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a b s t r a c t

Background: The ventromedial prefrontal cortex (VMPFC) is a key center of affect regulation and
processing, fundamental aspects of emotional competence which are disrupted in mood disorders.
Structural alterations of VMPFC have consistently been observed in adult major depression and are
associated with depression severity, yet it is unknown whether young children with depression
demonstrate similar abnormalities. We investigated cortical thickness differences in the VMPFC of
children with a history of preschool-onset depression (PO-MDD).
Methods: Participants in a longitudinal study of PO-MDD underwent structural brain imaging between
the ages of 7 and 12 years. Using local cortical distance metrics, cortical thickness of the VMPFC was
compared in children with and without a history of PO-MDD.
Results: Children previously diagnosed with PO-MDD (n¼34) had significantly thinner right VMPFC vs.
children without a history of PO-MDD [(n¼95); F(1,126)¼5.97, (p¼ .016)]. This effect was specific to
children with a history of PO-MDD vs. other psychiatric conditions and was independent of comorbid
anxiety or externalizing disorders. Decreases in right VMPFC thickness were predicted by preschool
depressive symptoms independent of depressive symptoms in school age.
Limitations: Results are cross-sectional and cannot distinguish whether thinner right VMPFC represents a
vulnerability marker of MDD, consequence of MDD, or marker of remitted MDD. Longitudinal imaging is
needed to contextualize how this difference relates to normative VMPFC structural development.
Conclusions: Onset of depression at preschool age was associated with decreased cortical thickness of
right VMPFC. This finding implicates the VMPFC in depression from very early stages of brain
development.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Major Depressive Disorder (MDD) is associated with structural
and functional alterations of limbic prefrontal–subcortical regions,
and neuroimaging studies of adults with depression have made
significant contributions towards identifying this neurocircuitry.
However, research investigating the neurobiology of very early-
onset depression is also needed to elucidate the role of specific
neurocircuitry in the pathogenesis of affective disorders. Preschool-
onset depression (PO-MDD), the earliest validated form of depres-
sion, demonstrates symptom specificity, familial transmission, and
shared biological correlates with adolescent and adult depression

(Luby et al., 2003; Luby et al., 2002). Additionally, PO-MDD shows
homotypic continuity with school-age depression (Luby et al.,
2009), a finding that has been replicated using current DSM-5
criteria (Luby et al., 2014). PO-MDD is therefore a compelling model
to clarify the pathophysiology of depression throughout the life-
span, particularly during early life, when the brain undergoes rapid
development.

A major component of the limbic-prefrontal neurocircuitry
implicated in MDD is the ventromedial prefrontal cortex (VMPFC),
a region comprised of portions of anterior cingulate cortex (ACC),
including subgenual prefrontal cortex (SGPFC), and medial orbito-
frontal cortex (mOFC) (Price and Drevets, 2012). Neuroanatomical
studies of macaques and rodents have observed a high degree of
interconnections specific to these subregions vs. other areas of
prefrontal cortex (Ongur and Price, 2000). These studies have
shown that output from VMPFC projects to visceral control centers
including the hypothalamus, while human studies have demon-
strated that activity in VMPFC correlates with visceral responses to
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emotive experiences (Price and Drevets, 2012). Lesions of VMPFC
in humans result in loss of normative visceral responses to
emotional stimuli (Bechara et al., 2005), and the occurrence of
such lesions in childhood has been linked to disrupted socio-
emotional development (Taber-Thomas et al., 2014). Convergent
evidence thus supports a conserved function of the VMPFC within
a “visceromotor network”, whereby it mediates emotional beha-
vior and promotes emotional development.

Early findings from PET imaging in individuals with depression
demonstrated that metabolism in the VMPFC (after controlling for
total VMPFC volume) is increased in MDD (Drevets et al., 1997) and
correlates with greater symptom severity (Drevets et al., 2008).
Functional MRI imaging studies have repeatedly shown differences
in the SGPFC and adjacent VMPFC in resting and activation
paradigms testing response to affective stimuli in individuals with
mood disorders (reviewed by Price and Drevets, 2012; Todd and
Botteron, 2002). Disturbances of VMPFC function in depression
have been demonstrated to normalize under treatment with
antidepressants (Mayberg et al., 2000) and deep brain stimulation
(Mayberg et al., 2005), suggesting that neuroplasticity of the
VMPFC is relevant to resolution of MDD. A growing body of work
implicates the VMPFC in processes linked to the pathophysiology
of depression, including negative affect processing (Elliott et al.,
2000), emotional regulation (Rive et al., 2013), stress responsivity
(Kern et al., 2008), and self-referential functions of the default
mode network (Gusnard et al., 2001).

