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Abstract
Background—Recent research has demonstrated that clinical depression can emerge as early as
the preschool period. Here we examine brain function in children with a history of preschool onset
depression (PO-MDD) in comparison to healthy children.

Methods—Participants were medication naïve school aged children (ages 7–11) with PO-MDD
(N=22) or no psychiatric history (N=16) followed longitudinally as part of the Preschool
Depression Study. We used fMRI measures of BOLD to examine functional brain activity in
response to emotionally valenced faces (sad, fearful, angry, happy, neutral) following a negative
mood induction provided to all children.

Results—In categorical group comparisons, children with PO-MDD demonstrated increased
activity in parietal cortex in response to sad faces, but no differences in brain activity in a priori
regions of interest (e.g., amygdala). However, in dimensional analyses, the severity of depression
symptoms at the baseline preschool assessment predicted increased responses to sad faces in
amygdala, hippocampal, parietal and orbital frontal regions.

Conclusions—School aged children with a history of PO-MDD show patterns of functional
brain responses to emotionally evocative stimuli similar to patterns found in adults and
adolescents with major depression. These patterns were most strongly related to the severity of
depression during the preschool period, suggesting that the magnitude of early symptoms may be
particularly important for understanding altered brain function. These findings suggest that an
early episode of depression prior to age 6 may be associated with enduring brain change or may
represent a biomarker that was present even prior to the preschool episode.
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Major Depressive Disorder (MDD) is a major public health concern (1, 2). Recent research
has shown that clinically significant depressive symptoms can also emerge in children as
young as 3 (3–7), which is thought be an early onset form of childhood MDD referred to as
preschool onset depression (PO-MDD) (4–7). Adults and adolescents with MDD show
altered functional brain activation to emotionally evocative stimuli in limbic regions thought
to be relevant for emotion processing, and frontal regions thought to be relevant for emotion
regulation (8, 9). However, little is known as to whether children with a history of very early
occurring depression also show altered functional brain responses to negative affective
stimuli. It is important to understand whether the pathophysiology of PO-MDD is similar to
childhood, adolescent or adult onset forms of MDD, as this may elucidate the developmental
trajectory of the more commonly recognized later life forms of MDD. Thus, the goal of the
current study was to examine functional brain responses to negative face stimuli in school-
aged children with a history of PO-MDD as compared to healthy children.

Drevets and colleagues (10) have hypothesized that altered prefrontal-limbic interactions
compromise the capacity for adaptive, regulatory responses to emotional challenge in MDD.
In their model, dorsal prefrontal systems (DLPFC and anterior cingulate) provide top down
regulatory control over ventral limbic systems via inputs into pre and subgenual cingulate
and orbital frontal regions with more direct connections to amygdala, hippocampal and
thalamic regions. Support for disruptions within this circuit comes from many studies of
depressed adults, though not all (see (11, 12)). Numerous studies of MDD have shown
increased amygdala responses to negative emotional cues as well as less deactivation in
subgenual PFC (BA 25) in response to processing emotional faces (13–25). This limbic over
activity is sometimes accompanied by altered activity in cognitive control areas in response
to emotional distracters (16, 23, 26) or the need to regulate emotional responses (15, 27, 28).

Additional work in adolescents, while mixed, has also revealed alterations in ventral
prefrontal-limbic regions. Adolescents with MDD have shown both enhanced and reduced
amygdala activity while viewing facial expressions of emotion (29–31) (30, 32) and reduced
activation in dorsal prefrontal and cingulate cortex during cognitive control tasks (33).
Research in school aged children, adolescents and young adults at high risk for depression
has also reported altered pregenual cingulate activity during an emotional stroop task (34)
and enhanced amygdala activity to fearful faces (35). The normative developmental
literature has demonstrated that prefrontal regions are still undergoing changes during the
school-age period, with evidence that prefrontal emotion regulation systems are not yet
mature (36). As such, it is not clear whether school-age children with a history of PO-MDD
will show alterations in prefrontal regions that may be involved in emotion regulation, or
whether they will primarily show alternations in limbic activity related to emotion
processing.

