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a  b  s  t  r  a  c  t

Given  the  increasing  prevalence  of Major  Depressive  Disorder  and  recent  advances  in  preventative  treat-
ments  for  this  disorder,  an  important  challenge  in  pediatric  neuroimaging  is  the  early  identification  of
individuals  at risk  for  depression.  We  examined  whether  machine  learning  can  be  used  to  predict  the
onset  of depression  at the individual  level.  Thirty-three  never-disordered  adolescents  (10–15  years  old)
underwent  structural  MRI. Participants  were  followed  for 5 years  to  monitor  the  emergence  of  clinically
significant  depressive  symptoms.  We  used  support  vector  machines  (SVMs)  to test  whether  baseline
cortical  thickness  could  reliably  distinguish  adolescents  who  develop  depression  from  adolescents  who
remained free  of any  Axis  I disorder.  Accuracies  from  subsampled  cross-validated  classification  were
used to  assess  classifier  performance.  Baseline  cortical  thickness  correctly  predicted  the future  onset  of
depression  with  an  overall  accuracy  of  70%  (69%  sensitivity,  70%  specificity;  p  =  0.021).  Examination  of

SVM  feature  weights  indicated  that the  right  medial  orbitofrontal,  right  precentral,  left  anterior  cingulate,
and  bilateral  insular  cortex  contributed  most  strongly  to  this  classification.  These  findings  indicate  that
cortical  gray  matter  structure  can  predict  the subsequent  onset  of  depression.  An  important  direction  for
future research  is to  elucidate  mechanisms  by  which  these  anomalies  in  gray  matter  structure  increase
risk  for  developing  this  disorder.

©  2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Major Depressive Disorder (MDD) is the most common psychi-
tric illness in the United States (Kessler et al., 2003) and accounts
or almost half of all disability-adjusted life years worldwide
Whiteford et al., 2013). Although the onset of major depression
an occur at any age, most adults living with the disorder expe-
ienced their first episode during their teenage years (Lewinsohn
t al., 1998). Late adolescence is a period of considerable vulner-
bility for depression: one-quarter of all youth will experience an

pisode of MDD  by the end of their teenage years, a figure that is
ncreasing over time (Kessler et al., 2001). Despite over two decades
f research examining the neural and molecular bases of depres-

∗ Corresponding author at: Stanford Mood and Anxiety Disorders Laboratory,
epartment of Psychology, Stanford University, 450 Serra Mall, Stanford, Jordan
all, Building 420, CA 94305, USA.

E-mail address: lfolandross@stanford.edu (L.C. Foland-Ross).
1 These authors contributed equally to this study.

ttp://dx.doi.org/10.1016/j.ijdevneu.2015.07.007
736-5748/© 2015 Elsevier Ltd. All rights reserved.
sion, fewer than one-quarter of depressed adolescents respond to
an initial course of antidepressant medication. Half of those who do
respond to treatment continue to have disturbances in sleep and
mood, fatigue, and concentration difficulties (Tao et al., 2010).

Given the enormous personal and societal costs and the high
prevalence of MDD, and the difficulty in treating depression once it
has developed, early detection and prevention is crucial. Prevention
programs that are implemented before the first onset of disorder
should significantly reduce the societal burden of adolescent and
adult depression. Such programs, however, require that we accu-
rately identify children at greater risk for the disorder (Gladstone
et al., 2011), a goal that continues to be elusive as the etiology of
major depression is poorly understood. Therefore, an important
challenge in pediatric neuroimaging is to identify brain measures
that are useful for predicting the onset of MDD. In this study, we
used machine learning methods to test the hypothesis that struc-

tural patterns in cortical gray matter can distinguish adolescents
who go on to develop clinically significant depression within five
years of their initial assessment from adolescents who remain free
of any Axis I disorder. As in previous studies (Grotegerd et al., 2013;

dx.doi.org/10.1016/j.ijdevneu.2015.07.007
http://www.sciencedirect.com/science/journal/07365748
http://www.elsevier.com/locate/ijdevneu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijdevneu.2015.07.007&domain=pdf
mailto:lfolandross@stanford.edu
dx.doi.org/10.1016/j.ijdevneu.2015.07.007
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Table 1
Demographic variables.

