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Abstract

Pregnancy and the transition to parenthood is an important period marked by dramatic neurobiological and psychosocial
changes that may have implications for the health of women and offspring. Although human and non-human animal
research suggests that the brain undergoes alterations during the peripartum period, these changes are poorly understood.
Here, we review existing research, particularly human neuroimaging and psychophysiological research, to examine changes
in brain structure and function during the peripartum period and discuss potential implications for the health of women
and offspring. First, we discuss the potential causes of these changes across pregnancy, including physiological and
psychosocial factors. Next, we discuss the evidence for structural and functional changes in the brain during pregnancy and
into the postpartum period, noting the need for research conducted prospectively across human pregnancy. Finally, we
propose potential models of individual differences in peripartum neurobiological changes (i.e. hypo-response, typical
response, hyper-response) and emphasize the need to consider trajectories of change in addition to pre-existing factors that
may predict maternal adjustment to parenthood. We suggest that the consideration of individual differences in
neurobiological trajectories across pregnancy may contribute to a better understanding of risk for negative health and
behavior outcomes for women and offspring.
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Each year, ∼4 million women in USA experience pregnancy and
childbirth (Martin et al., 2018). The transition to motherhood is
a dynamic period in life marked by a combination of dramatic
neurobiological and psychosocial changes. These changes may
have significant implications for the physical and mental health
of women and offspring. Depressive symptoms affect more than
25% of women in the peripartum period (Gavin et al., 2005),
and the prevalence rates of anxiety and related disorders are
estimated at 10–20% (Fairbrother et al., 2016). There is also evi-
dence that maternal depression and anxiety symptoms can have
profound negative effects on infant development (Anniverno et
al., 2013; Pearlstein et al., 2013; Righetti-Veltema et al., 2003).

Risk for peripartum depression and anxiety may be attributed
to some of the physiological changes (e.g. shifts in hormones,
neurobiological changes) that women undergo during this

period (Yim et al., 2015; Barba-Müller et al., 2018). This risk
may also be in part to the host of new challenges (e.g. ‘around
the clock’ child-rearing demands) that take place as women
transition to motherhood (Saxbe et al., 2018). In addition, it may
be that interactions between psychosocial and physiological
factors shape new mothers’ ability to respond sensitively to
the needs of their infant (Kim et al., 2010; Ostlund et al., 2017;
Young et al., 2017). Such interactions have cascading effects on
child outcomes, as early maternal sensitivity has been found
to predict children’s social and academic functioning from
childhood into adulthood (Leerkes, 2010; Raby et al., 2015).

Both human and non-human animal research suggests
that the brain undergoes substantial structural and functional
changes during pregnancy and the postpartum period (Oatridge
et al., 2002; Brunton & Russell, 2008; Barba-Müller et al., 2018). Yet,
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the purpose of these changes and the ways in which they may
increase—or buffer against—risk for maternal psychopathology
and transition to parenthood remain unclear. Some researchers
theorize that at least some of these changes may be adaptive
and prepare women for the emotional and cognitive demands
necessary for caring for a new child (Barba-Müller et al., 2018).
However, the peripartum period is also a unique time when
neurobiological changes in women have the potential to affect
the health of both women and the fetus. As such, it is possible
that some peripartum brain changes are a result of processes
necessary for promoting healthy offspring development (e.g.
hormonal changes), but may have deleterious effects on women
(e.g. increased psychopathology risk, cognitive deficits) (De
et al., 2006; Anderson & Rutherford, 2012; Yim et al., 2015). Given
the potential impact of structural and functional change across
gestation on health and well-being of women and offspring, it
is critical to identify both typical and atypical changes across
this period. Understanding neurobiological changes in the
peripartum period, as well as how individuals differ in these
trajectories, may help us identify risk factors and targets for
early interventions for high-risk women in order to promote
mental health and sensitive caregiving in the peripartum
period.

To this end, we review current knowledge of the structural
and functional brain changes across the peripartum period and
implications for the health of women and offspring. We first
discuss the potential causes of change in brain structure and
function across pregnancy, including both physiological and psy-
chosocial factors. Next, we review the limited evidence for struc-
tural and functional changes in the brain during pregnancy and
into the postpartum period, with a focus on human research. We
focus predominantly on cross-sectional and longitudinal neu-
roimaging and psychophysiological studies in pregnant women
in order to identify changes that may be unique to the experience
of pregnancy, as opposed to the experience of parenting more
broadly. To complement these findings, we also integrate find-
ings from the larger literature on postpartum women as well as
non-human animals. Finally, we conclude by proposing potential
models of individual differences in peripartum neurobiological
changes. Specifically, we highlight three possible trajectories of
neurobiological change during pregnancy (i.e. hypo-response,
typical response, hyper-response) to characterize differences
across individuals and potential health and behavior implica-
tions for women and offspring.

Potential contributors to peripartum
brain changes
There are several reasons the brain may change during preg-
nancy and postpartum. The peripartum period is marked by
significant alterations in hormones, immune function, sleep,
psychosocial stress and caregiving responsibilities. There is evi-
dence that these changes contribute to structural and functional
brain alterations outside of the context of pregnancy. Drawing
from this literature may provide insight into factors driving
neurobiological change during the peripartum period, as well
as the possible consequences of these changes for the health of
women and their offspring.

Among the most dramatic biological changes experienced
by women during pregnancy are large increases and then
decreases in hormones thought to support pregnancy, fetal
growth and labor. Although a comprehensive review is outside
the scope of the current review, levels of progesterone, estrogen,