Structural differences in the VMPFC have also been associated
with MDD. Volumetric neuroimaging studies have shown
decreased volumes in the SGPFC in adults with familial MDD
(Drevets et al., 1997) and recurrent MDD (Coryell et al., 2005;
Hastings et al., 2004), where decreases are greatest in those with
recurrent illness (Salvadore et al., 2011). Decreased VMPFC
volumes in MDD have most frequently been localized to the left,
suggesting that lower left VMPFC volumes may serve as a
biomarker for depression. Postmortem neuropathology studies
have demonstrated that although neuronal numbers in the SGPFC
are often the same for individuals with and without depression,
reduced dendritic branching and fewer glial cells are observed
(Ongur et al., 1998; Rajkowska, 2000). Thus, mechanisms including
disrupted cellular development, neuronal atrophy, or degenerative
glial cell loss could account for decreases in VMPFC volume.

Although work in pediatric depression is not as extensive as in
adults, emerging findings support involvement of the VMPFC.
Several functional imaging studies, including both task-based
and resting state, have shown altered activation of the VMPFC
during emotional processing tasks and increased limbic connec-
tivity with the VMPFC (Kerestes et al., 2013 for review). Structural
neuroimaging studies in adolescent depression have also demon-
strated involvement of the VMPFC. Botteron et al. (2002) found
decreased left SGPFC volume in depressed vs. Healthy adolescent
females, similar in lateralization to adult MDD. A study of
adolescents with MDD and borderline personality disorder (BPD)
demonstrated that the group with MDD and BPD had smaller gray
matter ACC volumes within the VMPFC (Goodman et al., 2011).
These studies show that in adolescents, as in adults, the structure
and function of the VMPFC are disrupted in depression, yet it
remains unclear when this effect occurs, whether it is lateralized,
or whether these differences represent early risk factors or a
consequence of very early-onset affective dysregulation.

Much of the research described above examined VMPFC volume.
Recently, advances in neuromorphometry have substantiated the use of
higher-resolution metrics for quantifying differences in cortical thick-
ness related to psychopathology, which may enhance identification of
structural biomarkers of MDD. Studies of cortical thickness in adult
MDD have demonstrated cortical thinning in several brain regions
(Truong et al., 2013; Wagner et al., 2012), including regions within the

VMPFC (Jarnum et al., 2011). To date, the one study examining whole
brain cortical thickness in pediatric MDD did not find differences in the
VMPFC (Fallucca et al., 2011). A study in children and adults at risk for
familial depression observed thinner cortex throughout the right
hemisphere in at-risk individuals and cortical thickening in several
regions of the VMPFC (Peterson et al., 2009). In Healthy children, an
investigation of cortical thickness and subclinical anxious/depressive
symptoms found a negative relationship between right VMPFC cortical
thickness and anxious/depressive symptoms pre-pubertally, but a
positive relationship post-pubertally (Ducharme et al., 2014). Based
on these studies, evidence that specific regional differences in cortical
thickness represent a biomarker of depression is mixed and variable
depending on developmental stage. However, most of these global
thickness studies have relied on whole brain approaches, which have
less power to detect regional differences due to the increased burden of
multiple comparisons.

Here we report on neuroimaging data of VMPFC thickness from
a longitudinal study of depressed preschoolers originally identified
between 3 and 6 years of age (Luby et al., 2009). We followed the
trajectory of depressive symptoms in these children and compar-
ison groups of children with no psychiatric diagnosis as well as
those with other psychiatric conditions. An initial wave of neuroi-
maging was completed when subjects were between the ages of
7 and 12, allowing a unique investigation of school-age neural
correlates of depressive symptoms from preschool age. We used a
region-of-interest approach, which preserves statistical power, to
examine whether thickness of the VMPFC was affected in children
with a history PO-MDD. Given the importance of the VMPFC to
emotional behavior and the frequent association between adult
depression and decreased left VMPFC volume, we hypothesized
that children with PO-MDD, who demonstrate deficiencies in
emotional processing and regulation, would show decreased left
VMPFC cortical thickness compared to Healthy children and those
with other psychiatric diagnoses.