Demographic variable Converted
(N = 18)

Non-converted
(N = 15)

p

Age at baseline (SD), years 13.0 (1.8) 13.7 (1.2) 0.25a

Baseline CDI-S score (SD) 0.83 (1.5) 0.73 (0.8) 0.81a

Baseline MASC score (SD) 39.3 (9.8) 40.5 (13.8) 0.77a

Baseline WISC-III vocabulary score (SD) 46.8 (5.1) 50.4 (6.7) 0.11a

Baseline SES 3.8 (1.5) 4.2 (0.7) 0.11b

Maternal history of MDD  (%) 9 (50.0) 11 (73.3) 0.28b

Number of traumatic events experienced before scanning 1.2 (0.9) 0.9 (1.1) 0.36a

Number of traumatic events experienced between baseline and follow-up assessment 1.6 (1.0) 1.9 (1.6) 0.84a

Values indicate the mean ± SD unless otherwise noted.
Abbreviations: CDI-S, Child Depression Inventory–Short Form; MASC, Multidimensional Anxiety Scale for Children; WISC-III, Wechsler Intelligence Scale for Children–III;
SES,  socioeconomic status; MDD, Major Depressive Disorder.
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a Statistic computed using two-sample t-tests.
b Statistic computed using �2 test, Trauma was  assessed using Post Traumatic S

ncome (US dollars) as follows: 0 = less than 10,000, 1 = 10,000–25,000, 2 = 25,000–5

edlich et al., 2014), our SVM analysis was conducted using a mask
hat included areas of the cortex that have been widely implicated
n neuroanatomical models of depression and of emotion regula-
ion (e.g., ventral and superior frontal cortex, anterior cingulate
ortex, insula).

. Methods

.1. Participants

The study was  approved by Stanford University’s institutional
eview board. All adolescent participants provided written assent,
nd their mothers provided written informed consent. Partici-
ants in the current study sample included 33 adolescent girls,
ges 10–15 years. We  restricted our sampling to young adolescent
irls to avoid the confound of sex differences on brain structure
nd depression vulnerability (Nolen-Hoeksema & Hilt, 2010) and
ecause of previous findings indicating that the average age for
rst onset of adolescent depression is 15 years (Lewinsohn et al.,
994). Participants were recruited through advertisements posted

n numerous locations (e.g., internet bulletin boards, university
iosks, supermarkets, etc.) describing a research study on depres-
ion in mothers. The mothers’ responses to a telephone interview
rovided initial selection information. This phone screen estab-

ished that both mothers and daughters were fluent in English and
hat daughters were between 10 and 15 years of age. Participants
ere excluded if they had experienced severe head trauma, learn-

ng disabilities, current or past depression or other Axis I disorders,
urrent or past substance abuse, or if they were taking psychotropic
edications. The telephone interview was also used to identify
others who were likely either to have no psychiatric history or to
eet criteria for recurrent depression during their daughter’s life-

ime. Those mother-daughter pairs who were considered likely to
e eligible for participation were invited to come to the laboratory.

Baseline diagnostic status of participants was  assessed by
dministering the structured Kiddie Schedule for Affective Dis-
rders and Schizophrenia for School-Age Children-Present and
ifetime version (K-SADS-PL; Kaufman et al., 1997) to both the girls
nd their mothers (regarding the girls). In addition, the Structured
linical Interview for the DSM-IV was administered to partici-
ants’ mothers to assess history of maternal depression (for more

nformation about the use of these measures in this study, see
oormann et al., 2007; Gotlib et al., 2010; Chen et al., 2012). To

onitor the course of depressive symptoms and the possible onset

f depression, girls and their mothers returned to the laboratory
or diagnostic reassessment every 18 months for up to 5 years,
r until the onset of depression. Importantly, although investiga-
ors have estimated that between 12% (Merikangas et al., 2010)
isorder (PTSD) section of the K-SADS-PL. SES was coded using annual household
, 3 = 50,000–75,000, 4 = 75,000–100,000, 5 = more than 100,000.