cortisol, oxytocin, dopamine and testosterone, as well as
other hormones, change dramatically across this period (for
reviews, Magon & Kumar, 2013; Yim et al., 2015). Progesterone
and estrogen levels are critical for preparing women’s bodies
to support fetal development. Levels of both hormones rise
exponentially during pregnancy and drop considerably post-
birth (Magon & Kumar, 2013). Cortisol levels in pregnancy
gradually increase, peak at delivery and then quickly decline
to baseline level within 3 days postpartum (Thompson &
Trevathan, 2008). Gestational increases in cortisol ensure the
fetal lungs, central nervous system and other organs are fully
developed and also activates pathways associated with labor
(Murphy & Clifton, 2003). Oxytocin levels generally increase
during the first to third trimesters and are thought to help
facilitate the onset of labor, as well as shape mother–infant
attachment and bonding (Feldman et al., 2007; Galbally et al.,
2011; Prevost et al., 2014). Further, oxytocin is released after birth
and is thought to facilitate the mother–infant bond (Douglas,
2010). Maternal testosterone levels rise during the course of
pregnancy, and the mean concentrations decrease after delivery.
Relatively elevated testosterone levels during pregnancy are
associated with growth restrictions in utero as well as lower
birth weight and length (Carlsen et al., 2006). High levels of
prenatal testosterone exposure also impact infant cognitive,
motor and language development (Cho & Holditch-Davis,
2014). In summary, hormone changes appear to be critical for
preparing women’s bodies for the maintenance of the pregnancy
(e.g. progesterone, estrogen), the development of fetal organs
(e.g. testosterone, cortisol) and labor and the production of
breast milk (e.g. oxytocin) (Nissen et al., 1998; Thompson &
Trevathan, 2008; Douglas, 2010; Galbally et al., 2011; Magon &
Kumar, 2013). Hormonal changes are also likely to influence
maternal brain function (Carmona et al., 2019). Different patterns
of hormone fluctuations across pregnancy may correspond
with distinct trajectories of structural and functional brain
changes.

Extensive research in non-human animals, specifically
rodents, suggests that hormonal changes shape the maternal
brain (Brunton & Russell, 2008). Consistent with this, outside
of the context of pregnancy, fluctuations in hormones have
been linked to structural and functional changes in the human
brain. For instance, changes in sex steroid availability during
puberty seem to trigger alterations in gray and white matter
volume (Peper et al., 2011). During menopause, estrogen levels
decline rapidly, and this reduction is associated with a reduction
in gray matter volume (Kim et al., 2018a). Typical fluctuations
in estrogen across the human menstrual cycle have also
been found to modulate brain activation in some regions
(e.g. dorsal lateral prefrontal cortex [PFC]) (Amin et al., 2006).
Testosterone and estrogen therapies have been associated with
alterations in brain cortical thickness (Zubiaurre-Elorza et al.,
2014). Further, administration of hormones (e.g. testosterone,
oxytocin administration in randomized control trials) has also
been associated with changes in brain function, including
activation of the amygdala, inferior frontal gyrus and insula
to the sound of crying infants (Bos et al., 2010; Riem et al., 2011).
Finally, endogenous hormones (e.g. testosterone, progesterone,
estradiol) have been shown to modulate neural circuitry
important for emotion regulation (e.g. amygdala, medial PFC
[mPFC], orbitofrontal cortex [OFC]) (Van Wingen et al., 2011).
A recent longitudinal study compared changes in cortical
thickness across pubertal development in female adolescents
and changes in cortical thickness before and after pregnancy
in first-time mothers (Carmona et al., 2019). Adolescence and

1098



pregnancy are both periods associated with dramatic hormone
changes, such as increased estrogen secretion (Blakemore et al.,
2010; Magon & Kumar, 2013), and the adolescent and pregnant
samples had similar neuroanatomical changes (e.g. reductions
in volume and cortical thickness) (Carmona et al., 2019). The
similar structural changes in both samples provide support for
the hypothesis that hormonal changes drive changes in brain
structure.

In addition, the maternal immune system undergoes
changes during pregnancy as it works to balance protecting the
mother and the fetus, while also tolerating the fetus, a foreign
body (Munoz-Suano et al., 2011). In particular, levels of pro-
inflammatory cytokines—mediators of immune responses that
promote inflammation—increase during pregnancy (Bränn et al.,
2017). Although inflammatory responses are adaptive for pre-
venting infection, elevated inflammation levels are associated
with a range of physical and psychological health conditions
(Kendall-Tackett, 2007; Dooley et al., 2018). Inflammation is
also associated with alteration in brain structure and function
(Jefferson et al., 2007; Miller et al., 2013; Marsland et al., 2015). For
example, one study found that an experimental inflammatory
challenge, compared to a placebo, led to selectively increased
amygdala activity to socially threatening images in a sample of
non-pregnant adults (Inagaki et al., 2012).

Perhaps in part related to hormonal and inflammatory
changes in pregnancy, as well as physical changes in the body
that may influence typical sleep positions, 78% of women report
having more disturbed sleep during pregnancy than before
pregnancy (Hashmi et al., 2016). Women experience disruption
to their sleep, inadequate sleep and high rates of symptoms
of sleep disorder throughout pregnancy (Mindell et al., 2015).
Following birth, it may be months until the infant sleeps through
the night (Lillis et al., 2018). Mothers, compared to fathers, tend
to intervene more often when infants wake and report more
sleep disturbances (Gay et al., 2004; Saxbe et al., 2018). Indeed,
it has been estimated that mothers lose an average of 80 h of
sleep a year when caring for young children due to frequent
infant waking and nighttime infant care (e.g. need for frequent
feeding and diaper changes) (Acebo et al., 2005). Several studies
have found that reduced sleep duration and sleep quality have
an impact on gray matter volume and functional connectivity
at rest (Liu et al., 2014; Khalsa et al., 2017; Krause et al., 2017).
Even just one night of sleep deprivation has been linked to
changes in brain function, including a 60% increase in amygdala
response to emotionally negative pictures (Goldstein & Walker,
2014). As such, structural and functional changes in brain across
the peripartum period may be driven in part by fragmented or
insufficient sleep (Lillis et al., 2018).

In parallel with physiological changes women experience
during this period, the peripartum period is also accompanied
with a host of new challenges and potential stressors. Many
women experience pregnancy-specific stressors during this
period, such as fears and anxiety about childbirth (Alehagen et
al., 2006; Hall et al., 2009). Women also experience new stressors
after delivery (e.g. sleep loss) (Gay et al., 2004). Caring for an
infant has significant emotional (e.g. providing affection to
the infant), cognitive (e.g. attentional demands of caregiving)
and financial demands (e.g. additional child care costs and/or
unpaid maternity leave, hospital bills) (Marshall & Tracy, 2009;
Saxbe et al., 2018). The financial strain associated with caring
for a child may be particularly difficult for women that are
already disadvantaged socioeconomically; compared to middle-
income mothers, low-income mothers demonstrate altered
neural responses to emotional infant cues (e.g. negative infant

faces, positive infant faces, infant cry sounds) (Kim et al., 2016,
2017). The demands of caring for a new child also contribute to
occupational stress, as well as strain on romantic relationships
(Rosand et al., 2011; Saxbe et al., 2018). In addition, many
women report having decreases in self-esteem after the birth
of their first child, in part a result of the physical changes that
accompany pregnancy (e.g. fat stores, stretch marks, breast
changes) (Gjerdingen et al., 2009; van et al., 2018). Outside of
the context of pregnancy, experimental evidence finds that even
time-limited psychosocial stress is linked with changes in brain
functioning, including amygdala–hippocampal connectivity
(Liston et al., 2009; Fan et al., 2015). The psychosocial stressors
women experience during pregnancy and postpartum may
also moderate the degree of cognitive changes (e.g. deficits
in memory) and brain-related alterations women experience
(Brown & Schaffir, 2018).

