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A range of early circumstances surrounding the birth of a child affects peripartum hormones, parental
behavior and infant wellbeing. One of these factors, which may lead to postpartum depression, is the
mode of delivery: vaginal delivery (VD) or cesarean section delivery (CSD). To test the hypothesis that
CSD mothers would be less responsive to own baby-cry stimuli than VD mothers in the immediate
postpartum period, we conducted functional magnetic resonance imaging, 2—4 weeks after delivery, of
the brains of six mothers who delivered vaginally and six who had an elective CSD. VD mothers’ brains
were significantly more responsive than CSD mothers’ brains to their own baby-cry in the superior and
middle temporal gyri, superior frontal gyrus, medial fusiform gyrus, superior parietal lobe, as well as
regions of the caudate, thalamus, hypothalamus, amygdala and pons. Also, within preferentially active
regions of VD brains, there were correlations across all 12 mothers with out-of-magnet variables. These
include correlations between own baby-cry responses in the left and right lenticular nuclei and parental
preoccupations (r =.64, p <.05 and .67, p <.05 respectively), as well as in the superior frontal
cortex and Beck depression inventory (r = .78, p < .01). First this suggests that VD mothers are more
sensitive to own baby-cry than CSD mothers in the early postpartum in sensory processing,
empathy, arousal, motivation, reward and habit-regulation circuits. Second, independent of mode of
delivery, parental worries and mood are related to specific brain activations in response to own
baby-cry. Keywords: Parenting, cesarean section, maternal behavior, brain imaging, fMRI, empathy,
infant. Abbreviations: fMRI: functional magnetic resonance imaging; VD: vaginal delivery; CSD:
cesarean section delivery; PPD: postpartum depression.
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The critical capacity of adults to develop the
thoughts and behaviors needed for parents to care
successfully for their newborn infants is supported
by specific brain circuits. Animal research suggests
that networks of highly conserved hypothalamic-
midbrain-limbic-paralimbic—cortical circuits act in
concert via a range of hormones including oxytocin
to support aspects of parent-response to infants
(Leckman & Herman, 2002; Numan, 2007). In
humans, functional magnetic resonance imaging
(fMRI) studies have shown that infant stimuli acti-
vate brain circuitry that processes emotions, mo-
tivation, attention, and empathy (Swain &
Lorberbaum, 2008; Swain, Lorberbaum, Kose, &
Strathearn, 2007). Among the key factors that
influence these brain circuits, the mode of delivery is
important in the development of maternal behaviors.

The experience of childbirth by vaginal delivery
(VD) compared with cesarean section delivery (CSD)
uniquely involves the pulsatile release of oxytocin
from the posterior pituitary, uterine contractions
and vagino-cervical stimulation. Oxytocin is a key
mediator of maternal behavior in animals (Kendrick,
2000). Indeed, across experimental models including
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cesarean sectioned rats (Morgan, Fleming, & Stern,
1992; Yeo & Keverne, 1986), sheep (Kendrick, Levy,
& Keverne, 1992), goats (Poindron, 2005; Romeyer,
Poindron, Porter, Levy, & Orgeur, 1994) and horses
(Porter, Duchamp, Nowak, & Daels, 2002), vagino-
cervical stimulation improves the acquisition of
maternal behavior. This supports the notion that
cesarean delivery, which deprives mothers of this
stimulation and associated neurohormonal experi-
ences, might decrease the responsiveness of the
human maternal brain in the early postpartum.

CSD is a surgical procedure, in which delivery
occurs via incisions in the abdominal and uterine
wall. It is considered necessary under some condi-
tions to protect the health or survival of infant or
mother (Murphy, 2001; Murphy, Liebling, Patel,
Verity, & Swingler, 2003), but it is controversially
linked with postpartum depression (Carter, Framp-
ton, & Mulder, 2006; Lobel & DeLuca, 2007). The
occurrence of CSD has increased precipitously in the
US from 4.5% of all deliveries in 1965 to a recent
high of 29.1% (Martin et al., 2006).