and 35% (Weissman et al., 1997) of adolescents will experience
an initial onset of depression by the end of their teenage years,
just over 50% of the participants in the current study had devel-
oped a depressive disorder by follow-up (see Section 3). This high
incidence rate was due to our sampling approach: many of the ado-
lescents were at familial risk for depression by virtue of having a
mother with repeated episodes of depression during her lifetime
(Table 1). More importantly, however, to qualify for inclusion in
the converted group, participants needed to be followed only until
the onset of a depressive episode; this took considerably less time
from the baseline scan date than the time needed to qualify as
for inclusion in the non-converted group (i.e., had not developed
a depressive episode in the five years following the baseline scan
date).

2.1.1. Magnetic resonance imaging data acquisition
Within one week of the baseline interview assessments,

participants were scanned on a 1.5T GE scanner (GE Health-
care Systems, Milwaukee, Wisconsin). Anatomic images were
obtained using a T1-weighted spoiled gradient-recalled (SPGR)
echo sequence using the following parameters: repetition time
(TR) = 8.924 ms,  echo time (TE) = 1.792 ms,  flip angle = 15◦, in-plane
resolution = 0.859 × 0.859 mm2, and slice thickness = 1.5 mm.

2.1.2. Magnetic resonance imaging data preprocessing
Scans were processed using FreeSurfer to produce measures

of cortical gray matter thickness (Fischl & Dale, 2000; version
5.0, http://surfer.nmr.mgh.harvard.edu; Huang and Du, 2005; Salat
et al., 2004). Processing streams included the removal of nonbrain
tissue, intensity normalization, the segmentation of gray/white
matter, and the alignment of each image volume to a standard-
ized space. To estimate cortical gray matter thickness, a deformable
surface algorithm was  applied to segmented images to extract the
pial and gray/white cortical surfaces (Dale et al., 1999). To ensure
the accuracy of gray/white matter segmentation, exclusion of scalp
and other non-brain tissue, and the inclusion of brain tissue, cortical
surfaces were visually inspected by one rater (B.G.) who was blind
to group membership. Manual corrections were performed by this
rater where appropriate, in accordance with previously established
procedures (Black et al., 2012; Yang et al., 2009). After spatially
normalizing the data to an average template space, local corti-
cal thickness was measured by estimating the shortest distance
between spatially equivalent surface points on the pial surface and
the gray–white matter boundary and vice versa and averaging these

2 values (Fischl and Dale, 2000). The cortical surface was  then par-
cellated into 34 regions per hemisphere, as in Desikan et al. (2006).
We chose to use cortical gray matter thickness as our primary
measure in the current study, given prior work by our group and

http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
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thers documenting cortical thickness abnormalities in the con-
ext of depression risk (Foland-Ross et al., in press; Peterson et al.,
009; Papmeyer et al., 2014) and given evidence that this mea-
ure is less strongly influenced by individual variations in surface
rea than is volume (Winkler et al., 2010). However, investiga-
ions that use other aspects of brain structure (e.g., cortical surface
rea, gyrification index, cortical and subcortical volume) to predict
ubsequent onset of depression would also be informative in the
roader understanding of a neural risk for this disorder.

.1.3. Neuroanatomical classification
SVM is a tool from the field of machine learning that classifies

ovel data with a classifier that has been trained on data labeled
ith true class labels (Braver et al., 1997). SVM has been successful
hen applied to psychiatric and neurological diagnosis, identify-

ng prodromal states, and in predicting treatment prognosis (for
 review, see Orrù et al., 2012). In the current study, class labels
ncluded two categorical groups: girls who developed a diagnosable
pisode of depression within five years (N = 18; i.e., “converted”),
nd girls who did not develop any Axis I disorder within five years
N = 15; i.e., “non-converted”). The feature set, or the data used
or classification, was composed of regional thickness averages for