2. Methods

2.1. Participants

Neuroimaging data were analyzed from 129 children within a
larger sample enrolled in the 10-year longitudinal Preschool
Depression Study (Luby et al., 2009). The original sample
(N¼305) was recruited from metropolitan St. Louis daycares and
preschools using a screener to include Healthy children while
oversampling preschoolers with depressive symptoms. Children
and caregivers participated in 3–6 comprehensive annual diag-
nostic and developmental assessments prior to the first neuroima-
ging session. Three diagnostic groups underwent initial brain
imaging at 7–12 years of age, including a group with a history of
preschool onset depression (PO-MDD), a group with no current or
prior history of psychiatric diagnosis (Healthy), and a comparison
group with other psychiatric disorders (OPD). Exclusion criteria
included pervasive developmental disorder; contraindications for
MRI scanning; head injury with loss of consciousness45 min;
stroke, seizure disorder, or other neurological or medical illness
with known neural impact. Data from children with gestational
ageo34 weeks, maternal alcohol consumption during all trime-
sters of pregnancy, and IQo80 were also excluded. One hundred
ninety-nine participants met these inclusion/exclusion criteria. Of
these, 129 participants had images of both right and left VMPFC
that passed quality control (QC) for overall image quality, seg-
mentation of the VMPFC, and segmentation of the total cortical
gray matter with Freesurfer. Informed consent from the child's
guardian and assent from the child were obtained prior to study
participation and all study procedures were reviewed and
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approved by the Institutional Review Board at Washington Uni-
versity School of Medicine.

2.2. Measures

2.2.1. Diagnostic status
Subjects were assessed annually using the Preschool Age Psychia-

tric Assessment (PAPA, parent interview, used from ages 3–8) (Egger
et al., 2006) and the Child and Adolescent Psychiatric Assessment
(CAPA, parent/child interview, used for age≥9) (Angold and Costello,
1995). The PAPA and CAPA are age-adjusted versions of the same
interview and probe the same psychiatric constructs according to
symptoms defined by standardized diagnostic categories of the DSM-
IV-TR and ICD-10. Children identified as having PO-MDD met devel-
opmentally adjusted criteria for MDD on the PAPA prior to age 6.
These criteria, which required 4 out of 9 (rather than 5 out of 9) core
depressive symptoms and removed the 2-week duration criterion,
have demonstrated homotypic continuity with later depression meet-
ing full DSM criteria (Gaffrey et al., 2011; Luby et al., 2014). A PO-MDD
severity score, previously shown to be a sensitive measure of illness
severity (Luby et al., 2004), was derived from the sum of core
depressive symptoms averaged from annual assessments on the PAPA
before age 6. A severity score based on the average of yearly depressive
symptom scores after age 6, the school-age MDD severity score (SA-
MDD severity score), was similarly calculated based on either the PAPA
for agesr8 or the CAPA for age≥9.

In analyses accounting for comorbidity, children were identified
as having preschool-onset anxiety (PO-Anxiety) if they met criteria
for Generalized Anxiety Disorder, Separation Anxiety Disorder, or
Post-traumatic Stress Disorder before age 6. Preschool-onset exter-
nalizing (PO-Externalizing) was identified if a child met criteria for
Attention Deficit Hyperactivity Disorder, Oppositional Defiant Dis-
order, and/or Conduct Disorder before age 6.

2.2.2. Depressive symptoms at time of scan
Children and parents both completed a Children's Depression

Inventory, a measure of depressive symptom severity, on the day
of scan (Kovacs, 1985).

2.2.3. Pubertal Staging
The Tanner Staging Questionnaire was used to estimate chil-

dren's pubertal status at the time of scan based on parent or child
report (dependent on age and developmental stage of child).

2.2.3.1. MRI acquisition and processing. Two 3D T1-weighted
magnetization prepared rapid gradient echo scans (MPRAGEs) were
acquired on a Siemens 3.0-T Tim Trio scanner without sedation
(sagittal acquisition, repetition time 2300ms, echo time 3.16ms,
inversion time 1200ms, flip angle 81, 160 slices, 256�256 matrix,
field of view 256mm, 1.0-mm3 voxels, total time 12:36min). The
images were co-registered and summed to increase the signal-to-noise
ratio (Holmes et al., 1998). A gain field correction using a 3D parabolic
model of the gain field with 10 free parameters (Styner et al., 2000)
was applied to minimize the effects of image inhomogeneity, and
volume intensity was converted to 8-bits. Because the funding for
neuroimaging began at a different time than established annual
behavioral assessments, scans were conducted within a 6 month
window of a diagnostic assessment.