Epidemiological studies have detected depression in children as young as 3 at multiple sites
(3, 37). Validation of PO-MDD has been supported by the finding of a specific and stable
symptom constellation, greater family history of related disorders, alterations in stress
cortisol reactivity similar to those known in depressed adults (5, 38, 39) and homotypic
continuity between PO-MDD and later childhood episodes (40). As such, investigating PO-
MDD is of interest both for early intervention efforts that might capture a period of greater
neuroplasticity and for investigations of the developmental etiologies of depressive
disorders.
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Recently, we reported preliminary evidence that the severity of depressive symptoms in
preschool aged children with current PO-MDD predicts amygdala responses to sad faces
(41). However, little is known about whether such heightened responses in ventral limbic
regions are still present in school-aged children with a history of PO-MDD. The goal of the
current study was to test specific hypotheses by examining functional brain responses to
affective faces in school-aged children (7–11 years) with known PO-MDD and healthy
children. The Drevet’s model postulates that altered prefrontal-limbic function and
interactions compromise the capacity for adaptive, regulatory responses to emotional
challenge. If PO-MDD shares biological substrates with adolescent and adult onset MDD
that are consistent with this model, then we would predict: 1) children previously diagnosed
with PO-MDD would show increased activation in ventral limbic regions such as the
amygdala, the hippocampus, and the subgenual cingulate in response to negative faces; 2)
these heightened responses would be most apparent for sad faces, given our prior work in
preschoolers with MDD (41), and the prior work in adult depression suggesting some
evidence for altered responses specifically to sad faces (24, 42), as well as evidence that
responses to sad faces in MDD predict treatment response (18, 19); 3) increased ventral
limbic activity would vary as a function of the severity of PO-MDD, given prior research
suggesting that illness severity may predict the magnitude of functional and structural
impairments in adult depression (43) and because early illness severity may reflect the
magnitude of genetic or environmental contributions to illness onset; and 4) children with a
history of PO-MDD may also show altered activity in lateral prefrontal and cingulate
regions thought to be involved in emotion regulation (though this may be less apparent
given that such regions may be less active in children normatively).

Methods
Participants

The participants were a subsample of the children in the Preschool Depression Study (PDS),
a prospective longitudinal investigation of preschoolers and their families conducted in the
Early Emotional Development Program (EEDP) at the Washington University School of
Medicine (WUSM). See Supplemental Materials for details on recruitment for the PDS
study (44). The current study reports on 38 children from the PDS psychotropically naïve at
the time of this first scan. A history of head trauma, prematurity, neurological disease,
developmental delay, or the use of psychoactive medications were exclusions for the current
analyses. All PDS children with a history of either depression or no psychiatric were asked
to participate in the imaging portion of the study. Participants were between the ages of 7
and 11 at the time of scan. One group had been diagnosed with PO-MDD between the ages
of 3.0–5.11 (n=22) while the other group (healthy controls) did not exhibit any psychiatric
diagnoses at any time point across the diagnostic assessment waves over a 4–6 year period
(CON; n=16). Parental written consent and child assent were obtained prior to participation
and the Institutional Review Board at WUSM approved all experimental procedures.

Diagnostic Assessment
Trained staff from the WUSM EEDP conducted up to four in-person assessment sessions
with participants and their primary caregivers over the course of 4–6 years. The first three
interviews used the Preschool-Age Psychiatric Assessment (PAPA) (45, 46) and the fourth
used the Childhood and Adolescent Psychiatric Assessment (CAPA). Please see Supplement
for details. Children were classified as having a history of PO-MDD if the child met
symptom criteria for MDD on the PAPA prior to age 6.0 (5). For each in-person diagnostic
time point, we computed depression severity sum scores (39) and summed severity scores
for non-depression internalizing disorders and externalizing disorders (see Supplement). We
used these scores to examine whether results were specific to depression or more generally
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to internalizing or externalizing psychopathology. Child and parent versions of the
Children’s Depression Inventory (CDI-C and CDI-P) were completed at the time of scan
(47) to assess current MDD symptom severity.