 subset of brain areas previously implicated in neuroanatomical
odels of emotion and depression (Grotegerd et al., 2013; Redlich

t al., 2014). The mask was created using the Desikan atlas accord-
ng to the automated anatomical labeling definitions (Desikan et al.,
006). As with previous SVM studies of mood disorders (Grotegerd
t al., 2013; Redlich et al., 2014). This large region of interest, which
ncluded nearly the entire frontal lobe and some parts of the tem-
oral lobe was selected with the goal of including those neural
egions most likely to substantially contribute to discriminative
atterns in order to increase the performance of the classifiers.
he complete list of subregions included in the mask is noted in
upplementary material. Converted and non-converted girls in the
urrent study did not differ with respect to age or intracranial
olume (ts < 1.17, ps > 0.25). Moreover, exploratory analyses, con-
ucted at the vertex level using a general linear model in QDEC (part
f Freesurfer; http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec) and
arried out using regional thickness averages and a general linear
odel in SPSS (http://www-01.ibm.com/software/analytics/spss)

ndicated no significant or trend-level associations among cortical
hickness, age, and total intracranial volume. Thus, the thickness
verages used in our SVM were not adjusted for these factors. While
he absence of an association between thickness and age may  be
urprising, at least one report has also noted a lack of such a relation
e.g., Pakkenberg and Gundersen, 1997). It is also possible, how-
ver, that the small sample size limited our power to detect such
n association.

SVMs, by definition, find the hyperplane, or high-dimensional
urface, that best differentiates two classes in a training data feature
et. This differentiation is achieved by maximizing the “margin”
etween data points from the two classes (Cortes and Vapnik,
995). The selected model can then be used to classify novel,
r “test,” data points. Because the converted and non-converted
roups did not contain equal sample sizes, which can bias clas-
ification estimates (Japkowicz and Stephen, 2002; Hastie et al.,
005), we repeatedly randomly subsampled the larger (converted,

 = 18) group, such that it was the same size as the smaller group
non-converted, N = 15). For each subsampled dataset, we used
tratified 10-fold cross-validation (Kohavi, 1995) to estimate gen-
ralized accuracy, sensitivity, and specificity of classification for
ach (Hastie et al., 2005). More specifically, for each of 10 folds, dis-

oint subsets were created for training (N = 27) and testing (N = 3)
he classifier such that no individual was ever in both sets. Such
n approach has been shown to improve bias and variance esti-
ates relative to other cross-validation schemes (Kohavi, 1995).
uroscience 46 (2015) 125–131 127

To arrive at a stable estimate of classifier performance with this
combined cross-validation and subsampling approach, we con-
ducted 10-fold cross-validation 50 times with randomly identified
subsamples and report average performance metrics across these
subsamples. As described and implemented in Fu et al. (2008) and
Redlich et al. (2014), we used the binomial test to assess whether
classification performed above chance. Because the calculation of
performance across subsamples could yield a non-integer value for
performance (i.e., average number of successful classifications of
30 tests across subsamples), and the binomial distribution is dis-
crete and defined for integers, we  conducted binomial testing using
rounded average performance across subsamples. To examine the
features (i.e., brain regions) that contributed most strongly to clas-
sification, feature weights were computed according to the method
described by De Martino et al. (2008). Briefly, this approach quan-
tifies feature weights based on the weight of a given feature in the
SVM-defined model (i.e., hyperplane), with greater weights indicat-
ing greater contribution to the model. We  computed feature weight
ranks using all individuals in a given subsample and then aver-
aged these ranks across subsamples. Details of the derivation of the
SVM-defined optimal hyperplane are presented in Supplementary
material.