VMPFC boundaries were manually defined in an anterior
commissure–posterior commissure orientation (see Fig. 1 for
boundary definitions). Interrater reliability for manual identifica-
tion of VMPFC boundaries was .96, based on intraclass correlation
coefficients comparing regional VMPFC volume differences in five
subjects across six raters.

A Bayesian tissue segmentation of the VMPFC, which was fully
automated using in-house software (Lee et al., 2008; see Supplement
for further details), was limited to an area including the VMPFC and
adjacent structures. Use of this subcube reduced the overall intensity
inhomogeneity (in comparison to inhomogeneity across in the entire
brain), thereby facilitating accurate tissue segmentation. Based on this
tissue segmentation, the cortical thickness was calculated using Labeled
Cortical Distance Mapping (LCDM). LCDM is a well-validated, high
resolution approach that has successfully been used to characterize
differences in cortical thickness in psychopathology including Alzhei-
mer's and schizophrenia (Miller et al., 2003; Ratnanather et al., 2013,
2014; Takayanagi et al., 2013; Wang et al., 2007; Karnik-Henry et al.,
2012). The LCDM technique characterizes cortical morphometry in
terms of the distribution of labeled distances of GM voxels from the
gray matter/white matter (GM/WM) surface (Ceyhan et al., 2011, 2013;
Miller et al., 2000; Ratnanather et al., 2001). Because the LCDM is
derived from the distribution of distances of GM voxels from the GM/
WM surface over the entire ROI, no averaging of individual surface-to-
surface distances is required. Rather, cortical thickness is calculated as
the 95th percentile of the GM voxel distribution (Harms et al., 2010;
Ratnanather et al., 2013). This percentile cutoff excludes the most
distant GM voxels which have the highest probability of falling beyond
the cortex and resulting in a misclassification of the tissue (see
Supplemental Fig. 1).

Measures of whole brain cortical thickness and volume, both of
which were used as covariates for VMPFC thickness in statistical
analyses, were generated separately using Freesurfer 5.1. See
Supplement for detailed QC criteria.

All VMPFCs analyzed were from participants with two MPRAGES
passing image QC. In scans with two available MPRAGES (180 of 199
eligible participants), 83% of VMPFC ROIs passed QC of the VMPFC
tissue segmentation by a trained rater (see Supplement for details on
QC of the VMPFC tissue segmentation). Participants were excluded if
either (or both) right or left VMPFC failed (n¼41), leaving n¼139
participants. Ten additional participants were excluded for failing QC
of Freesurfer whole brain measures, leaving a final total of n¼129
participants for analysis. See Supplement for information regarding
exclusions by diagnostic groups.

2.2.3.2. Statistical analyses. To identify significant covariates of
VMPFC thickness, Pearson's correlations for continuous variables or
t-tests or univariate analysis of variance (ANOVA) for categorical
variables were conducted separately for right and left VMPFC
thickness. Covariates were included in subsequent analyses if
significant for either right or left VMPFC thickness. Tested variables
included gender, age at scan, pubertal status (prepubertal/pubertal),
handedness (right/non-right), and use of psychotropic medication
(yes/no) within 48 h of scan. Average whole brain cortical thickness
(WBT) and whole brain volume (WBV) were included as covariates in
all subsequent analyses to control for differences related to overall
cortical thickness or scaling effects from WBV.

Repeated measures univariate analysis of covariance (ANCOVA) was
used to test whether school-age children's right or left VMPFC thickness
differed as a function of PO-MDD diagnosis. Cortical thickness served as
the dependent variable, with PO-MDD diagnosis (yes/no) and hemi-
sphere (right/left) serving as independent variables. In these analyses,
hemisphere was inputted as the repeated measure, since variability in
right and left VMPFC thickness is expected to covary within a subject and
would therefore not be independent measures. Effects on right or left
VMPFCwere examined as a function of the interaction between diagnosis
and hemisphere. Additional repeated measures ANCOVAs examined
specificity of the hypothesized effect of PO-MDD on left and right VMPFC
relative to other psychiatric diagnoses. Separate analyses used 2-level
independent variables to test differences in VMPFC thickness predicted
by diagnoses of 1) PO-MDD vs. Healthy and 2) PO-MDD vs. OPD. In
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another set of analyses, PO-Anxiety (yes/no) and/or PO-Externalizing
(yes/no) were included as covariates to test their effect on the interaction
between independent variables of diagnosis (PO-MDD yes/no) and
hemisphere and on VMPFC thickness (dependent variable).