Functional Task and Stimuli
The fMRI task was an event-related facial emotion-processing task, chosen to provide
continuity with research using similar tasks in adults and adolescents with depression (24,
29–32, 42). Children were shown faces that varied in affective content and were asked to
decide whether the face was male or female. We chose to use a task that did not require
explicit attention to the emotional content because of evidence that heightened amygdala
responses associated with MDD may be more apparent with a less constrained response (16,
35). The face stimuli were from the MacArthur Network Face Stimuli Set (48). Children
were shown sad, fearful, angry, happy and neutral expressions from 10 sets of individuals.
We used several different negative face types in order to be able to examine the specificity
of any alterations in brain responses to sad faces versus negative faces in general. In
addition, we included neutral faces as another specificity control for general face processing
alterations, and happy faces in order to examine whether children with a history of
depression might show reduced responsivity to positive stimuli. In addition, we created
intermediate sad, fearful, angry, and happy expressions by morphing the neutral expression
for each individual with their emotional expression so that the resulting face was ½ way
between neutral and the target emotion (MorphAge software). We included these stimuli
because we thought it possible that behavioral and brain activation biases in depression may
be more apparent at less strong emotional expressions where there may be a greater
likelihood of detecting bias. Thus, each “actor” in the stimulus set provided a total of 9
expressions (neutral; 50% and 100% Sad, Fearful, Angry, and Happy).

We focused on the average functional activations to the full and ½ intensity faces, as we felt
that explicit comparison of full to ½ intensity faces required a larger sample size for
sufficient power. The results were not substantively different if we focused only on the full
intensity faces. Each run consisted of 45 stimuli, 5 from each of the 9 conditions. Each
stimulus was presented for 2500 ms, followed by an ITI ranging between 500 and 6500 ms.
Each child was shown two runs, with no stimuli repetition. In addition, prior to performing
the face task, all children went through a mood induction technique in the scanner based on
the work of Gotlib and colleagues (24). We did so because not all of the children with a
history of PO-MDD were depressed at the time of scanning (18% met MDD criteria), and
there is evidence that affective processing biases (49) and hyperactivity of ventral prefrontal
limbic regions (50) can be reactivated in individuals with a past history of MDD following a
mood induction and can be elicited using mood induction in non-depressed children who
were at risk due to maternal MDD (51–53). Thus, we felt it important to maximize the
likelihood of seeing an influence of PO-MDD on functional brain responses in this first
study in this population. We used a film clip from My Girl (see Joormann et al. (52)) that
focuses on a child’s loss of a close friend to induce a negative mood state, coupled with
directions to imagine the situation applying to one’s self (54). This mood induction occurred
immediately before children began the face processing task. A positive mood repair clip was
shown at the end of the session.

Functional Data Acquisition and Processing
Structural and functional scanning were performed on a 3.0 Tesla TIM TRIO Siemens
whole body system. See Supplemental Materials for additional details on pulse sequences.
The fMRI data were preprocessed using standard preprocessing steps as outlined in
Supplemental Materials.
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Analytical Approach
The present study used both a region of interest (ROI) analysis and a whole brain analysis.
The ROI analysis focused on regions previously thought relevant to emotion processing in
major depression (14–16, 55–60), and included the amygdala/hippocampus, the striatum,
dorsolateral prefrontal cortex, dorsal anterior cingulate, pregenual anterior cingulate, and
subgenual cingulate.

We conducted two types of analyses. The categorical analyses used a repeated measures
ANOVA with diagnostic group as a between subject factor, and emotion type as a within
subject factor. This analysis allowed us to examine any differences as a function of group
across any of the face types. Significant interactions between group and condition were
followed up by planned contrasts that allowed us to test the hypothesis that differences
would be greatest to sad faces versus other face types. The dimensional analyses examined
the relationship between functional brain activation and a) severity of PO-MDD at the
baseline assessment when preschoolers were initially entered into the PDS study; and b)
average severity of MDD across the four longitudinal assessment waves as a cumulative
measure of depression severity. These correlations were conducted in the entire sample and
focused on functional brain responses to sad versus neutral faces, based on the hypothesis
that the processing of sad facial expressions may be particularly relevant (61). We followed
up these analyses with planned analyses to further address specificity by asking whether any
obtained results were also present for other faces type. All of these analyses were corrected
for multiple comparisons using combined p-value/cluster size thresholds determined using
Monte Carlo simulations (62, 63). These thresholds were p<.005 and 10 voxels for ROI
analyses correcting for all ROIs simultaneously (corresponding to a false positive rate of p<.
05 for the whole ROI mask), and p <.001 and 16 voxels for whole-brain analyses
(corresponding to a whole-brain false positive rate of p<.05).