A final possibility is that the experiences of caregiving alter
the brain. Consistent with this finding, one cross-sectional neu-
roimaging study assessed how the duration of caregiving in new
mothers (infants between 1 and 14 months) impacted neural
activity (Parsons et al., 2017). Results indicated that mothers
with older infants, and more time caregiving, had greater neural
activation in the OFC and the amygdala to infant-specific cues.
An event-related potential (ERP) study in women 3 months post-
partum found that maternal experience, or how many children a
mother had, modulated late neural responses (e.g. P300) to infant
stimuli (Maupin et al., 2015). Specifically, first-time mothers had
greater neural responses to infant cues (e.g. infant faces, cry
stimuli) than women with more than one child. These studies
may reflect the gradual changes in the brain as it adjusts to
the role of motherhood. Further evidence that neurobiologi-
cal changes result from experiences of caregiving originates
from a study of three groups of first-time parents: heterosex-
ual primary-caregiving mothers that gave birth, heterosexual
secondary-caregiving fathers and primary-caregiving homosex-
ual fathers (Abraham et al., 2014). The study found that primary
caregiving fathers exhibited elevated amygdala activation simi-
lar to primary caregiving mothers. Among all fathers, time spent
caregiving (average weekly hours alone with the infant) was
positively associated with the degree of functional connectivity
between the amygdala and the superior temporal sulcus while
watching a video of themselves interacting with their infant.
Another study found that foster mothers demonstrated an asso-
ciation between oxytocin, brain activity and caregiving behavior
that paralleled patterns in biologically related mothers (Bick et
al., 2013). A recent neuroimaging study in older adults found a
positive association between cortical thickness and number of
offspring, regardless of parent sex/gender (Orchard et al., 2019).
Taken together, these findings suggest that structural and func-
tional changes in the brain are partly a function of experience-
dependent processes from caregiving, rather than exclusively
physiological consequences of childbirth and postpartum recov-
ery.

In summary, there is evidence that hormonal changes,
inflammation, lack of sleep and stress all have effects on
brain structure and function outside of pregnancy. As such,
it is likely that the combination of these physiological and
psychosocial factors—along with the experience of caregiv-
ing itself—contribute to changes in the brain across the
peripartum period. The next section will detail research on
brain structure and function in women across pregnancy
and the postpartum period in order to evaluate the evidence
for specific brain changes, as well as the timing of such
changes.
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Brain changes in the peripartum period
Emerging neuroimaging research has provided insight into
changes in the maternal brain during gestation and in the
postpartum period. In this section, we first review methods
used to assess structural and functional brain changes in
humans across the peripartum period, as well as strengths
and weaknesses of each method. Second, we discuss research
on structural changes in the maternal brain across the
peripartum period. Finally, we review the literature on functional
alterations in networks underlying reward and motivation,
salience and fear, executive function, and social cognition and
attachment.

Methods used to assess brain structure and function in
pregnancy and postpartum

In pregnancy and the postpartum period, brain structure and
function are studied using non-invasive imaging methods,
including magnetic resonance imaging (MRI), functional MRI
(fMRI), diffusion weighted imaging (DWI), electroencephalogram
(EEG), ERP and functional near-infrared spectroscopy (fNIRS).
MRI generates high-resolution images of the brain, while DWI
detects white matter tracts in the brain (Brammer, 2009; Silver
et al., 2018). fMRI measures blood flow in the brain to detect
areas of activity. Imaging in pregnancy is considered acceptable
for diagnostic purposes when there are clear benefits for the
woman (Obstetrics Gynecology, 2017). The concerns about
imaging during pregnancy include the potential effects of tissue
heating and the acoustic noise level on the fetus (Ray et al.,
2016). The interaction between the radiofrequency pulses of the
MRI and the magnetic variations in tissues generates energy
or heat that can be passed onto individuals in the scanner
(Victoria et al., 2014). In order to reduce this likelihood, some
researchers have selected scanning parameters that are low in
heat (e.g. decreasing the number of slices, using parallel imaging
techniques) (van den & Thomason, 2016). Studies have not found
evidence of risk of hearing loss among neonates whom as
fetuses were exposed to MRI (Reeves et al., 2010; Jaimes et al.,
2018). Additional precautions (e.g. adding padding for sound
insulation) can also be taken to lower the noise during the scan
(van den & Thomason, 2016). In the postpartum period, several
research groups have used fMRI to assess functional differences
between new mothers and nulliparous women. Perhaps due to
concern about the potential risks of using fMRI and MRI during
pregnancy, there is only one study that has followed mothers
longitudinally from pregnancy to the early postpartum (Oatridge
et al., 2002). However, a second longitudinal study assessed
women before and after, but not during, pregnancy (Hoekzema
et al., 2017).

Other psychophysiological and imaging methods (e.g. EEG,
ERP, fNIRS) can be implemented as alternative procedures. These
tools examine neural activity related to sensory, cognitive and
affective processes that may be particularly relevant for longi-
tudinal research across pregnancy (Hajcak et al., 2010; Luck et al.,
2000). Compared to neuroimaging approaches like MRI/fMRI, ERP
has more limited spatial resolution, but has excellent tempo-
ral resolution and has been used in studies across pregnancy
(Itthipuripat & Sprague, 2019). There are few studies (one fNIRS
and a handful of EEG/ERP studies) that have utilized these meth-
ods to assess functional changes across pregnancy through the
postpartum period. A review of grant applications funded and
searchable through NIH RePORTER indicates that a number of
new studies on this important period are forthcoming.