Hierarchical regression analyses were used to investigate the rela-
tionship between the independent variables of PO-MDD symptom
severity and school-age depressive symptom severity, with the depen-
dent variables of either right or left VMPFC thickness. School-age
depressive symptom severity was entered first into the model, prior to
adding PO-MDD severity in the next step.

3. Results

3.1. Participant characteristics

Participants with PO-MDD showed no significant differences in
age at time of scan, gender, pubertal status, income, caregiver

education, or ethnicity vs. children in the Healthy and OPD groups
(Table 1). Children with PO-MDD displayed greater use of psycho-
tropic medications (χ2¼5.290, p¼ .021) and lower IQ (t¼�2.041,
p¼ .047) than the Healthy group only. Children with PO-MDD
showed a trend toward a greater proportion of right-handedness
compared to both groups (PO-MDD vs. Healthy: χ2¼3.499,
p¼ .085; PO-MDD vs. OPD: χ2¼4.524, p¼ .057). Because handed-
ness and IQ differed across samples, these variables were exam-
ined in subsequent covariate analyses.

3.2. Covariate analyses

Results indicated that neither right nor left VMPFC cortical
thickness differed significantly in relation to children's gender, age
at time of scan, pubertal status, handedness, IQ, and/or recent use
of psychotropic medication (within 48 h of scan). Thus, only
average whole brain cortical thickness (WBT) and whole brain
volume (WBV) were included in all analyses.

Fig. 1. Boundary definitions for VMPFC region of interest (ROI). A sagittal brain view (A) shows the ventromedial prefrontal cortex (VMPFC) enclosed by the white box, with
magnified views in (B) and (C). The VMPFC ROI, shown in red in (B), is framed superiorly by the corpus callosum. The anterior boundary is perpendicular to the genu of the
corpus callosum and the posterior boundary falls where olfactory nerve lies inside the olfactory sulcus. Panels (D–I) show anterior to posterior coronal views of the ROI. The
right and left VMPFC ROIs are in green and red, respectively. Details for obtaining the inferior boundary are illustrated on the right VMPFC in (D). The inferior boundary is
first defined by a line bisecting the cortex (red hatched line) and is perpendicular to the maximum inflection point of the gyrus rectus (solid red line). To eliminate frequent
saturation artifacts in this region, the bottom 27% of the VMPFC is removed, and the adjusted inferior boundary falls at the level of the arrow.
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3.3. Effects of PO-MDD

A repeated measures ANCOVA tested whether school-age
children's left and/or right VMPFC thickness differed relative to
their prior diagnosis of PO-MDD. Results indicated a significant
interaction of prior diagnosis of PO-MDD and hemisphere on
VMPFC cortical thickness, Wilks' Lambda¼ .943, F(1, 125)¼7.531,
p¼ .007, with a small effect size (d¼ .24). Univariate follow-up
analyses indicated that school children previously diagnosed with
PO-MDD had significantly thinner right VMPFC, F(1, 125)¼5.97,
p¼ .016, compared to those without a prior diagnosis of PO-MDD
(Fig. 2). There was no significant difference in left VMPFC thickness
relative to PO-MDD, F(1, 125)¼ .042, p¼ .838. The result for right
VMPFC remained significant when controlling for handedness and
IQ (see Supplement).

3.4. Specificity to PO-MDD

The analyses above compared children with PO-MDD to children
without PO-MDD, a group including both Healthy children (Healthy)
and those with other psychiatric disorders (OPD). To examine the
specificity of the effect of prior PO-MDD relative to each of these
groups, we conducted two additional repeated measures ANCOVAs,
one comparing PO-MDD and Healthy groups and another comparing
PO-MDD and OPD groups. The analysis of PO-MDD vs. Healthy again
revealed a significant interaction of diagnosis and hemisphere on
children's VMPFC thickness, Wilks' Lambda¼ .939, F(1, 88)¼5.745,
p¼ .019, d¼ .25, with the PO-MDD group showing significantly
thinner right VMPFC, F(1, 88)¼5.211, p¼ .025 (Fig. 3) but not left
VMPFC. Similarly, the ANCOVA comparing PO-MDD and OPD groups
revealed a significant interaction of diagnosis by hemisphere on
VMPFC thickness, Wilks' Lambda ¼ .902, F(1, 67)¼7.319, p¼ .009,
d¼ .31, with the PO-MDD group showing significantly thinner right
VMPFC, F(1, 67)¼5.028, p¼ .028 but not left VMPFC (Fig. 3). In both
analyses, results for right VMPFC remained significant when con-
trolling for IQ and handedness (see Supplement).