Results
Demographic and Clinical Characteristics

Table 1 summarizes demographic and clinical information for the groups. The PO-MDD
group experienced a higher number of MDD symptoms at baseline (Time 1) and across all
waves. The PO-MDD group experienced more externalizing and non-MDD internalizing
symptoms. Six of the PO-MDD children had a comorbid diagnosis of ADHD, 3 of GAD,
and 5 of either Separation Anxiety Disorder or Social Phobia. However, as described below,
all results held when controlling for either externalizing or internalizing symptoms.

The healthy control and PO-MDD groups did not differ significantly in CDI scores at the
time of scan, though the means were in the expected direction. The negative mood induction
was effective in terms of self-reported mood pre versus post mood induction for both the
healthy children (p<.001) and the PO-MDD children (p<.001) with no significant group
differences (see Table 1). Based on the CAPA, 4 of the PO-MDD children met criteria for
current MDD at the time of the fMRI scan (18%). All of the results reported below remained
significant if those four children were excluded.

Categorical Group Comparison
This analysis addressed the question of whether children with a history of PO-MDD would
show enhanced ventral-limbic responsivity to negative faces (specifically sad faces),or
altered activity in prefrontal and cingulate regions associated with emotion regulation. The
voxel-wise ANOVAs did not reveal any regions showing significant main effects of group,
emotion or group × emotion interactions. Similar ANOVAs at the whole brain level revealed
a main effect of emotion in right parietal cortex (see Table 2), with greater activation to sad,
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fearful and happy faces than to neutral or angry faces (ps<.01). In addition, we found
diagnostic group by face emotion type interactions in a number of regions, including left
parietal cortex, bilateral precuneus, bilateral occipital cortex, brain stem and left temporal
cortex (see Table 2). In all of these regions except for left temporal cortex, the interaction
reflected the fact that the children with a history of PO-MDD showed greater activation to
sad faces relative to control children and relative to the other face types (see Table 2).
Comparisons on the other face types are shown in Table 2. In the left temporal cortex,
control children, but not PO-MDD children, showed enhanced activation to fearful faces
relative to the other face type. In all of these regions, the diagnostic group by emotion
interactions remained significant when covarying for either externalizing and non-MDD
internalizing symptoms and/or parent and child reported CDI scores at the time of the scan,
suggesting that the results were specific to a history of PO-MDD rather than to
psychopathology more broadly or current depressed mood. Thus, as a whole, these analyses
did not support the hypothesis that as a group children with a history of PO-MDD would
show increased ventral limbic responsivity or reduced frontal/cingulate responses to sad
faces. However, they did show altered activity among PO-MDD children in a number of
other regions, with the differences consistent for sad faces across the regions.

Dimensional Analyses
These analyses were designed to address the hypothesis that the magnitude of ventral limbic
activity in response to sad faces would vary as a function of the severity of PO-MDD and
were conducted using all participants.

A Priori ROIs—The voxel-wise correlations between baseline (Time 1) preschool MDD
severity and brain activation in response to sad versus neutral faces in our a priori ROIs
revealed positive correlations in several regions (see Table 3, and Figure 2), including
bilateral orbital frontal cortex, right hippocampus, right amygdala, left claustrum and
bilateral parahippocampal gyrus. In all of these regions, a greater number of MDD
symptoms at baseline were associated with greater activation to sad faces relative to neutral
faces. Further, all of these correlations remained significant when externalizing and non-
MDD internalizing symptoms were included as covariates in the same model, as well as
parent and child reported CDI scores at the time of scan. Since the contrast used in these
analyses was the difference between sad and neutral faces, we also examined whether the
correlations were due to increased activation to sad faces or decreased activation to neutral
faces. All seven regions showed significant positive correlations with activation to sad faces
(rs of .39 to .59, ps of .02 to .001). In contrast, only two of the regions (left and right
parahippocampal gyrus) showed significant correlations with neutral faces, both of which
were negative (rs of −.40 and −.37, ps .01 and .02 respectively). Further, we also confirmed
that the correlations remained significant in all 7 regions when the analyses were conducted
in only those children with a history of PO-MDD (rs of .47 to .75, ps of .03 to .0001).

