that collects 

the reproductive history of middle-aged participants. This resource has led to numerous 

findings of the female-specific traits of brain aging (de Lange, Barth, Kaufmann, Anatürk, 

et al., 2020; de Lange, Barth, Kaufmann, Maximov, et al., 2020; de Lange et al., 2019; 

Voldsbekk et al., 2021). Initiatives like this will advance our understanding of women’s 

health, which has been overlooked in the past.  

 

The studies comprising this thesis are unique in their well-controlled design, which 

provides valuable insight into the impact of motherhood on the female brain. First, in 

contrast to the vast majority of cross-sectional studies comparing parents and nonparents 

at a single postpartum time-point, the study designs used in this thesis are longitudinal, 

following the same subjects at different time-points during the parental transition. 

Longitudinal designs provide more accurate information about brain changes and require 

far fewer participants than cross-sectional designs, since they control for natural inter-

individual variations (Mills & Tamnes, 2014). Second, while most longitudinal studies 

have scanned parents during the postpartum, the studies of this thesis capture the entire 

parental transition by scanning participants before conception and then again at different 

postpartum stages. This strategy is especially challenging because it depends on the 

success of conception and pregnancy, which inevitably leads to a slow recruitment and 

dropouts. Third, to minimize the noise caused by image acquisition, age, and other 

confounding variables, these longitudinal studies included a comparison group of non-

parents, which although necessary is unusual in the parental brain literature. Fourth, this 

thesis has restricted the sample of study to first-time parents, which adds another layer of 

complexity to recruitment. Lastly, some of these studies derive from international 

collaborations that have enabled the inclusion of longitudinal samples with additional 

valuable information, such as the sample of female adolescents (Study 1) and the sample 

of first-time Californian fathers (Study 2). All in all, it has been costly and time-

consuming to implement these studies because they require the collection of large 

amounts of initial data and long periods of time between acquisitions. Yet, these unique 

naturalistic observational experiments in humans have paved the way for understanding 

the structural neuroplasticity of the human parental brain. 

https://www.ukbiobank.ac.uk/
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In the last years, the articles of the present thesis have been present in the public debate 

of motherhood and perinatal mental health. They have been broadcasted in high-profile 

media outlets such as The New York Times, The Atlantic, The Economist and The 

Conversation. In Spain, these articles have been promoted via the “Instituto Europeo de 

Salud Mental Perinatal”, high-reach podcasts such as “Carne Cruda” and “A vivir que 

son dos días”, and social media channels such as Instagram and Twitter. The audience 

our findings have reached is diverse, from parents and parents-to-be to professionals such 

as gynecologists, obstetricians, psychiatrists, midwives, nurses, or psychologists. While 

some media have misread our findings as reflecting a negative “shrinkage” and cognitive 

impairments (Norrmén-Smith et al., 2021), most have seen them as proof of the many 

benefits of motherhood (The Atlantic).  

 

7.2.  Proposed neuroplasticity mechanisms  

 

In all three articles reviewed by this thesis, reported brain changes point in the same 

direction of reductions in gray matter volume. These structural brain changes have been 

raised to reflect a neural adjustment and a hallmark for neuroplasticity (Been et al., 2021, 

p. 202). Perhaps it is unexpected that gray matter reductions would lead to a functional 

improvement. In fact, media have often misinterpreted maternal brain findings (Norrmén-

Smith et al., 2021), mistakenly linking volume reductions to the popular perception of 

decreased cognitive abilities in pregnancy, colloquially referred to as ‘mommy brain’ or 

‘baby brain’ (Pownall et al., 2021). These headlines were written under the assumption 

that neuroplasticity is only supported by proliferative events. However, contrary to 

popular belief, structural decreases within the nervous system are not always linked to 

behavioral deficits such as those observed in aging or neurodegenerative disorders 

(Pawluski et al., 2021). As explained in section 3.1 of the Introduction, pruning synapses, 

and surrounding glial and vascular elements promotes healthy behavioral outcomes 

during developmental stages such as adolescence. Similarly, the observed gray matter 

volume reductions observed during the parental transition have been found coupled with 

behavioral changes that improve the subjects' ability to deal with the challenges ahead. In 

particular, in both human mothers and fathers, gray matter is associated with greater 

https://www.theatlantic.com/family/archive/2022/05/you-dont-have-mom-brain-youre-overworked/629792/
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responsiveness and attunement towards the newborn during the postpartum period 

(Hoekzema et al., 2020; Paternina-Die et al., 2020).  