3.5. PO-MDD and co-morbidity

Structural differences in VMPFC have been associated with both
anxiety (Ducharme et al., 2014; van Tol et al., 2010) and impulsiv-
ity (Boes et al., 2009), the latter a feature of externalizing
disorders. An additional repeated measures ANCOVA therefore
tested whether children's left and/or right VMPFC cortical thick-
ness differed in relation to prior PO-MDD after covarying for a
prior diagnosis of preschool-onset anxiety (PO-Anxiety) and/or
externalizing disorders (PO-Externalizing). As in the previous
analyses, results indicated a significant diagnosis by hemisphere
effect on VMPFC cortical thickness, Wilks' Lambda¼ .943, F(1,
123)¼7.503, p¼ .007, with an effect size similar to the results
above (d¼ .24). VMPFC cortical thickness did not differ signifi-
cantly in relation to PO-Anxiety, (Wilks' Lambda¼ .996, F(1,

Table 1
Participant characteristics.

Healthy (n¼58) Psychiatric comparison (n¼37) PO-MDD (n¼34)

Age in years at scan; Mean (SD) 9.78 (1.43) 9.81 (1.33) 9.71 (1.12)
Age range (years) 7–12 7–12 7–11
Gender; %Female (n) 52% (30) 46% (17) 44% (15)
Pubertal status; %Pre-pubertal (n) 52% (30) 54% (20) 56% (19)
IQ; Mean (SD) 110 (13.69)a 108 (13.21) 103 (15.48)
Income; %o60 K (n) 57% (33) 43% (16) 65% (22)
Caregiver education; %o4 year degree (n) 47% (27) 35% (13) 53% (18)
Ethnicity; %Non-White (n) 43% (25) 38% (14) 44% (15)
Handedness; %Right Handed (n) 85% (49) 81% (30) 97% (33)
Psychotropic within 48 h of scan; % (n) 0% (0)a 5.4% (2) 8.8% (3)
PO-MDD severity; Mean (SD) .05 (.05)b .10 (.05)b .23 (.11)
SA-MDD severity; Mean (SD) .04 (.03)b .10 (.06)b .17 (.12)
Preschool-onset internalizing (n) 0 12 17
GAD 0 5 15
SAD 0 7 13
PTSD 0 2 7
Preschool-onset externalizing (n) 0 18 17
ADHD 0 9 10
ODD 0 10 14
CD 0 8 10
CDI-Child Total T-Score Day of Scan 41 (5.33) 42(6.69) 44 (8.27)
CDI-Parent Total T-Score Day of Scan 42 (6.64)a 46 (6.80)a 50 (9.34)

a Indicates po .05 vs. PO-MDD group.
b Indicates po .001 vs. PO-MDD group.

Fig. 2. Children with PO-MDD display decreased right VMPFC thickness. Children
with PO-MDD (preschool-onset depression) showed 4.4% thinner cortex in the
right VMPFC than children without PO-MDD. The left VMPFC was .85% thinner in
children with PO-MDD, a difference that was not statistically significant (t¼� .421,
p¼ .638).
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123)¼ .543, p¼ .463, d¼ .062), and/or PO-Externalizing, (Wilks'
Lambda¼F(1, 123)¼ .025, p¼ .875, d¼ .00), when the main effect
of PO-MDD was included.

3.6. PO-MDD severity in relation to VMPFC thickness

Volumetric changes in depression have been observed to be
greater in individuals with more severe depression (Chen et al.,
2007) and with recurrent vs. remitted depression (Salvadore et al.,
2011). Thus, we tested whether the severity of depressive symp-
toms during the preschool period and after the preschool period
were associated with decreased thickness in VMPFC. Hierarchical
multiple regressions tested whether depressive symptom scores
before age 6 (PO-MDD severity) or after age 6 prior to time of scan
(school-age MDD severity: SA-MDD severity) had main effects or
an interaction in predicting right or left VMPFC thickness. Chil-
dren's WBT, WBV, and CDI scores at time of scan were entered into
step 1 of the model, allowing these effects to be covaried at all
later steps of the model. SA-MDD severity was entered into step 2,
PO-MDD severity was entered into step 3, and an interaction term
for PO-MDD and SA-MDD severity was entered at step 4.