3. Results

3.1. Participant characteristics

Demographic and clinical characteristics of the participants
are presented in Table 1. Eighteen of the 33 girls in this study
(54.5%) subsequently developed depression (i.e., converted) within
5 years of the baseline scan (average age of onset = 16.2 ± 1.8
years). Converted girls did not differ in age at baseline from
non-converted girls, in their baseline scores on the Children’s
Depression Inventory—Short Form (CDI-S; Kovacs, 1992), the Mul-
tidimensional Anxiety Scale for Children (MASC; March et al., 1997),
or the vocabulary subscale of the Wechsler Intelligence Scale for
Children—III (WISC-III; Weschler, 1991). There were also no group
differences in baseline socioeconomic status, maternal history of
depression, assessed using the Structured Clinical Interview for
DSM-IV (American Psychiatric Association, 2000) or in the number
of traumatic events experienced either before baseline scanning or
between baseline and follow-up assessments, as measured with the
Post Traumatic Stress Disorder (PTSD) section of the K-SADS-PL.

Of the 18 participants who  converted, 11 (61.1%) endorsed 5
or more symptoms of depression on the K-SADS-PL and met  diag-
nostic criteria for MDD. The remaining 7 girls endorsed 3 (16.7%)
or 4 (22.2%) symptoms of depression and met  criteria for a diag-
nosis of Depressive Disorder Not Otherwise Specified (DD-NOS).
With respect to comorbidities, of the 18 girls who  converted, 10
(55.6%) developed one or more anxiety disorders. No girls in the
non-converted group developed an anxiety disorder, and no other
psychiatric comorbidities were documented in either group.

3.2. Neuroanatomic classification

Initial testing of classifier performance revealed an average gen-
eralized accuracy of 69.7% (69.3% sensitivity, 70.0% specificity)
across cross-validated subsampled datasets. Statistical testing
using the binomial test showed that classification accuracy was
significantly better than chance (p = 0.021). Feature weight ranks
indicated that the gray matter thickness of the right medial

orbitofrontal cortex contributed most strongly to classification (i.e.,
exhibited the highest feature weight rank). Exploratory post-hoc
two-tailed t-tests indicated that girls who subsequently developed
depression had significantly thinner gray matter in this region than

http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec
http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec
http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec
http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec
http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec
http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec
http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec
http://surfer.nmr.mgh.harvard.edu/fswiki/Qdec
http://www-01.ibm.com/software/analytics/spss
http://www-01.ibm.com/software/analytics/spss
http://www-01.ibm.com/software/analytics/spss
http://www-01.ibm.com/software/analytics/spss
http://www-01.ibm.com/software/analytics/spss
http://www-01.ibm.com/software/analytics/spss
http://www-01.ibm.com/software/analytics/spss
http://www-01.ibm.com/software/analytics/spss
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Table 2
Ten features having the greatest contribution to classification accuracy in the SVM.

Average regional thickness (SD), mm

Overall Rank Average Rank Hemisphere Non-converted Converted p Region

1 1.00 Right 2.64 (0.18) 2.45 (0.15) 0.004 Medial orbitofrontal cortex
2  2.52 Right 2.58 (0.22) 2.64 (0.10) 0.351 Precentral gyrus
3  3.66 Left 2.84 (0.20) 2.95 (0.19) 0.137 Rostral anterior cingulate cortex
4  5.22 Left 2.95 (0.12) 3.09 (0.19) 0.015 Insula
5  6.10 Right 2.97 (0.19) 2.95 (0.22) 0.770 Insula
6  8.38 Left 2.53 (0.13) 2.57 (0.13) 0.312 Lateral orbital frontal cortex
7  8.52 Right 2.75 (0.25) 2.87 (0.20) 0.156 Rostral anterior cingulate cortex
8  9.80 Right 2.72 (0.13) 2.74 (0.18) 0.648 Inferior temporal gyrus
9  10.94 Right 2.64 (0.18) 2.66 (0.16) 0.717 Superior temporal gyrus
10  11.14 Right 2.60 (0.22) 2.48 (0.12) 0.051 Lateral orbital frontal cortex

L ures a
i  post
i

d
v
T
s
c
m
g

F
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aterality, region name, and average feature weight rank of the highest ranked feat
nformation to the classifier. Significance values indicate uncorrected p values from
ndependent samples t-tests.