 

Currently, researchers are unable to determine the microscopic mechanisms underlying 

the changes in mothers' human brain structures, but ex vivo non-human animal research 

can provide some hypotheses. Typical MRI anatomical images of the human brain have 

a spatial resolution of approximately 1 cubic millimeter (mm3), a volume that contains 

thousands of neurons and glial cells, as well as neuronal processes, blood vessels, 

intracortical myelin, and dendritic spines (Mills & Tamnes, 2014). While this resolution 

is adequate for capturing major neuroanatomical trends, it is not enough for capturing 

molecular and cellular processes. Histological experiments conducted on rodents are 

better suited to examine neuroplasticity. 

 

Rodent studies indicate that the parental transition comprises multiscale neuroplasticity 

changes that reflect a ‘fine tuning’ of the brain (Pawluski et al., 2021). At the molecular 

level, synaptic plasticity is enhanced with motherhood (Hillerer et al., 2014; Pereira, 

2016). Neuroplastic changes include morphological modifications such as increased 

dendritic arborization (Haim et al., 2014; Hillerer et al., 2018; Pawluski et al., 2012; 

Salmaso et al., 2011; Stern & Armstrong, 1998) and spine density (Haim et al., 2014; 

Hillerer et al., 2018; Kinsley et al., 2006; Opala et al., 2019; Salmaso et al., 2011), which 

enable neuronal circuits to establish new synapses. Plasticity in the rodent maternal brain 

also involves larger scale changes in the number of neuronal and glial brain cells, namely 

decreases in neurogenesis (Leuner & Sabihi, 2016) and microglial proliferation (Haim et 

al., 2017), as well as increased myelin production and repair (Gregg et al., 2007; Kalakh 

& Mouihate, 2019). Among all these indicators of neuroplasticity, changes in neuronal 

and glial cell number are likely to translate directly into the large-scale gray matter 

reductions observed in human mothers, given the scale of change they entail compared to 

molecular and morphological modifications. Microglial and neurogenesis decreases 

would directly translate into gray matter reductions, whereas myelination would cause an 

apparent decrease in gray matter by misclassifying voxels at tissue interfaces as white 

matter. As in rodents, it is possible that the transition to motherhood also leads to 

molecular and morphological brain changes, but these may contribute very little to 

macroscopically visible structural changes. 
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7.3.  Limitations and future directions 

 

The longitudinal studies that compose this doctoral thesis offer a unique lens into the 

structural plasticity of the human maternal brain. Findings of Study 1 (Carmona et al., 

2019), 2 (Martínez-García et al., 2022b) and 3 (Martínez-García et al., 2021b) provide 

valuable insight into the morphological details, mediating factors, and durability of brain 

changes in human mothers. Still, these studies share a number of caveats that difficult to 

entirely resolve these questions. This section discusses the main limitations of the studies 

and how current and future projects overcome these constraints. 

 

First, the sample sizes of the three current studies are relatively small. This reduced 

sample size is especially notable in Study 3, which includes seven first-time mothers at 

six years postpartum and five nulliparous women (Martínez-García et al., 2021b). This 

follow-up study needs to be replicated with larger samples. In addition, the candidate is 

co-coordinating a multimodal MRI study (hereafter referred as “the multimodal project”) 

that currently includes more than 400 primiparous women evaluated at different time 

points of their motherhood transition. These larger samples will increase the sensitivity 

to detect meaningful changes in the maternal brain not captured by the current studies.  

 

One key research line in the parental brain is determining the temporal course of the 

motherhood-induced brain changes. Study 1 (Carmona et al., 2019) and 3 (Martínez-

García, et al., 2021b) of this thesis scanned mothers before pregnancy and after delivery, 

thus cannot disentangle with certainty whether the gray matter volume reductions were 

triggered during pregnancy, delivery or postpartum. Other scholars have scanned mothers 

at two times during the postpartum (Kim et al., 2010; Lisofsky et al., 2019; Luders et al., 

2020; Zhang et al., 2020), leaving a critical gap of knowledge during pregnancy and 

parturition. In a recent published review article, the candidate combined findings from 

longitudinal studies that had tracked the brain anatomy of mothers thus far and inferred a 

dynamic trajectory of initial gray matter decline followed by an increase during 

postpartum (Martínez-García, et al., 2021a). For researchers to be able to confirm these 

proposed brain trajectories, it is crucial to scan participants multiple times during 

pregnancy and postpartum. For this purpose, the multimodal project is scanning 
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participants five times across the motherhood transition: before pregnancy, during the 

second and third trimesters, and at one and six months postpartum.  