At the second step of the model, SA-MDD severity, when
entered without PO-MDD severity, demonstrated a negative rela-
tionship with right VMPFC thickness (R2adjusted¼ .123, F(5, 95)¼6.31,
po .005; SA-MDD predictor: t¼�2.773, po .007).

When PO-MDD severity and SA-MDD severity were entered
simultaneously at step 3, the overall model improved, R2adjusted¼ .18,
F(6, 95)¼4.486, po .001, and PO-MDD severity had a significant main
effect on children's right VMPFC thickness, t¼�2.685, po .008. In
contrast to the second step of the model, SA-MDD severity did not
have a significant effect on right VMPFC thickness (t¼� .649;
po .518), and a significant correlation was observed between SA-
MDD severity and PO-MDD severity (r¼ .645, po.001). Similarly, CDI
scores at time of scan, which at the first step of the model were
associated with right VMPFC thickness (child CDI: t¼2.081, p¼ .040;
parent CDI¼�2.104, p¼ .038), showed no significant association
when entered with PO-MDD severity and SA-MDD severity simulta-
neously (child: t¼1.989, p¼ .050; parent: t¼� .286, p¼ .776).

There was no significant interaction of PO-MDD and SA-MDD
severity in predicting right VMPFC thickness (t¼1.271, po .207).
Analyses for left VMPFC thickness found no main or interaction effect
of PO-MDD and/or SA-MDD severity scores, (R2adjusted¼ .027, F(7, 95)¼
1.380, p¼ .224).

4. Discussion

This is the first report of an investigation of VMPFC cortical
thickness in a population with a history of PO-MDD, a pediatric,
early-onset form of depression which exhibits homotypic conti-
nuity with later-onset depression (Luby et al., 2014). In school-age
children with prior PO-MDD, right VMPFC cortical thickness was
decreased relative to children without PO-MDD, and this decrease
also correlated with increased PO-MDD severity scores. This
finding extends previous observations of cortical thinning and
volumetric decreases of VMPFC in depression at older ages. By
demonstrating that altered VMPFC structure, a well-replicated
finding in adult depression, occurs in children with a history of
PO-MDD, these results provide further neurobiological support for
PO-MDD as an early form of MDD and suggest that the VMPFC
mediates affective regulation from an early stage of development.

4.1. Lateralization of VMPFC effect in PO-MDD

Although volumetric decreases in VMPFC in MDD have been
most commonly observed on the left, meta-analyses have dis-
cerned a smaller, similar effect in the right VMPFC (Hajek et al.,
2008). Work in rodents has implicated the right VMPFC in the
regulation of the HPA axis (Sullivan and Gratton, 1999), suggesting
a mechanism whereby right VMPFC dysfunction could promote
depression. Literature on pediatric MDD also provides some
evidence for a role of the right VMPFC. One study examining the
effects of age of onset of MDD on brain volumetric differences
found that right ACC volumes were lower in participants with
onset prior to age 18 (van Tol et al., 2010). Pediatric studies of
structural and resting state functional connectivity of VMPFC with
limbic structures have demonstrated a predominance of effects on
the right. One study of adolescents with MDD demonstrated lower
fractional anisotropy in the WM tract connecting subgenual ACC to
amygdala in the right hemisphere (Cullen et al., 2009). Resting
state functional connectivity studies have shown that connectivity
of right ACC with midline structures is disrupted in adolescent
MDD (Cullen et al., 2009) and in children with prior PO-MDD
(Gaffrey et al., 2012). Hence, this finding contributes to a growing
body of work suggesting that disruption of right VMPFC, in
addition to left VMPFC, is a potential biomarker of depression,
particularly in early-onset forms of the disorder.

4.2. VMPFC effect is unrelated to PO-Anxiety or PO-Externalizing

Children in this sample, both with and without PO-MDD, demon-
strated internalizing and externalizing symptoms. The VMPFC has
been implicated not only in emotional regulation, but also impulsivity
(Boes et al., 2009) and anxiety (Ducharme et al., 2013; van Tol et al.,
2010), and altered VMPFC structure has been associated with these
behavioral characteristics. However, the lack of an effect of internaliz-
ing or externalizing disorders supports a primary relationship
between decreased right VMPFC thickness and depression, while
minimizing the potential confound of comorbidity. Nonetheless,
future research in children with primary disorders other than PO-
MDD is needed to confirm the specificity of this finding to depression.
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Fig. 3. Decreased right VMPFC thickness is specific to children with PO-MDD.
Children with preschool-onset depression (PO-MDD) showed 4.5% lower cortical
thickness than Healthy children and 4.3% thinner right VMPFC than children with
other psychiatric disorders. Left VMPFC thickness was also lowest in the PO-MDD
group, but the difference was not significant (PO-MDD vs. other: .11%, t¼� .039,
p¼ .969; PO-MDD vs. Healthy: 1.3%, t¼� .675, p¼ .501).
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4.3. Specificity of PO-MDD symptoms vs. later depressive symptoms
on VMPFC