id girls who did not develop depression (average thickness: 2.45
ersus 2.64 mm,  respectively; t(31) = 3.15, uncorrected p = 0.004).
he 10 regions that contributed the most information to the clas-
ifier are presented in Table 2 (see Supplementary material for a

omplete listing of all 32 regions). As shown in this table, gray
atter of the right precentral gyrus, the left rostral anterior cin-

ulate cortex, and the left and right insula were among the top

ig. 1. Average feature weight ranks across support vector machines (SVMs) from all i
natomical mask. Features with the greatest contributions toward classifier accuracy (an
re displayed. Regions having a lower overall rank contributed a greater amount of
-hoc comparisons of regional thickness averages between groups using two-tailed

five ranked features (Fig. 1, Table 2). Post-hoc two-tailed t-tests of
these 5 areas indicated that gray matter of the left insula was sig-
nificantly thicker in girls who  converted than in girls who did not
convert (average thickness: 3.09 mm versus 2.94 mm,  respectively;

t(31) = −2.56, uncorrected p = 0.015); the two groups of girls did not
differ significantly with respect to thickness in any other of the top
10 ranked regions (ts < 1.53, ps > 0.14).

ndividuals from each of 50 subsamples for all 32 cortical regions included in our
d thus the highest average feature weight ranks) are coded in yellow and orange.
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. Discussion

Using prospective analyses and machine learning methods, we
dentified patterns of brain structure in adolescent girls that differ-
ntially predicted the subsequent onset of depression within five
ears. Specifically, the thickness of the orbitofrontal cortex, precen-
ral gyrus, anterior cingulate, and insula were among the regions
hat provided the most information in distinguishing adolescents
ho went on to develop clinically significant depression from those
ho remained free of any Axis I disorder. Given the high costs

f depression (Murray and Lobez, 1996), the difficulty in treating
dolescent depression once it occurs (March et al., 2004), and the
nitial promise of early interventions (Gladstone et al., 2011), the
et of biomarkers for the onset of depression identified here has the
otential to make significant clinical implications. Indeed, distin-
uishing to determine which high-risk adolescents are at greatest
isk for developing MDD  and offering them prevention-focused
ntervention may  significantly reduce the enormous negative per-
onal and societal impact of this debilitating disorder.

The greatest contribution from any single brain region to classi-
cation came from the right medial orbitofrontal cortex. Therefore,
tructure in this area alone may  serve as an important biomarker
f the initial prodrome of depression. A role for the right medial
rbitofrontal cortex in depression is well established. Alterations –
rimarily reductions – in medial orbitofrontal volume have been
ocumented in several studies of chronically depressed adults
Bremner et al., 2002; Grieve et al., 2013; Koolschijn et al., 2009;
acerda et al., 2004; Nakano et al., 2014). This direction of effects
s consistent with post-hoc analyses of this region in the current
tudy. Specifically, we  found that girls who went on to develop
epression at follow-up exhibited significant reductions in the
hickness of this region at baseline relative to girls who remained
ell (uncorrected p = 0.004). Alterations of the medial orbitofrontal

ortex, therefore, likely precede the emergence of depression and
ay  be involved in the genesis of the disorder. It is interesting to

ote that the single largest neuroimaging study of familial risk for
epression found that this same area of the medial orbitofrontal
ortex showed an opposite direction of effects. That is, in this prior
tudy, adults at familial risk for depression showed abnormally
hick right medial orbitofrontal gray matter (Peterson et al., 2009).
ow this prior pattern of findings is associated with our own  is
nclear but may  be related to differential neural factors underly-

ng risk versus resilience. Because the mean age of participants in
his prior study of risk were significantly older than the age of peak
ncidence for depression (Weissman et al., 1997), cortical thicken-
ng of this region could have signified some form of resilience to
he disorder. Certainly, future studies that scan high- and low-risk
ndividuals both before and following the onset (or the non-onset)
f depression are needed to test this interpretation.