CSD is a perinatal event that could influence
maternal brain function by altering the usual
neurohormonal events of VD. To investigate this, we
hypothesize that maternal brain responses to own
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baby-cry in the early postpartum are higher in VD
mothers than CSD mothers. Specifically, we expect
more activity with mothers who experienced VD and
the associated vagino-cervical stimulation compared
with CSD mothers in the same emotion-regulation
circuits suggested by Kendrick’s model of the actions
of oxytocin on sociosexual behaviors (Kendrick,
2000) that may relate to the vagino-cervical stimu-
lation of VD. Brain areas that might differ between
groups include the hormone regulation regions of the
hypothalamus, motivation and reward centers of the
midbrain and basal ganglia and cortical regulation
regions of the cingulate. However, not wishing to
limit the scope of this exploratory analysis, we per-
formed whole brain analyses for the purpose of
hypothesis generation for subsequent studies. We
also hypothesize that within the regions that are
more active in VD mothers, responses to own baby-
cry correlate with measures of parental worry and
mood.

Materials and methods
Participants

A group of 12 right-handed, new mothers having their
first baby were recruited from the Yale New Haven
Hospital’s postpartum wards to voluntarily participate
in this fMRI study. Six of them had VD deliveries (aged
19.6-36.5 years, mean = 29.1; SD = 6.4) and six were
CSD (aged 24.2-47.1 years, mean = 33; SD =7.7),
which was planned for convenience. None of them
reported birth complications. All mothers elected to
breastfeed their newborn infant. There were no signific-
ant differences between the ages of the two groups or
the number of years of education (VD: 17.2 years;
SD = 4.1 and CSD: 18.8 SD = 3.1) with most subjects
(10/12) being college educated and with 2 high school
graduates — both in the VD group. All families lived in
houses or apartments in middle-to-upper class neigh-
borhoods, and all parents were married and cohabiting.
Each participant gave written, informed consent before
participating. By self-report, no participants suffered
current psychiatric diagnoses, none of them were tak-
ing psychiatric prescription medications within 2 weeks
of the experiment and none had pregnancy complica-
tions. Each completed the semi-structured Yale Inven-
tory of Parental Thoughts and Actions (YIPTA; Feldman,
Weller, Leckman, Kuint, & Eidelman, 1999; Leckman
et al.,, 2004; Leckman et al., 1999; Mayes, Swain,
Feldman, & Leckman, 2008). This scale provides a
validated measure of parental worries, comprising a
range of anxious intrusive thoughts and harm avoidant
behaviors (AITHAR). Such thoughts and behaviors in-
clude concerns about the baby’s physical environment
and things being just right.” They also completed the
Beck Depression Inventory (BDI), a well-validated and
extensively used measure of depressed mood (Beck,
Epstein, Brown, & Steer, 1988). They each received a
compensation of $75 for each fMRI brain-scan and $50
for self-reports and interviews. The study was approved
by the Yale University School of Medicine Human
Investigations Committee.
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Design of fMRI study

Maternal fMRI scans were all conducted 2-4 weeks
postpartum (mean = 21.6 days postpartum, SD = 5.2,
range = 16-27). During recruitment, participants were
told that they would be interviewed and have brain
scans to investigate the physiological and psychological
brain basis of becoming a new parent. Each family was
lent a digital audio recorder so that they could make
digital audio recordings of their baby’s cry within the
first 2 weeks. They were asked to record cries during
the mild discomfort of a diaper change, but not while
the baby was in pain or hungry. The digital cry
recordings were uploaded and edited using computer
software (Cool Edit Pro Version 2.0, Syntrillium Soft-
ware, Phoenix, AZ). Building on previous parental brain
imaging study design (Lorberbaum et al., 2002), baby-
cry stimuli consisted of blocks of 30-second cries, pre-
pared by removing all non-baby-cry sounds such as
background conversations, baby-gurgles and grunts.
Control sounds were made by replicating cry bursts
with white noise sound bursts that simulated each cry’s
temporal pattern and matched the total root-
mean-square sound intensity and range of frequencies.
Thus, the resulting electrical static-like control sounds
controlled for stimulus volume, pattern and frequency
range, without sounding anything like an actual baby-
cry. In addition, beeps of .4 second duration were
inserted at 10, 20 and 30 seconds of each cry and
control block in order to act as prompts for button-
press responses to ensure attention during the brain
imaging (described below). Because each own baby-cry
varied according to the individual characteristics of
each baby, the own baby-cry and control-sound blocks
were necessarily unique to each mother. However, the
‘wah’ frequency was kept to between 1 and 2 Hz (.5-1
‘wah’s’/sec), with a ‘wah’ defined as a discrete sharp
rise and immediately following fall in sound frequency.
In order to address the concern that there may be a
qualitative difference between cries from babies born by
CSD vs. VD, we asked 7 adults to rate all of the baby-cry
stimuli on a 1-10 scale of emotional intensity. An
independent samples t-test revealed no significant dif-
ference between VD and CSD baby cries. The other
baby-cry stimulus block was identical for each particip-
ant that we scanned. This was chosen as the cry of
median intensity from 8 sample cries recorded during
pilot experiments, which were rated on a scale of 1-10
by a group of 8 adults.