We found that PO-MDD symptom severity, in addition to
diagnosis, predicted decreases in right VMPFC thickness. In keep-
ing with previous data showing a relationship between childhood
subclinical depressive symptoms and right VMPFC thickness
(Ducharme et al., 2013), later school-age depressive symptoms
were also negatively associated with right VMPFC thickness,
although this was not significant after accounting for PO-MDD
symptoms. Because this population was oversampled for PO-MDD,
our finding does not address whether children with school-age
onset of depressive symptoms also demonstrate decreases in right
VMPFC thickness, an important question for future research.

There was also no interaction between PO-MDD severity and SA-
MDD severity, which we had expected given the association
between depression severity, symptom recurrence, and increased
disturbances in brain structure (Chen et al., 2007; Salvadore et al.,
2011). Although later timepoints are needed to determine whether
structural changes related to SA-MDD symptoms arise later, our
findings suggest an interpretation in which the right VMPFC
appears more sensitive to cortical thinning relative to depressive
symptoms during early life. This parallels a recent study showing
that VMPFC lesions acquired in childhood, but not adulthood,
disrupt aspects of socioemotional competency (Taber-Thomas
et al., 2014). It also dovetails with longitudinal studies in Healthy
children demonstrating that the relationship between VMPFC
structure and depressive symptoms (Ducharme et al., 2013) as well
as VMPFC connectivity to limbic neurocircuitry (Gee et al., 2013),
undergo substantial shifts throughout childhood. Hence, our find-
ings may highlight the evolving function and relative sensitivity of
VMPFC during early development. Future studies with larger
sample sizes and designs to specifically test the relationship
between age of onset and depression severity are now needed.

5. Limitations

While strengths of this study include longitudinal follow-up of
depressive symptoms in a relatively large, unique sample, there are
several limitations. Children with PO-MDD were imaged years after
the onset of their symptoms, so we cannot establish whether
decreased right VMPFC thickness is a vulnerability marker of MDD,
a consequence of MDD, or a marker of remitted MDD. Nevertheless,
given the young age of the sample, our findings are consistent with
the notion that abnormalities of the VMPFC and related neurocircui-
try occur early in development. Children were also imaged close to
puberty, a stage in which relationships between VMPFC thickness
and depressive symptoms may reverse (Ducharme et al., 2013).
Puberty was not significant in our covariate analysis, yet it is possible
that development associated with puberty limited our ability to
detect differences in VMPFC thickness. Another limitation regards the
use of a parent-report diagnostic assessment at earlier waves of the
study, in contrast to a combined parent/child-report version of the
assessment at later waves. This approach, although standard for
developmental studies in which children are too young to provide
informative self-report of mood symptoms (Bird et al., 1992), is
vulnerable to decreased reliability. Reassuringly, in this sample, the
correlation between PO-MDD and SA-MDD symptoms was relatively
strong (r¼ .645, p¼ .000), and previous work from our group has
demonstrated stability of PO-MDD through school age using these
reporter methods (Luby et al., 2014). Finally, the imaging results
reported here, while incorporating longitudinal behavioral analysis,
are cross-sectional. Longitudinal analyses that include children closer
to the onset of PO-MDD and after puberty would be helpful to
substantiate our interpretations.

6. Conclusion

These results support the role of the VMPFC in the pathophy-
siology of MDD earlier during development than has been pre-
viously shown. They are consistent with an altered developmental
trajectory of the VMPFC in PO-MDD, which could relate to a prior,
persistent neurodevelopmental deviation or an “atrophying effect”
on VMPFC. Because the VMPFC is implicated in the regulation of
emotions and stress, its early disruption could cumulatively
compromise these functions throughout the lifespan. This concern,
together with the inherent plasticity of the VMPFC, underscores
the importance of early identification and intervention in mood
disorders. Future longitudinal studies examining the neurodeve-
lopment of this region during adolescence and young adulthood
will be critical to guiding the implementation and assessment of
such interventions.
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