In the next sections, we present a review of the literature using
neuroimaging and psychophysiological methods to examine
brain structure and function in the peripartum period. We focus
on studies examining neural measures in pregnancy and the
postpartum. With longitudinal or cross-sectional designs. We
also reference behavioral studies that do not assess brain activity
to help ground our interpretation of neural findings. To further
complement these findings, we briefly review studies comparing
mothers and comparison women in the postpartum period, and
studies of related processes in the non-human animal literature.
It is critical to note that there have been significant advances in
imaging techniques since its advent (e.g. changes in magnetic
field strength). Further, many early imaging studies had small
sample sizes (e.g. Lorberbaum et al., 2002: n = 10; Ranote et al.,
2004: n = 10). We acknowledge the limitations of many of these
early studies and direct the reader to Table S1 (supplementary
file), which outlines details of the key studies discussed.

Structural brain changes
Extensive research on non-human animals has provided a foun-
dation for our understanding of the changes in brain structure
across pregnancy, from which we can infer changes that are
likely in humans (Brunton & Russell, 2008; Kim et al., 2016). This
work is complemented by a relatively small literature examining
peripartum structural alterations in humans. In this section,
we will first discuss global brain alterations in gray and white
matter volume across pregnancy. Next, we will review changes
in anatomical structures that are most commonly studied in this
period (i.e. pituitary gland, hippocampus, amygdala).

Both rodent and human research has found evidence of
reductions in brain volume (both overall and in specific regions)
and increases in ventricular size across the peripartum period.
A study in a sample of lactating and nulliparous rodents found
that lactating animals had both decreased absolute and relative
brain weight compared with nulliparous animals (Hillerer et al.,
2014). The first human study on this topic assessed ventric-
ular and brain volume changes in a small sample of healthy
pregnant women and patients with preeclampsia across late
pregnancy and the early postpartum period (Oatridge et al.,
2002). Both women with and without preeclampsia had a reduc-
tion in brain size during pregnancy, with the greatest observed
reduction in brain size at term (37th–42nd week of pregnancy).
Ventricular size also increases during pregnancy. Interestingly,
at an assessment conducted at 24 weeks post-delivery, the par-
ticipants’ overall brain volume had returned to pre-pregnancy
size; ventricular size also decreased in size after delivery. This
postpartum readjustment in brain volume suggests that most
pregnancy-related anatomical alterations may be temporary.

The second, and more recent, longitudinal MRI study
assessed gray matter alterations before and after pregnancy in
a larger sample of first-time mothers compared to a sample
of nulliparous women (Hoekzema et al., 2017). Compared to
the nulliparous women, pregnant women showed greater
reductions in gray matter from pre-conception to post-birth
sessions, specifically in the anterior and posterior cortical
midline and sections of the bilateral prefrontal and temporal
cortex. Hoekzema et al. (2017) argue that this change in gray
matter, if reflecting neurobiological pruning, may actually be
beneficial. In fact, changes in gray matter volume across preg-
nancy were associated with mothers’ self-reported connection
to their infant in the postpartum period. However, replication
is necessary to bolster these findings. Further, in contrast to
Oatridge et al.’s (2002) findings on overall brain volume, which
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used a 1.0 T scanner, this more recent study using a 3 T scanner
found that the pregnancy-related alterations were maintained
from the post-pregnancy session (∼10 weeks after delivery) to
another follow-up session 2 years post-pregnancy, with the
exception of partial volume recovery in the left hippocampal
cluster. There is also emerging evidence of enduring structural
changes associated with the number of children birthed (e.g.
positive associations between parity and brain structures) in a
sample well beyond the peripartum period (de Lange et al., 2019).
Together, these studies suggest that pregnancy and child rearing
are associated with changes in some human brain structure.
Some of these changes may be enduring, while others may
return to pre-pregnancy size.

The pituitary gland also undergoes structural alterations dur-
ing pregnancy. The pituitary gland has a critical role in hormone
production during the peripartum period. The anterior pituitary
undergoes 2-to-3-fold enlargement during pregnancy (Laway &
Mir, 2013), which is attributed to an increase in hyperplasia of
prolactin-secreting (PRL) cell size (Asa et al., 1982). The PRL cells
return to pre-pregnancy size ∼8 months after delivery in humans
or 7 days after delivery in rodents (Haggi et al., 1986; Miki et al.,
2007). This profound anatomical change facilitates the hormone
production necessary for the body to support pregnancy (e.g.
adequate nutritional support for the developing fetus, prepara-
tion for labor and lactation) (Laway & Mir, 2013; Reshef et al.,
2015).

There is also evidence of structural changes in subcortical
regions of the brain, including the hippocampus and amyg-
dala, across pregnancy. There is evidence of volume decreases
in the hippocampus—a region involved in memory consolida-
tion among other processes (Vann & Albasser, 2011)—from pre-
conception to after delivery (Hoekzema et al., 2017). A portion
of the hippocampus (left hippocampal cluster) returned to pre-
pregnancy baseline volume by 2 years postpartum (Hoekzema et
al., 2017). Similarly, the hippocampus has been characterized by
a reduction in both cell proliferation and volume during preg-
nancy and the peripartum period in rodents (Galea et al., 2000;
Rolls et al., 2008). Research in rodents has indicated alterations
in the neurogenesis of hippocampal neurons in both mothers
and fathers during the postpartum period (Glasper et al., 2011).
This finding suggests that hippocampal plasticity may not be
solely a result of hormonal fluctuations due to pregnancy, but
instead reflects experience-dependent alterations that are a
consequence of the demands of parenthood.

Similar to the hippocampus, the amygdala, which plays a
key role in emotion and salience detection, is also thought to
undergo structural alterations in the peripartum period (Rasi-
a-Filho et al., 2004). Specifically, rodents have a decrease in
dendritic spine density in the medial nucleus of the amygdala
following pregnancy (Rasia-Filho et al., 2004). Although there
is evidence from non-human animal research of changes in
amygdala structure (e.g. dendritic spine density), this finding has
yet to be demonstrated in humans.

Functional brain changes
Reward and motivation networks

Both non-human animal and human research has linked
dopamine and oxytocin pathways with the development of
caregiving behaviors. Findings from human research suggest
that the dopaminergic system plays a crucial role in driving
behavior related to pleasurable stimuli and rewards, including
food, drugs, sex or the face of a loved one (Sell et al., 1999; Bartels

& Zeki, 2004; Alonso-Alonso et al., 2015). Oxytocin and dopamine
interact in brain regions associated with reward and motivation
(e.g. ventral tegmental area, ventral striatum) and have been
found to be critical in the establishment and maintenance of
social bonds (Shahrokh et al., 2010). In mothers, these structures
associated with reward are sensitive to infant cues and may
play a critical role in motivating caregiving behaviors. Functional
imaging studies (Lorberbaum et al., 2002; Strathearn et al., 2009)
in humans support changes in reward circuitry sensitivity to
infant cues during the transition to motherhood. However, to
our knowledge, all of these studies were conducted during the
postpartum period and it is unclear whether these are pre-
existing differences, changes that emerge across gestation or
alterations driven by the experience of caregiving.