fMRI data acquisition

fMRI data were acquired on a Siemens Trio 3T full-body
scanner (Erlangen, Germany) with echo-planar imaging
of the head. Head movements were restrained with foam
padding and surgical tape placed across each particip-
ant’s forehead. First, high-resolution T1-weighted
anatomical images were obtained (3D MPRAGE;
TR = 2530; TE = 3.66; matrix size 256 x 256; 176
slices). Then, anatomical T1-weighted echo-planar
images (spin-echo; TR = 300ms; TE = 4ms; matrix size
64 x 64; 30 axial slices; 3.125-mm in-plane resolution
5-mm thick, no skip) were acquired to be coplanar with
the functional scans for spatial registration. Subse-
quently, two BOLD-fMRI functional runs, each lasting
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6 minutes and 50 seconds, were completed (echo
planar T2*- weighted gradient-echo, TR = 2000 ms,
TE = 30ms, flip angle = 80°, matrix size 64 x 64, 30
axial slices, 3.125-mm in-plane resolution; 5-mm thick,
skip 0) to span the entire brain.

fMRI procedures

During each of the two BOLD-fMRI functional runs,
participants wore padded headphones to hear 10
blocks of stimuli. Each stimulus block was 30 seconds
long and composed of (1) own baby-cry, (2) other
baby-cry, or (3) own baby-cry-control-sound. These
blocks were arranged so participants heard each
sound block a total of five times in a pseudorandom
order. Each block was separated by a 10-sec rest
period during which only background scanner noise
could be heard. In order to balance concerns of
obscuring responses in parenting circuits with either
the surprise of new stimuli or losing brain responses
with habituation, we exposed each subject to a 10-
second clip each of the stimuli before the start of
scanning. During the scan, subjects were asked to
push a button with beep prompt at 10s, 20s and 30s
to indicate the intensity of emotional response by
pressing the button box (0 = none, 1 = a little, 2 = a
lot, 3 = maximal) to ensure that they were awake and
attending to the stimuli.

fMRI data analysis

Image processing, analyses, and statistical tests were
performed using Brainvoyager QX (version 1.6 to 1.8)
commercial software (http://www.BrainVoyager.com).

Preprocessing

Motion-corrected images were spatially smoothed using
a Gaussian filter with a full-width half-maximum value
of 6.25 mm. Data for each individual were aligned with
high-resolution 2D and 3D anatomical images for dis-
play and localization. For group analysis, individual
data sets underwent piecewise linear transformation
into a proportional 3D grid defined by Talairach and
Tournoux (1988) and co-registered with the high-
resolution 3D data set that was re-sampled to give
1 mm?® voxels.

Statistical whole brain and region-of-interest (ROI)
analysis

In the data sets, averaged group functional activation
was examined using a random effects general linear
model (GLM) analysis allowing pair-wise contrasts of
different experimental conditions. In order to test stat-
istical significance with correction for multiple com-
parisons, whole-brain voxel-based spatial cluster filter
thresholding was performed (Forman et al.,, 1995;
Goebel, Esposito, & Formisano, 2006). First an uncor-
rected threshold was set at p <.05. Then, thresholded
maps were submitted to a whole-brain correction cri-
terion based on the estimate of the map’s spatial
smoothness and on an iterative procedure (Monte Carlo
simulation) for estimating cluster-level false positive