The medial orbitofrontal cortex plays a central role in moni-
oring the rewarding value of stimuli and in anticipating upcoming
motional states or reactions (Amodio and Frith, 2006). Thus, struc-
ural anomalies of this region could contribute to the onset of
epression by disrupting the neural processing of reward. Consis-
ent with this formulation, anomalous structure and function of
he orbitofrontal cortex is one of the most frequently reported find-
ngs in neuroimaging studies of anhedonia (Gorwood, 2008), which
as been conceptualized both as a core symptom of depression
Pizzagalli, 2014) and as a risk factor for the disorder (Pizzagalli,
014; Rawal et al., 2013). Indeed, low reward-seeking behavior in
dolescents at familial risk for depression has been found to pre-
ict depressive symptoms and the onset of MDD  one year later,

ven when controlling for baseline symptom levels (Rawal et al.,
013). We  do not know whether the thinner gray matter in the right
edial orbitofrontal region of the converted girls in this study is

elated to anomalous reward-seeking behavior; future neuroimag-
uroscience 46 (2015) 125–131 129

ing studies of developing adolescents that incorporate assessments
of all of these constructs will be necessary to elucidate the behav-
ioral correlates of the medial orbitofrontal abnormalities that we
found in this study.

Exploratory analyses of the remaining nine features that con-
tributed most strongly to classification accuracy in the SVM
indicated that the converted and non-converted girls differed from
each other in the thickness of only one region other than right
medial orbitofrontal cortex: the left insula. This region, particularly
the anterior segment, is central to the detection and process-
ing of subjectively salient stimuli (Rolls, 1996) and to integrating
this information for the initiation of appropriate control signals
(Mennon & Uddin, 2010). The anterior insula is also involved in the
experience of social emotions, such as guilt (Lamm & Singer, 2010) -
a core symptom of depression in pediatric samples (Pagliaccio et al.,
2014). Thus, it is possible that structural alterations in this area con-
tribute to the onset of depression by influencing a disproportionate
allocation of resources to the internal experience of emotion.

In contrast to our findings of thinner gray matter in the right
medial orbitofrontal cortex, girls who  subsequently developed a
depressive disorder had greater thickness of the left insula than did
girls who  remained well. The direction of this effect is in contrast
to a recent neuroimaging investigation of preschool children that
reported smaller insula volumes to be associated with subsequent
depression (Belden et al., 2015). Our finding that increased insula
thickness predicted the onset of depression also contrasts with neu-
roimaging studies of depressed adults that report MDD-associated
reductions in insula volume (Koolschijn et al., 2009). It is impor-
tant to note, however, that several of the studies that have assessed
brain structure in individuals scanned early in the course of their
disorder have reported fronto-limbic increases in cortical gray mat-
ter associated with the initial onset of a depressive disorder (Qiu
et al., 2014; Reynolds et al., 2014; Van Eijndhoven et al., 2013). Thus,
although speculative given our prospective study design, when
taken in context with prior neuroimaging studies of first-episode
and chronically ill individuals, our findings in the insula suggest a
pathological process whereby cortical gray matter of this region is
higher prior to the onset of the disorder, but ultimately becomes
thinner as individuals experience repeated episodes of depression.
While longitudinal studies are clearly required to test this formu-
lation, one recent longitudinal study of young adults at familial
risk for bipolar disorder reported that the onset of mood disor-
der at follow-up was  associated with anomalous increases over
time in the thickness of neighboring gray matter of the inferior
frontal gyrus (Papmeyer et al., 2014). Adding support to a potential
reversal in the direction of the association of insula anomalies and
depression are studies showing that later in the course of the disor-
der, repeated episodes of depression are associated with a decline
in gray matter in frontal lobe subregions. For example, Reynolds
et al. (2014) found that depressed adolescents showed a stronger
inverse relation between age and middle frontal thickness than
did never-depressed controls. Similarly, Frodl et al. (2008) reported
that adults who experienced one or more episodes of depression
over a three-year time period exhibited greater gray matter reduc-
tions between baseline and follow-up scans than did adults who
had remitted from depression. Investigations in which adolescents
or young adults are followed longitudinally starting before the
appearance of symptoms and continuing through the onset and
course of depression, and in which other aspects of psychobio-
logical functioning are assessed, will be critical in elucidating the
temporal patterns of structural neural anomalies and their under-
lying causes.
A unique strength of the present study is the careful selection
of the study sample. Although the onset of depression can occur
at any age, the peak age of incidence ranges from 15 to 20 years
(Weissman et al., 1997), a range immediately following the age at
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hich the current sample was scanned (10–15 years). It is also note-
orthy that the converted and non-converted girls in this study