In the postpartum period, new mothers have been found to
display more activity in regions of the striatum, mPFC, midbrain
and thalamus when listening to the sounds of an infant cry-
ing relative to both a white noise sound and a rest condition
(Lorberbaum et al., 2002). Similar patterns of activation in the
striatum and thalamus have been observed when mothers view
images of their own infant versus an unknown child (Strat-
hearn et al., 2008). Further, activation was greatest for happy
relative to neutral or sad infant face stimuli. Similar patterns of
increased activation of reward-related brain regions to mothers’
own vs. unknown child cues have been observed in other studies
(Leibenluft et al., 2004; Ranote et al., 2004; Noriuchi et al., 2008).
A recent study utilizing resting-state functional connectivity
found that connectivity between the left amygdala and the
left nucleus accumbens was positively associated with positive
maternal behavior (i.e. the ability of the mother to scaffold
appropriate interactions with her infant) (Dufford et al., 2019).
Mothers that were further along in the postpartum period also
exhibited greater resting-state functional connectivity between
the right amygdala and the bilateral caudate and right putamen.
This finding suggests that connectivity in structures associated
with reward and motivation (e.g. striatum) may contribute to
positive caregiving behaviors and that experiences of caregiving
may shape this function.

Non-human animal studies also demonstrate increased acti-
vation in areas of the reward system when mothers are pre-
sented with stimuli associated with their offspring. For instance,
rodent mothers have been found to have more activation in the
dopamine reward system to suckling stimulation than cocaine
(Ferris, 2005). Further, findings suggest that lactating dams prefer
spending time with their pups than receiving food (Lee et al.,
1998). Along with facilitating bond formation and caregiving, the
reward system has also been implicated in protective maternal
behavior. Several regions, including the ventral striatum and
periaqueductal gray, are activated during maternal aggression
when a rodent mother is protecting her pups from an intruder
(Nephew et al., 2009). Taken together, existing research suggests
that, on average, new mothers exhibit increased activation of
reward-related brain regions particularly to their own infant
cues, although it remains unclear when in the peripartum period
this emerges.

Salience and fear networks

In addition to positive valence systems, the peripartum period
appears to be a time of alterations in salience and fear net-
works that work together to process threats in the environment.
Neural structures in the salience network, including the dorsal
anterior cingulate cortex (dACC), orbital fronto-insular cortex
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and anterior insula, integrate sensory information relayed from
subcortical and brainstem structures and overlap with brain
structures that are involved in processing threat and emotional
cues (e.g. amygdala, insula, bed nucleus of the stria terminalis)
(Naaz et al., 2018).

There is evidence that women exhibit heightened neural
reactivity to threat and distress stimuli across gestation. Some
of these changes appear to emerge during pregnancy, whereas
others seem linked to the experience of parenting. ERP and fNIRS
studies of women during pregnancy have found support for
heightened reactivity to threat in pregnancy. That is, pregnant
women in their third trimester exhibited greater neural reactiv-
ity to emotional stimuli compared to non-pregnant women (Raz,
2014). Another study using fNIRS assessed neural activation and
attention bias to fear-relevant stimuli (e.g. fearful faces) across
all three trimesters (Roos et al., 2011). Specifically, women exhib-
ited greater activation of the PFC and attention bias towards
threatening images in their second trimester compared to the
first or third trimester. PFC activity during response to threat
was also associated with some neuroendocrine changes, such
as changes in cortisol and testosterone. This finding suggests
that hormonal changes in pregnancy may be contributing to
this increased responsiveness. Behavioral studies have also indi-
cated that women have an enhanced ability to encode emotional
faces of threat, such as fearful and angry faces, from early to
late pregnancy (Pearson et al., 2009). This alteration in emotional
processing could be linked with an increase in estrogen across
pregnancy (Magon & Kumar, 2013). For instance, estrogen recep-
tors within the amygdala have been linked with alterations in
fear expression in both human and non-human animals (Jasnow
et al., 2006).

A larger literature has examined salience and fear networks
in the postpartum period, a time in which increased activation
of these networks may facilitate protective and sensitive care-
giving. Studies in postpartum women have consistently found
that infant distress stimuli, including videos, photos and sounds,
activate networks including the amygdala (Seifritz et al., 2003;
Atzil et al., 2012; Barrett et al., 2012; Rocchetti et al., 2014). These
patterns may not be specific to negatively valenced stimuli, as
there is also evidence that happy infant stimuli and images
of one’s child compared to a familiar child increases amygdala
activation in mothers (Leibenluft et al., 2004; Barrett et al., 2012).
Interestingly, a recent cross-sectional study with new mothers
(1–14 months postpartum) found that a longer duration of moth-
erhood was associated with greater activation in the amygdala
and OFC in response to infant vs. adult cues (Parsons et al., 2017).
This result suggests that maternal experience may continue to
shape these networks beyond the changes observed in preg-
nancy.

Executive network

In addition to emotionally relevant circuits, there is evidence
of changes in neural systems involved in cognitive function-
ing. Consistent with this evidence, women in pregnancy and
postpartum exhibit deficits in working memory performance
and information processing compared to non-pregnant women
(Brett & Baxendale, 2001; De et al., 2006). One fMRI study sought
to assess response inhibition in postpartum women using a
Go/No-Go task, in which participants have to inhibit responses to
no-go stimuli (Bannbers et al., 2013). Women in the postpartum
period exhibited reduced activity in the ventrolateral PFC and
dACC during response inhibition relative to non-postpartum