rates. After 1,000 iterations, the minimum cluster size
threshold that yielded a cluster-level false-positive rate
of 5% was applied to the statistical maps. This method
corrects for multiple cluster tests across space (Goebel,
Esposito, & Formisano, 2006). We thus rejected
uncorrected activated clusters that were smaller than
813 mm® for own baby-cry vs. control sound and
777 mm? for own vs. other baby-cry yielding surviving
corrected clusters at p <.05. Additionally, to test the
significance of activity in small brain areas, we applied
a small volume correction (SVC) method for false dis-
covery rate (FDR) error at p < .05 corrected (Genovese,
Lazar, & Nichols, 2002). This was implemented on
Brainvoyager software and gives statistical corrections
for multiple comparisons confined to a region of interest
(Worsley et al., 1996). The small volume consisted of a
cube (6 mm?®) centered at the most significant voxel of
the clusters activated at p < .05 (t > 2.22) uncorrected
in the whole brain analysis. For correlations of brain
activations in response to baby-cry and out-of-magnet
behavioral measures, we performed random effects
analysis of covariance correlations within significantly
activated clusters with individual scores on the Beck
Depression Inventory and the YIPTA measure of
parental worries.

In order to explore maternal brain responses to
baby-cry, we obtained group differences by performing
two-factor analysis of variance between VD and CSD
parents. There were no significant differences between
VD and CSD groups in response to the control sound or
the other baby-cry vs. baseline, such that the signific-
ant between-group effects for own vs. control sound and
own vs. other baby-cry were due to the responses to
own baby-cries. The fMRI contrasts we examined across
modes of delivery were:

[1] Baby-Cry Response (the own baby-cry vs. own baby-
control-sound contrast). This contrast controls for
the timing pattern and volume to reveal brain acti-
vations important to baby-cry stimuli.

[2] Own Baby-Cry Response (the direct own baby-cry vs.
other baby-cry contrast). This contrast controls for
the qualities of baby-cry to reveal brain activations
more purely related to the identity or ‘oneness’ of the
baby-cry stimulus.

In order to test for valid correlations between own
baby-cry response and behavioral measures, we only
looked for correlations within ‘masked’ brain areas that
were more active in response to own baby-cry in VD vs.
CSD mothers. Within this mask, we performed random
effects analysis of covariance between brain response to
own baby-cry and AITHAR and BDI across the entire
sample.

Results
Behavioral results

There were no significant differences in emotional
ratings of baby-cry or control-sound stimuli between
VD and CSD subjects. In addition, across all sub-
jects, there were no significant differences between
emotional response scores (0-3) between own baby-
cry (2.7 = .3) and other baby-cry (2.6 + .5). However,

© 2008 The Authors

Journal compilation © 2008 Association for Child and Adolescent Mental Health.



there were significant differences (p < .05) between
emotional response scores to baby-cry (2.7 £ .3) vs.
control-sound (1.8 +.6). With our subjects, there
was not a significant difference for AITHAR
(VD = 1.01 £ .29; CSD = 1.02 * .40) and just a trend
(p =.059), but not a significant group difference for
VD mothers to a higher BDI than CSD mothers
(VD = 7.3 £4.5;CSD = 4.7 + 2.3) using independent
sample t-tests.

Neuroimaging

Baby-cry responses at 2-4 weeks postpartum. In
our sample of 12 parents at 2—4 weeks postpartum,
we contrasted own baby-cry vs. control-sound
between VD (n =6) and CSD (n = 6) mothers. This
revealed a range of regions that were significantly
more active in VD vs. CSD mothers in response to
baby-cry, including cortical and subcortical struc-
tures. These included circuits of the anterior cin-
gulate, hypothalamus, and regions of the basal
ganglia. In addition, we found activations in sensory
processing areas of the superior and inferior tem-
poral cortex, frontal premotor and motor circuits
and emotion regulation insular cortex, as well as
thalamus, pons and regions within the cerebellum.
There were no clusters that were significantly more
active in CSD vs. VD mothers in our sample except
in the occipital lobe (Figure 1, Table 1).