id not differ with respect to either maternal history of depres-
ion or the number of traumatic events reported prior to scanning
r between the baseline and follow-up assessments. A primary

imitation of the current study, however, is the sample size. The
umber of participants included in the groups of converted and
on-converted girls was relatively small, and our findings should be
eplicated with larger samples. Importantly however, the feature-
o-individual ratio in the current study was relatively large (1.07),
hich, combined with our random subsampling approach, was

elpful for modeling these groups and reducing bias in our classi-
cation estimates (Raudys and Jain, 1991; Redlich et al., 2014). We
hould also note that 10 of the 18 girls who developed a depressive
isorder by follow-up also developed a comorbid anxiety disor-
er, and 7 girls endorsed symptoms of depression and met  criteria

or a diagnosis of Depressive Disorder Not Otherwise Specified
DD-NOS). Future studies with larger samples that include partic-
pants who subsequently develop non-comorbid depression and
epression-NOS, non-comorbid anxiety, and comorbid depression
nd anxiety are needed to accurately assess the specificity of our
lassifier in predicting MDD, MDD-NOS, comorbid MDD/anxiety
nd non-comorbid anxiety. We  can also not exclude the possibili-
ies that girls in our non-converted sample developed depression
fter 5 years from their scan and that including such girls in our
on-converted group affected classifier performance. Future stud-

es that test whether classification accuracy is influenced by the
ength of time between scan and the subsequent first onset of
epression would be helpful in addressing this issue. Although we
id not conduct immediate repeated scans of the participants in the
ame session, which would be required to formally test the reliabil-
ty of our measurement of cortical thickness, we did use established
rocedures to maximize the accuracy of cortical thickness mea-
urements in Freesurfer; in addition, we ensured that raters were
lind to group membership, and we used an identical scanner and
imilar acquisition parameters to those used by Dickerson et al.
2008), who found absolute measurements of cortical thickness
o be highly reliable. Finally, because we focused in this study on
tructural neuroimaging predictors of subsequent depression, we
annot determine how variations in brain functioning might relate
o a future onset of MDD. Given the growing literature regarding
bnormalities in functional activations in adolescent depression
for review see Kerestes et al., 2014; Miller et al., 2015), it will be
mportant in future research to examine whether patterns of neural
ctivation predict onset of the first episode of depression.

In conclusion, using machine-learning methods we demon-
trated that patterns of brain structure in adolescence can help
n predicting the subsequent onset of depression. Our findings
epresent an important first step towards understanding the
athological neural processes that underlie the emergence of
his disorder and highlight several important avenues for future
esearch. First and foremost, given our relatively small sample size,
t is important that future studies, using larger samples and alter-
ate cross-validation designs, replicate the anomalies in medial
rbitofrontal and insular gray matter thickness found here. It is
lso important that future studies attempt to clarify the pathophys-
ological processes at play in the development of disorder. Such
tudies could, for example, assess whether alterations in cortical
hickness influence the onset of depression directly or indirectly by

ediating the emergence of risk-related biases in cognitive func-
ioning. It is imperative that we continue to address this and other
uestions concerning the prediction of MDD  in pediatric popu-
ations using multivariate approaches. This effort will elucidate
iomarkers that can better identify individuals at high risk for
eveloping depression in order to reduce the economic, societal,
nd personal costs of this recurrent and debilitating disorder.
uroscience 46 (2015) 125–131
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