women. However, no differences between groups were found
in their behavioral performance (i.e. correct Go/NoGo trials).
This suggests that differences in brain function are not solely
driven by differences in performance, ability or effort between
the groups but rather a distinction in activation of neural cir-
cuitry (i.e. decreased activity in prefrontal areas in postpartum
women). Further, results from a recent fMRI study revealed that
women in the postpartum period (had a child in the preceding
3 months) had decreased neural activity at rest in the posterior
cingulate cortex and prefrontal cortex compared to age and edu-
cation matched nulliparous women (Zheng et al., 2018). These
activation patterns were correlated with specific impairments in
cognitive functioning (e.g. memory, attention) in the peripartum
period. These findings suggest that mothers in the peripartum
period may experience alterations in neural systems supporting
cognitive processes, which drive impairments observed at the
behavioral and self-report level (Henry & Rendell, 2007). There is
evidence of selected impairments in executive functioning (e.g.
memory impairments, slower processing speed) during preg-
nancy and early motherhood, which may indicate that these
neurobiological alterations emerge earlier than the postpartum
period (Buckwalter et al., 2001; De et al., 2006; Henry & Sherwin,
2012). For example, one behavioral study found evidence of
impairments in memory encoding and retrieval in pregnancy
and the postpartum period (De et al., 2006). There are also strong
associations between fluctuations in hormone levels during late
pregnancy and the early postpartum period and cognitive abili-
ties, including verbal recall and processing speed (Henry & Sher-
win, 2012). Additional imaging studies are necessary to assess
if changes in neural systems involved in cognitive functioning
emerge during pregnancy.

Social cognition and attachment

Neural systems that support the ability to understand and
empathize with the mental states of others are fundamental in
caregiving (Oppenheim et al., 2001; Hein & Singer, 2008). Regions
such as the dorsal mPFC, lateral mPFC, precuneus/posterior cin-
gulate, posterior superior temporal sulcus and temporoparietal
junction have been found to activate during mentalizing tasks
(Frith & Frith, 2006; Mitchell, 2009).

To our knowledge, there are no imaging studies that have
assessed changes in social cognition across pregnancy. However,
there is some evidence of change in behavioral measures. For
example, women exhibit improvements in ability to encode
emotional faces (e.g. angry faces, sad faces, fearful faces) dur-
ing late pregnancy (Pearson et al., 2009). There is also evidence
that women display enhanced facial recognition as pregnancy
progresses (Anderson & Rutherford, 2011). This finding has been
interpreted as a socially adaptive mechanism to allow a mother
to more quickly identify their child’s facial expression and dis-
cern their needs (Anderson & Rutherford, 2012).

In the postpartum period, fMRI studies have found that moth-
ers have greater activation in areas associated with theory of
mind (e.g. paracingulate cortex, posterior cingulate, insula) when
viewing images of their own child compared to a familiar child
(Leibenluft et al., 2004). Neural regions associated with social
cognition were also activated in a novel fMRI study in which
mothers both observed and imitated the facial expressions of
their child and unknown child (Lenzi et al., 2008). In particular,
the mirror neuron system (ventral premotor cortex, inferior
frontal gyrus and posterior parietal cortex) was more activated
in response to one’s own child compared to unknown children.
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Given the behavioral changes (e.g. enhanced facial recognition,
improvements in emotional face encoding) that women expe-
rience as pregnancy progresses (Pearson et al., 2009; Anderson
& Rutherford, 2011), these neural alterations appear to emerge
before the postpartum period.

Summary

Although there is compelling and growing evidence that women
undergo complex structural and functional changes in the brain
across the peripartum period, there are few longitudinal stud-
ies in humans mapping the sequence of these changes across
gestation. Studies assessing structural alterations suggest that
there are reductions in overall gray matter volume across ges-
tation. One study assessed structural changes from pregnancy
to early postpartum period with two to three MRI scans over
that period (Oatridge et al., 2002) and the other compared gray
matter volume in women before conception and again after
delivery (Hoekzema et al., 2017). However, there is no longitu-
dinal research that has charted the trajectory of this reduction
across gestation. There is also evidence supporting anatomical
alterations in specific structures (i.e. amygdala, hippocampus,
pituitary gland). Additional research is necessary to map the
specific timing of these neuroanatomical adjustments and the
potential factors driving these alterations across the peripartum
period.

Further, findings support the possibility of functional
changes in the brain in regions related to reward and motivation,
salience and fear, executive functioning and social cognition
and attachment. There is relatively consistent evidence from
research on the postpartum period, where new mothers exhibit
increased activation in reward-related brain regions when
presented with stimuli associated with their infant (Ranote
et al., 2004). Findings from both an ERP study and a fNIRS
study suggest that women exhibit heightened reactivity to
threat during pregnancy (Roos et al., 2011; Raz, 2014), and these
patterns of heightened activation of salience and fear networks
appear to persist into the postpartum period (Seifritz et al., 2003).
Although limited, research in the postpartum period suggests
that systems that support cognitive processes may be impaired,
and these changes in brain function may contribute to memory
impairments and slower processing speed during pregnancy
and early motherhood (Buckwalter et al., 2001; De et al., 2006).
Longitudinal research suggests that across pregnancy, women
exhibit enhanced emotional coding that may prepare women for
caring for their offspring (Pearson et al., 2009). In the postpartum
period, fMRI studies have found that women have greater
activation in regions associated with theory of mind and
empathy when viewing images of their own child compared
to a familiar child (Leibenluft et al., 2004).

Overall, there is a paucity of studies capturing brain
alterations across the peripartum period. There is also limited
research assessing how these trajectories of change can
contribute to a woman’s health and behavior in the peripartum
period. In the next section, we will propose potential models of
change in brain function across the peripartum period that may
promote or inhibit healthy adjustment to parenting.

Potential trajectories of changes across the
peripartum period and health implications
Taken together, there is evidence that the human brain under-
goes a range of structural and functional alterations during

pregnancy and into the postpartum period—from widespread
decreases in gray matter volume (Oatridge et al., 2002) to changes
in reactivity of motivation and salience networks (Raz, 2014). A
range of variables, including hormonal fluctuations and changes
in the social environment and psychosocial stress, likely drive
these neural changes (Yim et al., 2015; Saxbe et al., 2018). Some
researchers posit that at least some alterations in brain function
and structure could be adaptive for new mothers and play a
preparative role for the challenges of caregiving and behavioral
synchrony with the infant (Abraham & Feldman, 2018; Bar-
ba-Müller et al., 2018). We argue that neurobiological alterations
in the peripartum period, while set into motion by processes nec-
essary for fetal development (e.g. hormone alterations maintain
pregnancy and trigger fetal maturation) (Kaludjerovic & Ward,
2012), may be an evolutionary trade-off, discussed further below.
These changes (e.g. fluctuations in estrogen and progesterone)
may confer risk to the mother by increasing the likelihood for
the development of psychopathology, such as depression and
anxiety (Schiller et al., 2015; Barba-Müller et al., 2018).