Own baby-cry vs. other baby-cry response at
2-4 weeks postpartum. In our sample of 12 par-
ents at 2-4 weeks postpartum, we contrasted own
baby-cry vs. other baby-cry between VD (n = 6) and
CSD (n =6) mothers. This indicates maternal
responses to own baby that were higher with VD vs.
CSD mothers in regions including frontal cortex
circuits, hypothalamus and basal ganglia. In addi-
tion, we report differences in sensory processing
areas of the temporal cortex and parietal cortex as
well as other subcortical regions of the caudate head,
thalamus and pons. One cluster in the insula was
more significantly active in CS than VD mothers.
(Figure 2, Table 2).
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Random effects analysis of covariance with
neuroimaging and behavioral measures

Within the regions more responsive to own baby-cry
in VD vs. CSD mothers, we found responses to own
baby-cry correlated with out-of-magnet measures of
thoughts and mood across the entire sample of
mothers. First, the measure of parental preoccupa-
tion (AITHAR) correlated with brain activity in
response to own baby-cry in bilateral lenticular
nuclei (r = .64, p < .05 and .67, p < .05 respectively).
Second, the depression measure BDI (r=.78,
p < .01) correlated with own baby-cry brain activity
in a region of the superior frontal gyrus (BA10).

Discussion

The results of this study show that attending to own
baby-cry evokes a unique pattern of neural
responses in VD mothers as compared to CSD
mothers in the early postpartum. These differences
between VD and CSD mothers are obtained by
comparing neural activation while parents listened
to their own baby-cry and control stimuli. Brain
differences between VD and CSD mothers in
response to their own baby-cry may reflect the
effects of vaginal delivery, associated vagino-cervi-
cal stimulation and related biobehavioral events
that may contribute to mental health risks and
resiliency in the mother-infant dyad. Independent
of the mode of delivery, there were specific correla-
tions across all parents between response to own
baby-cry and levels of parental worry and mood
suggesting the importance of these psychological
dimensions to the emergence of parenting behav-
iors.

First, using a control stimulus consisting of pat-
tern and volume matched white noise reveals specific
responses of VD mothers to characteristics of baby-
cry. These include areas associated with emotional
response, such as the anterior cingulate and insula
as well as areas associated with decision-making
such as the posterior cingulate. Second, using a
control stimulus consisting of a volume matched

Figure 1 Maternal brain activity of VD vs. CSD (Baby-Cry vs. Control-Sound) (x =7, y = -3, z = —4). These are
sample views of the group contrast between vaginal delivery (n = 6) and Cesarean section delivery (n = 6) for the
contrast own baby-cry > control-sound (p < .005, uncorrected). Please see Table 1 for a detailed list of corrected

activations
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Table 1 Baby-cry vs. control sound at 2—4 weeks postpartum (n = 12). Vaginal (n = 6) > cesarean section (n = 6)

Parent brain region R/L

Talairach coordinates

Peak t-score Volume (mm?)

Superior Temporal Gyrus BA21

Medial Inferior Temporal/Fusiform BA36
Supplementary Motor Cortex BA6
Primary Motor Cortex BA4

Parietal Supramarginal Gyrus BA40
Inferior Parietal Lobule BA7
Anterior Cingulate Gyrus, BA24
Dorsal Posterior Cingulate BA31
Insula, BA13

Claustrum BA13
Parahippcampal Gyrus BA 28
Caudate Body

Lenticular nucleus

Thalamus VAN

Hypothalamus

Pons
Cerebellum, Anterior Lobe, Tonsil

Cerebellar Anterior Lobe, Dentate

AN AACAICACICAIICCICAICCECODIAALS

Cerebellar Anterior Lobe, Culmen

-49, -11, -5 3.05 1986
21, -31, -17 4.17 832
39, -4, 35 3.09 873
24, -17, 50 3.06 788
-18, -19, 49 3.57 841
-24,-43, 55 4.97 842
-36, -52, 57 3.09 840
12, 11, 31 4.26 1466
-7,-7, 41 3.34 816
3,-22, 47 2.88°
-1, -22, 46 3.03°
-45,8, -2 3.94 914
30, 4, 15 5.17°
20, -19, -17 4.02 819
14, 6, 18 3.83°
-15, 8, 13 4.57°
16, 2, 4 3.68°
-18,5, 4 3.10°
6, -7, 1 6.15°
-9, -6, -2 3.89°
7, -6, -3 2.41°
-9, -4, -4 3.20°
15, -28, -29 5.73%
15, —43, -29 3.57 865
-15, -44, -32 3.00°
9, -50, -26 3.36%
-6, -49, -26 3.41 867
-29, -43, -26 3.01°

p <0.05, corrected by whole brain cluster filter threshold.

8significantly different at p < 0.05 (FDR) — small volume corrected from region that was significantly active in the whole brain

uncorrected map at p < 0.005.