 

It is also imperative to clarify the gestational factors that coordinate the brain remodeling 

of the human maternal brain. Murine models indicate that maternal brain changes are 

facilitated by pregnancy-related hormonal fluctuations (Numan, 2020, Chapter 3). 

However, the studies of this thesis were unable to evaluate the hormonal correlates of the 

maternal brain changes, since there were no assessments of pregnancy hormone levels. 

In order to fill this gap in humans, the multimodal project will evaluate the inter-subject 

variability in brain changes associated with peripheral hormonal. Also, recent findings 

point to immune activity fluctuations during pregnancy as an additional potential trigger 

of maternal brain remodeling (Haim et al., 2017). The pregnancy-related immune 

adaptations seem to also extend to the central nervous system, populated by 

immunocompetent macrophage glial cells known as microglia (Prinz et al., 2021). Future 

studies need to explore the contribution of peripheral and central immune markers on 

maternal brain plasticity. As for experiential factors, the studies of this thesis lack 

measures of parenting (Carmona et al., 2019; Martínez-García et al., 2021b; Martínez-

García et al., 2022b). The multimodel project is collecting more precise quantitative and 

qualitative measures of maternal investment, which will shed light on the amount of brain 

plasticity induced by the parenting experience. At the same time, the sleep quality and 

stress levels will be considered as potential contributors of the maternal brain changes, 

especially during the postpartum. Finally, the addition of a group of non-gestational 

mothers in future projects will allow to capture the influence of extrinsic postpartum 

factors while also excluding potential influences of sex and gender, complementing the 

findings of Study 2.  

 

Of note, this thesis focuses on gray matter tissue changes, but white matter integrity, 

myelination, and functional connectivity among maternal brain regions of interest are also 

likely to be affected during the motherhood transition. The multimodal MRI sequences 

of the project (anatomical, resting-state, diffusion, and spectroscopy) will allow to 

characterize the motherhood transition in terms of brain morphometry, white matter 

microstructure, functional and structural connectivity. Furthermore, multimodal MRI 

acquisitions will reveal potential neuroplasticity mechanisms behind the macroscopic 
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MRI brain changes observed in mothers, which cannot be detected by the T1-weighted 

anatomical images of the current thesis. For instance, spectroscopy will quantify markers 

of neuronal and glial activity and processes such as cell proliferation or apoptosis, 

diffusion MRI will be used to estimate white matter integrity, fiber orientation, myelin 

density, and axon diameters, and resting-state fMRI will inform about different patterns 

of functional connectivity.  

 

Lastly, the studies of this thesis focused on delineating the healthy pattern of brain 

adaptations in mothers. The multimodal project will be novel in evaluating how the 

deviations of these brain adaptations are related to the emergence of postpartum mental 

health disorders. Specifically, the project will compare the profile of brain changes in 

mothers with and without postpartum mental health disorders. Postpartum mental health 

will also be explored in relation to different birth courses and birth experiences, since the 

degree of intervention and the mother's psychological and physiological experience 

during labor can all affect the mother's mental health postpartum.    
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8. CONCLUSION 

 

In the last 20 years, our understanding of the human maternal brain has grown 

considerably. The neuroendocrinology of maternal behavior in rodents was established 

before the 20th century. A new generation of maternal brain researchers has demonstrated 

groundbreaking evidence that becoming a mother impacts a woman’s brain structurally 

and functionally. Through longitudinal neuroimaging designs with first-time parents, the 

present thesis contributed to characterize brain changes in first-time mothers in terms of 

cortical morphometry, mediating factors, and durability. The main findings of the studies 

are summarized below:  

 

• Study 1: The pre-to-post pregnancy gray matter reductions initially found by 

Hoekzema et al., (2017) reflect a flattening of the cortex similar to that taking 

place during adolescence, that is, a thinner and less gyrified cortex with shorter, 

narrower, and shallower sulci (Carmona et al., 2019). 

• Study 2: First-time fathers show cortical reductions across fatherhood which 

are less marked than those seen in mothers after their first pregnancy. Brain 

adaptations in first-time parents can be triggered both by gestational factors 

and by postpartum experiences, but gestational factors play a greater role 

(Martínez-García, et al., 2022b). 

• Study 3: Most gray matter reductions in first-time mothers do not remit six 

years after delivery, raising the possibility that they may be permanent 

(Martínez-García, et al., 2021b). 

 

Altogether, these findings suggest that becoming a mother leads to a prolonged state of 

neuroplasticity that supports the pending challenges of motherhood. This thesis aligns 

with the recent tradition of rewriting the history of motherhood as a period of gains rather 

than losses. 
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