We then examined whether these associations were specific to sad faces, or also present for
angry or fearful faces. Baseline MDD severity was only correlated with activation to sad
faces (Table 3), and not angry or fearful faces, in bilateral orbital frontal cortex,
hippocampus, amygdala and claustrum, and the correlations with activity to sad faces were
significantly stronger than the correlations to angry or fearful faces. The right
parahippocampal gyrus also showed a significant correlation between baseline preschool
MDD severity and activation to angry faces, and the left parahippocampal gyrus also
showed a correlation between baseline preschool onset MDD severity and activation to
fearful faces, suggesting that the relationship between depression severity and functional
activation is not specific to sad faces in these regions. However, the correlations with sad
face activity for the left parahippocampal gyrus were still significantly stronger than the
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correlations with activity to either angry or fear faces. To further address the question of
specificity of any effects to sad faces, we conducted voxel wise correlations between
baseline depression severity and brain activity to either angry-neutral faces or fear-neutral
faces, and did not find any significant clusters in our a priori ROIs.

We also examined correlations with average depression severity across the first 4
assessment, but did not identify any significant regions in the a priori ROI mask. We also
examined whether baseline (Time 1) depression severity was correlated with activation to
either angry or fearful faces (versus neutral) in voxel-wise correlational analyses, but did not
identify any significant regions in the a priori ROI mask. Thus, within our a priori ROI
mask, the associations between overall depression severity and functional brain activity
appeared specific to depression severity at the initial pre-school assessment (compared to
average severity) and to functional brain responses to sad faces (versus neutral faces)
compared to angry or fearful faces. See Supplement for whole brain results.

Discussion
The dimensional analyses using MDD severity revealed evidence that more severe
depression in the preschool period was associated with greater activity to sad faces in
bilateral orbital frontal cortex, amygdala, claustrum hippocampal and parahippocampal
gyrus. Importantly, this enhanced activity was specific to sad faces as compared to angry or
fearful faces in all regions but the parahippocampal regions. These results are consistent
with our recent work in depressed preschoolers, showing that greater depression severity
was associated with greater amygdala responses to sad faces (41). These correlations
remained even after controlling for comorbid internalizing and externalizing symptoms and
depression at the time of scanning, suggesting they were specific to the severity of
depression in the preschool period rather than the cumulative severity of depression across
childhood or other comorbid symptomatology. This suggests that the occurrence of very
early depression may be of unique importance for understanding the developmental
trajectory of this illness.

There are at least two explanations for these findings relating to the severity of PO-MDD.
One is that more severe depression in the preschool period is an indicator of increased
genetic or environment liability for depression, and thus reflects altered brain activity
associated with trait factors that put children at risk for depression. Such an explanation
would be consistent with work in at-risk children (based on parental mood disorders)
showing enhanced activation to negative faces (35). An alternative explanation is that
enhanced brain activity in response to sad faces reflects a “scar” caused by an episode of
preschool depression. Prospective studies of at-risk children are needed to distinguish
between functional brain changes that are associated with risk for depression versus those
that are the consequences of the experience of depression. Further, it was surprising that the
cumulative severity of depression was not as predictive of functional brain responses as
depression severity specifically in the preschool period. This could reflect the fact that
greater severity in the preschool period is associated with a stronger contribution of genetics
to illness onset, though evidence suggesting that childhood onset depression in general has a
stronger environmental contribution than adult onset depression argues against this
explanation (64). It may also reflect the fact that the preschool period assessments capture
particularly important variance in depression scores, as children were specifically recruited
at a time of increased depressive symptoms, while the longitudinal follow-up captures
children naturalistically at periods of both depression and non-depression.