Figure 2 Maternal brain activity for VD vs. CSD for (Own baby-cry > Other baby-cry) (x = 7,y = =3, z = —4). These are
sample views of the group comparison of mothers who delivered by vaginal delivery (n = 6) vs. Cesarean section
(n = 6) for the contrast of own baby-cry vs. other baby-cry (p < .005, uncorrected). Please see Table 2 for a detailed list

of corrected activations

other baby-cry reveals increased brain response of
VD mothers to the identity of the own baby. This
includes areas associated with arousal and reward
such as the amygdala and the head of the caudate,
areas associated with the representation of the
mental states of others (theory of mind) such as the
superior temporal cortex, and areas associated with
the regulation of repetitive thoughts and behaviors
including the lenticular nucleus. Increased
responses for VD vs. CSD mothers with both
contrasts occurred in areas associated with neuro-
hormonal regulation such as the hypothalamus as

well as broadly important regions of the pons, thal-
amus and cortex.

Activations in the anterior cingulate, insula and
claustrum may be important for processing of vocal
emotions (Johnstone, van Reekum, Oakes, &
Davidson, 2006) and integrating representations of
the baby with limbic regulation of emotions (Carr,
Iacoboni, Dubeau, Mazziotta, & Lenzi, 2003; Crick &
Koch, 2005; Goldapple et al., 2004; Gotlib et al.,
2005; Wiens, 2005). Increased activity in the ante-
rior cingulate with VD mothers also fits with its role
in selecting a response between competing thoughts

© 2008 The Authors
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Table 2 Own baby-cry vs. other baby-cry at 2-4 weeks postpartum (n = 12). Vaginal (n = 6) > cesarean section (n = 6)

Parent brain region R/L Talairach coordinates Peak t-score Volume (mm?)
Superior Temporal Gyrus BA22 R 54,10,1 4.29 803
L -51, -1,2 3.77 980
Middle Temporal Lobe BA36 L -60, -31, -5 4.64 836
Superior Frontal Gyrus BA10 L -15, 56, 22 5.06 821
Lateral Fusiform BA37 R 39, -46, -22 4.48 997
L -36, -46, -17 5.10 795
Superior Parietal Lobule BA7 R 15, -61, 64 7.30 1351
L -21, -63, 62 5.48 1631
Caudate Head L -6,5,1 2.76%
Thalamus L -9, -6, 2 3.31 828
Hypothalamus L -9, -4, -6 4.15%
Amygdala L -21,0, -16 3.50%
Lenticular Nucleus R 14, -2, 1 3.09*
L -14, -1, -2 5.387
Pons R 2, -28, =31 3.30%
L -2, -28, -29 3.75%
Cesarean section (n = 6) > vaginal (n = 6)
Insula L -33,24,10 3.89 792

p <0.05, corrected by whole brain cluster filter threshold.

8significantly different at p < 0.05 (FDR) — small volume corrected from region that was significantly active in the whole brain

uncorrected map at p < 0.005.

and correcting errors (Posner & Rothbart, 1998).
Increased activity in the insula may also reflect
positive self-conscious emotions (Takahashi et al.,
2008), which may be increased with VD vs. CSD
mothers because of their increased sense of self-
confidence (Clement, 2001). Findings in the superior
temporal and frontal cortices may also reflect
auditory processing and social cognition (Decety &
Grezes, 2006; Saxe, 2006). Thus, in VD mothers
more than CSD mothers, brain responses may be
important for the emotion regulation and empathy in
mothers when they hear a baby-cry that may assist
them in recognizing and understanding the infant’s
mental state, leading to more accurate predictions of
likely infant behaviors and needs. This would assist
VD mothers in carrying out appropriate caring
behaviors and perform critical interpersonal tasks in
parent-infant bonding (Feldman, 2007).
Sub-cortical regions such as the thalamus, caud-
ate, and pons may mediate complex sensory inte-
gration, motivation and reward that are part of
normal responses to baby-cry. Thalamic activity, in
concert with cortical activity may be associated with
parenting across a range of animals in which infant
cry has evolved to allow infants to initiate breast-
feeding and other parenting behaviors (Newman,
2007; Soltis, 2004). Perhaps thalamus activity, in
unison with empathy circuits, allows parents to
appreciate the discomfort of their baby indicated by
a cry. The caudate may be associated with the inte-
gration of sensory input, reward expectation and
detection (Delgado, 2007; Knutson & Cooper, 2005;
Martin-Soelch et al., 2001) to motivate and prepare
for rewarding experiences including receiving money
(Peterson, 2005; Schultz, 2000), using addictive
substances such as cocaine (Breiter & Rosen, 1999),
sexual arousal (Karama et al., 2002) and orgasm

© 2008 The Authors

(Komisaruk & Whipple, 2005). Future studies with
parents may clarify if baby-stimuli may be similarly
rewarding to parents.