Although many new mothers demonstrate healthy adjust-
ments to parenting and recovery from the physical and psy-
chological effects of pregnancy, the peripartum period is also a
high-risk time for depression and anxiety in mothers, as well as
an important time for mother–infant bonding. Pre-existing risk
factors including prior depressive history and exposure to life
stress are established predictors of postpartum psychopathology
(Beck, 2001; O’Hara, 2011). Similarly, women’s own childhood
experiences, poverty and chronic stress before the peripartum
period are associated with increased levels of harsh or insensi-
tive caregiving (Belsky et al., 2009).

We argue that in addition to these established risk factors,
considering trajectories of neurobiological changes may be crit-
ical for predicting psychopathology risk (e.g. particularly if the
neurobiological changes match those that outside of the context
of pregnancy are associated with increased psychopathology
risk, such as dysfunctions in reward processing) (Luking et al.,
2016). That is, integrating pre-existing psychosocial risk factors
with measurement of neurobiological changes during pregnancy
could improve the ability to detect women and families at great-
est risk and in need of early intervention.

In combination with established risk factors, specific tra-
jectories of brain changes across pregnancy may increase a
woman’s likelihood of developing psychopathology or engaging
in insensitive infant care. At the same time, there is also poten-
tial that certain trajectories of neurobiological changes buffer
against negative outcomes and aid in adaptation for women
during this transition. Here, we propose three illustrative tra-
jectories of neurobiological change during pregnancy (i.e. hypo-
response, typical response, hyper-response; see Figure 1). Next,
we highlight possible health implications and future research
for identifying the consequences of each trajectory pattern for
mothers and offspring. Importantly, we recognize that trajecto-
ries leading to physical and psychological health of mothers and
offspring may differ across systems and levels of analysis, and as
such, future longitudinal research integrating multiple measures
of brain function and structure is critically needed.

In considering the implications of typical and atypical
neurobiological changes across the peripartum period, we argue
that it is essential to consider the potential mechanisms of
the changes and the trade-offs in terms of health implications
for both mothers and infants. For example, pregnant women
have limited immune function to support themselves and
the fetus, and the body may redirect more resources to
support fetal versus maternal immunological maintenance
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Figure 1. Distinct trajectories of mothers’ neurobiological change during preg-

nancy (hypo-response, typical response, hyper-response).

(Abrams & Miller, 2011). In this way, changes occurring during
pregnancy may come at a cost for women. The shifts in
hormones likely driving neurobiological and cognitive changes
in women across the peripartum period may be critical for
offspring development (Brunton & Russell, 2008), but may
result in suboptimal functioning in women. The findings for
overall reductions in brain volume across the peripartum
period may have detrimental consequences for a woman’s
cognitive functioning considering evidence that gray matter
volume reductions have been associated with declines in
cognitive performance in studies of adult aging (Ramanoël et
al., 2018). Typical peripartum changes may, therefore, confer
increased risk for mental health problems. For instance, almost
immediately after delivery of the placenta, progesterone levels
decrease to pre-pregnancy levels and estrogen levels remain
elevated (Schiller et al., 2015). An important line of work, with
obvious intervention implications already recognized in the
form of treatments for postpartum depression prevention
(Meltzer-Brody et al., 2018), indicates that changes in reproduc-
tive hormone concentrations post-delivery may drive symptoms
of depression in some women (Moses-Kolko et al., 2014; O’Hara
& Wisner, 2014). In addition, some brain changes, such as
gray matter volume reductions (Oatridge et al., 2002; Ramanoël
et al., 2018) and changes in resting-state functional connectivity
(Zheng et al., 2018), may result in cognitive changes in women
including memory disturbances, trouble concentrating and
absentmindedness (colloquially called ‘pregnancy brain’) during
pregnancy and the postpartum period (Henry & Rendell, 2007).

Consistent with this possibility, studies assessing cognitive
functioning during the peripartum period indicate that pregnant
women are impaired on some measures of memory, specifically
those that place a high demand on executive cognitive control
(Henry & Rendell, 2007). Finally, heightened reactivity to threat-
ening stimuli appears to emerge at some point in pregnancy
or postpartum (Roos et al., 2011; Raz, 2014). This alteration may
promote protective behavior towards infants but, at the same
time, could increase risk for internalizing symptoms (Pearson
et al., 2009).

There are likely individual differences in the trajectory of
neurobiological changes across this period, with some women
exhibiting hypo-responsiveness, characterized by reduced
change or a slower pace of change, and others exhibiting hyper-
responsiveness, characterized by more dramatic or faster pace

of change. If typical peripartum neurobiological change confers
some moderate risk for mothers, hypo-responsiveness in these
domains, such as attenuated gray matter volume decreases
and blunted threat responding, may be relatively promotive of
mothers’ mental health during this period (Young et al., 2017;
Barba-Müller et al., 2018; Bjertrup et al., 2019), but potentially
problematic for the developing fetus (i.e. if a lack of change
is due to insufficient biological support for the fetus). On the
other hand, hyper-responsiveness in these domains may confer
increased risk for mothers (i.e. due to greater neurobiological
changes from a preconception baseline), but potentially lead to
greater resources directed towards the developing fetus. That is,
greater hormone-driven remodeling in the maternal brain may
be associated with better outcomes for the fetus at the expense
of the mother’s cognitive and affective functioning. Consistent
with this possibility, reduced ACC, left parahippocampal
gyrus and left superior temporal gyrus volume in postpartum
women have been linked to increased risk for postpartum
psychosis (Fusté et al., 2017). Although cross-sectional, this
suggests that, at the extreme end, greater change in brain
structure across this period can increase risk for peripartum
psychopathology.

Several studies have been conducted in the postpartum
period exclusively, including both cross-sectional and longi-
tudinal studies occurring shortly after birth (Kim et al., 2018b,
2010; Lorberbaum et al., 2002; Noriuchi et al., 2008; Parsons et al.,
2017; Zheng et al., 2018), and find individual differences in brain
structure and function related to caregiving. One fMRI study
found gray matter volume increases from 2–4 weeks postpartum
to 2–4 months postpartum (Kim et al., 2010), providing further
evidence of a recovery of brain volume during the months
following birth. From an individual difference perspective, the
degree of volume change varied, with this study finding that
positive perceptions of one’s infant shortly after birth predicted
greater volume change in a cluster including the hypothalamus,
amygdala and substantia nigra. A recent neuroimaging study in
a sample of first-time mothers identified a positive association
between postpartum months and cortical thickness (Kim et al.,
2018). Further, cortical thickness in the prefrontal cortex was
positively associated with self-reported parental self-efficacy.
These findings hint at the possibility that those individuals who
had greater reduction in gray matter across pregnancy, assuming
those were the individuals with the most opportunity for
recovery, were the mothers with the most positive perceptions
of their newborn infants. Such investigations would require
longitudinal imaging in pregnancy and would indicate the
possibility that more dramatic brain changes could be beneficial
for both the mother and the infant.