Our categorical comparisons of children with and without a history of PO-MDD revealed
enhanced activation in several parietal, occipital and lateral temporal regions, specifically to
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sad faces. The specificity to sad faces is consistent with our previous findings in currently
depressed preschoolers, showing correlations between depression severity and amygdala and
occipital activity to sad faces (41). This result is also consistent with findings in depressed
adults which have shown some evidence for altered responses specifically to sad faces (24,
42), and evidence that responses to sad faces in MDD predict treatment response (18,
19).The parietal and precuneus regions showing enhanced activity in the PO-MDD children
are thought to be involved in a variety of aspects of attention and cognitive control (65, 66).
These activations, as well as those in occipital cortex, may reflect increased attentional
modulation of face processing, potentially due to the increased salience of sad stimuli and a
bias towards negative stimuli that is often associated with depression (67, 68). The increased
brain stem activity could also be associated with increased periaqueductal gray (PAG)
activation related to alerting or orienting to salient stimuli, as PAG activation is highly
influenced by amygdala and related limbic inputs (9, 10). Finally, the lateral temporal
activity may reflect activity associated with the semantic processing or object classification
of the stimuli into relevant categories. Although the majority of the brain regions did show
PO-MDD related effects specifically to sad faces, there were bilateral parahippocampal
gyrus regions in the ROI analyses that also showed effects to angry or fearful faces, and a
number of regions in the whole brain analysis (primarily in temporal cortex and cerebellum)
that showed effects to angry or fearful faces as well. Thus, there may be some PO-MDD
effects related to the processing of all negative emotions.

We did not find evidence for altered activity in the amygdala or VMPFC in categorical
group analyses, though as discussed above, we did see enhanced amygdala activity
associated with depression severity. The fact that the depression severity analyses revealed
greater amygdala responsivity, while the group analysis did not, speaks to the importance of
addressing the effect of clinical heterogeneity in early onset depression, a factor
acknowledged to be important in the adult literature as well. Importantly, this increased
amygdala activity as a function of PO-MDD severity occurred in the absence of depression
related effects in brain regions typically associated with regulation (e.g., dorsolateral
prefrontal cortex), suggesting that at least in early onset depression, limbic hyperactivity
may not simply be the result of failures of top-down control.

There were several limitations. First, the sample sizes were relatively small. Additional
children with PO-MDD were not included in the analyses because they were currently
taking medications or had a history of medication use, two factors which could limit
interpretability. Second, the majority of children with a history of PO-MDD did not meet
criteria for current MDD, and CDI scores at the times of scanning did not differ between the
groups. It is possible that we would have seen additional evidence for altered brain activity
in the categorical analysis if all of the PO-MDD children were currently depressed. Third,
all children underwent a negative mood induction prior to the facial affect task. As such, we
do not know how specific our results are to the use of mood induction and future studies
directly comparing results with and without mood induction will be needed to clarify this
issue.

In summary, the current study provides the first evidence that we are aware of demonstrating
that school aged children with a history of PO-MDD showed altered functional brain
responses to negative stimuli. These patterns were generally consistent with findings in
adults and adolescents and contribute to the growing evidence for the clinical and
neurobiological validity of preschool onset depression, and provide preliminary support for
common neural pathophysiology with later onset forms of depression.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Results of whole brain analyses comparing PO-MDD children and healthy controls. A)
Brain slices illustrating regions showing regions displaying significant diagnostic group
(PO-MDD vs. Control) × emotion (neutral, sad, fear, angry, happy) interactions B) Graph
illustrating the pattern of responses in right precuneus. C) Graph illustrating the pattern of
responses in right occipital cortex.
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Figure 2.
Results of a priori ROI analyses examining the correlations between depression severity at
the baseline preschool assessment and functional brain response to sad faces. A) Brain slices
illustrating regions showing regions displaying significant correlations between functional
brain responses to sad versus neutral faces and the severity of depression at the initial
preschool assessment. Z values represent millimeters above or below the line bisecting the
anterior and posterior commissures. B) Scatter plot illustrating the correlation in the
amygdala between functional brain responses to sad versus neutral faces and the
dimensional assessment of depression severity at the initial preschool assessment. Blue
triangles indicate healthy control children and green circles indicate children with a history
of PO-MDD.
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