VD vs. CSD activations in the hypothalamus may
reflect its role in stress regulation and parenting
behaviors such as breastfeeding (Numan, 2000) as
well as other affiliative behaviors and attachment
(Bartz & Hollander, 2006; Feldman, Weller, Zagoory-
Sharon, & Levine, 2007). This occurs at least in part
via the peptide hormone oxytocin (Insel & Young,
2001; Koob & Le Moal, 2001; Swain, Mayes, &
Leckman, 2005) which may be altered in CSD in
which the mother is deprived of the vagino-cervical
stimulation and associated oxytocin (Kendrick,
2000).

Increased activity for VD mothers in parahippo-
campal gyrus may fit with its importance for encod-
ing emotional memories (Phelps, 2004), which may
be impaired by the post CSD pain (LaBar & Cabeza,
2006). Another mental phenomenon which might be
important for early postpartum parenting is the
presence of postpartum parental preoccupations
(Leckman et al., 1999). Such thoughts may be sup-
ported by the same brain circuits that are involved in
obsessions and compulsions such as regions of the
basal ganglia (Mayes, Swain, & Leckman, 2005). In
keeping with this notion, we found activations in the
lenticular nucleus that are more sensitive to own
baby-cry in VD mothers. It is also interesting that
inferior temporal regions in the area referred to as
the fusiform face area are more active in VD mothers,
suggesting that own baby-cry is actually activating
regions that normally process expert face informa-
tion (Kanwisher & Yovel, 2006; Schultz, 2005) -
perhaps in this case the baby’s face — when they
listen to their own baby-cry. Finally, relative activity
in VD mothers in the cerebellum may signal the
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importance of this structure in cognition and emo-
tion (Ioannides & Fenwick, 2005). The only area that
was more responsive to own baby-cry in CSD vs. VD
mothers was in a region of the insula. This may fit
with the role of anterior insula in pain processing
which might be quite different after the experience of
childbirth by VD vs. CSD.

Considering that the areas of response to own
baby-cry in VD vs. CSD mothers may be part of
critical parenting brain circuits, we tested for corre-
lations with behavioral data within those areas.
Across the entire sample, we found regions in which
the sensitivity to own baby-cry correlated with
AITHAR (parental-worry) bilaterally in the lenticular
nuclei (Figure 3). This is consistent with the function
of these regions in a range of repetitive anxious
thoughts and behaviors (Mataix-Cols et al., 2004).
There is also a direct correlation between BDI and

(a) Left lenticular nucleus
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Figure 3 OWN vs. OTHER baby-cry vs. parental wor-
ries in all mothers. This scatter-plot shows significant
correlations between the functional magnetic resonance
imaging (fMRI) response at the local maxima to own vs.
other baby-cry in the left (-14, -2, 1) and right lentic-
ular nuclei (14, -1, —-2). Red triangles indicate CSD
mothers, blue squares indicate VD mothers. This was
the only region from table 2 (VD vs. CSD) that corre-
lated with BDI

Left medial frontal cortex
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Figure 4 OWN > OTHER baby-cry vs. BDI in mothers
(VD + CSD). This scatter-plot shows the relationship
between BDI scores and the functional magnetic reso-
nance imaging (fMRI) response at the local maxima in
the left medial frontal (Brodmann Area 10, —16,56,20)
region for own baby-cry vs. other baby-cry (r = .73,
p <.01). Red triangles indicate CSD mothers, blue
squares indicate VD mothers

brain response to own infant-cry in the superior
medial frontal gyrus Brodmann area 10 (Figure 4).
This area has been associated with circuits impor-
tant for depression (Killgore & Yurgelun-Todd,
2006), recovery from depression (Mayberg et al.,
2005), and cocaine administration (Kufahl et al.,
2005). Despite these convergences of findings in this
region, in our normal sample depression scores may
not be truly comparable to the depression of psy-
chiatric magnitude. Perhaps the association of
activity in this area with the subclinical levels of
depression we report actually reflects normal and
even healthy aspects of adjusting to the new role as
mother with associated stress, sleep deprivation and
fatigue. Indeed, VD mothers show a trend to higher
BDI scores than CSD mothers.