Clearly, other patterns are possible and perhaps even prob-
able (e.g. an inverted-U shape relationship between changes in
the peripartum period and healthy outcomes) (Henry & Sherwin,
2012). The peripartum period involves alterations in systems
that may impact the physical and psychological health of both
women and their offspring, and we know little about the indi-
vidual factors and experiences that may contribute to variation
in these neurobiological changes and the implications of those
differences. For instance, substance use is likely to disrupt the
typical trajectories of brain change across the peripartum period
(Swain et al., 2019). Consistent with this, substance use in the
early postpartum period has been associated with disruptions
in neural response to infant cues (e.g. cry and faces) (Landi et al.,
2011). However, more research is needed to better understand
how substance use alters trajectories of change across the peri-
partum period.
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Future directions
Research examining neurobiological changes during the peri-
partum has at least two important implications. First, from a
basic science perspective, critical questions centered on brain
plasticity, including the potential causes, timing and specificity
of effects of hormones on brain structure and function, can be
discovered through the use of pregnancy as a special case in
which we have increased understanding that events of interest
will occur (e.g. increases in specific hormones at set gestational
ages). This type of research program will enhance understanding
of the brain both within and outside of pregnancy. Second,
focusing on pregnant women and their offspring as a popu-
lation of interest, women have an increased vulnerability for
psychopathology during the peripartum period. Detailing the
trajectories of neurobiological change across pregnancy may
provide insight into why women are at greater risk during this
period and the specific factors associated with vulnerability.
This empirical work may guide the development of interven-
tions to mitigate poor outcomes during this period. Further,
several biomarkers have been identified as early predictors of
depression (e.g. blunted activation in the striatum to reward)
(Kujawa & Burkhouse, 2017). There may be neural predictors of
psychopathology and insensitive caregiving that emerge during
pregnancy and have yet to be identified. With improvements in
technology and development of norms and standardized pro-
cedures, it is possible that assessment of certain biomarkers
(e.g. EEG/ERP) could be integrated into clinics serving high-risk
women in the future, with the potential to aid in identifying
women would benefit from early intervention and the ideal
timing and targets for treatment.

There is also a need to integrate human and non-human
animal research. Research in non-human animal models can
provide important parallels to understand neurobiological
change in humans (Brett et al., 2015). For instance, non-human
animal research has provided valuable insight into the effect of
neuroendocrine and experiential factors on the brain during
the perinatal period (Brunton & Russell, 2008). Although
this research is useful, both neurobiological distinctions and
psychosocial differences in human and non-human animals
limit comparisons about the influence of hormonal and neural
changes on emotion and behavior (Brett et al., 2015; Spinelli et al.,
2009). Complementary non-human animal research focusing
on pregnancy and the postpartum period may provide a more
comprehensive understanding of the mechanisms driving
neurobiological changes. They also may inform early biomarkers
of risk in the peripartum period. The conceptual framework
gleaned from this transdisciplinary lens can be used to further
our understanding of the neurobiological changes we see in
human samples.

Longitudinal imaging (e.g. fMRI, MRI, fNIRS) and psychophys-
iology (e.g. EEG, ERP) studies of brain structure and function
starting pre-conception through the postpartum period are
needed to allow researchers to chart trajectories of neuro-
biological change. Prospective studies of neural predictors of
maternal psychopathology and insensitive caregiving provision
are critical to informing our understanding of baseline risk
factors during this transition. Further, future research will need
to compare baseline neurobiological predictors and trajectories
of change as predictors of outcomes. Pre-existing factors that
may moderate the course of neurobiological change and risk (e.g.
chronic stress, trauma, psychopathology history, physical health
conditions, maternal caregiving experience, maternal substance

use) will also need to be incorporated into analyses. Distinct
trajectories of change across the peripartum period (e.g. hyper-
response, typical response, hypo-response) may be adaptive
for some processes, but not others. Future longitudinal studies
will enable greater understanding of these changes in the brain
during this time, whether and to what degree neurobiological
changes represent a trade-off between mothers’ mental health
risk and healthy offspring development and may facilitate early
identification and clinical interventions for high-risk women
and dyads.

Conclusions
In this review, we have considered evidence for neurobiologi-
cal changes across the peripartum period and addressed the
reasons we expect drive these alterations to brain structure
(both in overall and specific anatomical regions) and functional
networks. Although longitudinal research across pregnancy is
limited, the existing literature supports the possibility of a brain
decrease in overall gray matter volume across gestation, with
specific alterations in the pituitary gland, hippocampus and
amygdala (Bergland et al., 1968; Hoekzema et al., 2017). Addi-
tional longitudinal research mapping the trajectories and tim-
ing of these alterations across pregnancy and the postpartum
period is necessary. Further, there is compelling evidence that
the brain undergoes functional changes in regions involved in
reward and motivation, salience and fear, executive function,
and social cognition and attachment across the peripartum
period. The majority of these studies have been conducted in
the postpartum period, which makes it challenging to discern
if these functional alterations are a consequence of changes in
pregnancy or the experience of caregiving.

Finally, we have argued that charting trajectories of brain
changes in the peripartum period and considering individual
differences in these trajectories may be essential for under-
standing psychopathology risk and the emergence of caregiv-
ing behavior across this period. The neurobiological changes
that most women undergo across the peripartum period may
not necessarily be adaptive for women, but rather by-products
of the physiological alterations necessary to support offspring
development. It may be that some deviations from this typical
neurobiological response, such as a hyper-response, confer risk
for the mother while providing great support for the infant’s
development. In contrast, hypo-response or less neurobiological
alterations may buffer women from the cognitive and affective
risks associated with pregnancy at the expense of supporting
fetal and infant development. Understanding these potential
reproductive trade-offs and their relationship with neurobiolog-
ical trajectories across pregnancy may provide a better under-
standing of risks for negative health outcomes for women and
offspring.
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