Despite the statistically significant findings that
we report, there are several important limitations
that should be addressed in future replications.
Certainly, increased sample size and repetition at
different postpartum time points in the same sub-
jects would be significant improvements. In addi-
tion, more measurements of parenting and child
outcomes are needed to establish the importance of
specific brain regions. Correlations with such
measures could separate brain responses from
simple attention and sensory processing from those
related to truly relevant dimensions of parenting
competence and infant outcome that may be future
targets for treatment in depressed or at-risk
parents.

As we hypothesize in this fMRI study — the first to
compare brain responses to own baby-cry stimuli in
mothers according to delivery — certain brain regions
respond to own baby-cry stimuli more in VD vs. CSD
mothers. Furthermore, the responses of some of
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those parental response areas vary according to
parental worry and mood. It is impressive that at
2-4 weeks postpartum, the effects of mode of deliv-
ery on brain responsiveness to own baby-cry are
significant. There are many reasonable explanations
for the complex biopsychosocial differences associ-
ated with VD vs. CSD, but it is tempting to speculate
about the differential release of oxytocin with the
vagino-cevical stimulation of VD that has been
studied in animal models (Kendrick, 2000). It may be
possible to approach this question in humans by
comparing brain function of breastfeeding and for-
mula feeding mothers. Recently, oxytocin has been
linked in humans with a set of maternal behaviors in
the early postpartum (Feldman, Weller, Zagoory-
Sharon, & Levine, 2007) This demonstration of dif-
ferences in brain responses to infants across groups
that likely differ in oxytocin is consistent, but further
work is needed to clarify the link between mode of
delivery, oxytocin, and postpartum anxiety and
mood problems that may increase the risks for
postpartum problems. This may lead to treatment
studies with such interventions as increased
maternal-infant contact with CSD mothers. This has
been shown to improve infant physiology, develop-
ment, maternal mood, and mother-infant relation-
ships in general (Feldman, 2004).

It is of particular importance to study the CSD at
this time because of its rising rates in Mexico,
Canada, and some European, Asian, and South
American countries such as Brazil, where the rate in
public hospitals is as high as 80% (Kambo, Bedi,
Dhillon, & Saxena, 2002; Lin & Xirasagar, 2004;
Matthews et al., 2003; Trujillo-Hernandez et al.,
2002). Increases in CSD rates may be attributed to a
range of factors, including obstetric practice, litiga-
tion issues, financial incentives, and shifting trends
among women giving birth such as advancing age
and excessive pregnancy weight gain (Luthy,
Malmgren, Zingheim, & Leininger, 2003; Rosenberg,
Garbers, Lipkind, & Chiasson, 2005; Villar et al.,
2006; Xirasagar, Lin, & Liu, 2006), as well as issues
of choice (Declercq, Menacker, & Macdorman, 2006).
If our data is replicated, CSD mothers are less sen-
sitive to their infant and this may contribute to the
possible link between CSD and a range of adverse
psychosocial effects (Clement, 2001), including
postpartum depression (PPD) (Lobel & DeLuca,
2007). Maternal PPD predicts poorer infant cognitive
outcome at 18 months (Murray & Cooper, 2003) and
later time-points such as 7 years postpartum
(Kim-Cohen, Moffitt, Taylor, Pawlby, & Caspi, 2005).
Furthermore, follow-up data on the offspring of
depressed and anxious mothers indicate increased
mental health risks across generations (Brown,
Bifulco, & Harris, 1987; Heim, Owens, Plotsky, &
Nemeroff, 1997; Kendler, Kessler, Neale, Heath, &
Eaves, 1993; Sroufe, Carlson, Levy, & Egeland,
1999). Thus, building on the animal and human
literature, further study is needed of the effects of
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CSD and other stressors on parenting and infant
wellbeing.
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