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Abstract: Objective: Early life trauma (ELT) is a significant risk factor for the onset of depression.
Emerging findings indicate ELT is associated with enhanced amygdala reactivity to aversive stimuli in
never-depressed healthy controls as well as those with acute depression but may be absent in non-ELT
exposed depressed. The precise mechanism mediating these differences in amygdala reactivity remains
unclear. Method: The authors used Granger causality methods to evaluate task-based directional con-
nectivity between medial or lateral prefrontal cortex (PFC) and amygdala in 20 unmedicated patients
with current major depressive disorder (MDD) and 19 healthy matched controls while participants
engaged in an affective variant of the flanker task comparing response to sad and neutral faces. These
data were correlated with childhood trauma history. Results: Exposure to ELT was associated with fail-
ure of inhibition within the MDD group based on medial PFC–amygdala connectivity. In contrast,
non-ELT exposed MDD was associated with a negative causal pathway from medial prefrontal cortex
to amygdala, despite reduced dorsolateral PFC input in comparison to healthy controls. Neither MDD
group demonstrated significant lateral PFC–amygdala connectivity in comparison to healthy controls.
Conclusions: Failure of the circuit implicated in emotion regulation was associated with a significant
history of ELT but not with MDD more broadly. Non-ELT related depression was associated with
intact regulation of emotion despite the absence of difference in severity of illness. These findings indi-
cate opposing system-level differences within depression relative to ELT are expressed as differential
amygdala reactivity. Hum Brain Mapp 35:4815–4826, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Enhanced amygdala response is posited to be a key aspect
of the underlying pathophysiology of depression [Price and
Drevets, 2010]. Imaging studies of amygdala activity in major
depressive disorder (MDD) using both positron emission
tomography and functional magnetic resonance imaging
(fMRI) methods have mostly demonstrated increased glucose
metabolism and cerebral blood flow in response to aversive
stimuli [Drevets et al., 1992; Surguladze et al., 2005; Suslow
et al., 2010; Victor et al., 2010] in comparison to healthy vol-
unteers; although see Townsend et al. [2010] for contradic-
tory findings. This pattern of response is consistent with the
increased negative affect associated with MDD, as well as
the subjective experience of self-induced sadness in healthy
volunteers [Abercrombie et al., 1998; Posse et al., 2006]. Yet
recent investigations indicate amygdala hyperreactivity may
be a consequence of early life trauma (ELT) such as sexual
and physical abuse or neglect, evident among healthy volun-
teers with no psychiatric history, as well as unmedicated
depressed patients [Dannlowski et al., 2012; Grant et al.,
2011]. In contrast, MDD in the absence of ELT does not
appear to be linked to amygdala hyperreactivity [Grant
et al., 2011]. This study sought to determine whether these
differences are attributable to opposing connectivity patterns
in the circuit implicated in implicit regulation of emotion.

Investigations of regulation of emotion in healthy volun-
teers have reliably demonstrated a role for dorsal lateral
prefrontal cortex (DLPFC) in the modulation of amygdala
response [Banks et al., 2007; Meyer-Lindenberg et al., 2005;
Stein et al., 2007]. Despite sparse, unidirectional, ascending
projections from amygdala to DLPFC observed in trace
studies [Ghashghaei and Barbas, 2002], functional connec-
tivity between these structures is theorized to underlie
cortical inhibition of amygdala output, though indirectly.
A proposed route for this indirect influence is via medial
prefrontal cortex (mPFC) which has direct anatomical con-
nections with both lateral PFC and amygdala [Price, 2005].
Subsequent stimulation of neurons within the mPFC has
been found to underlie decreased responsiveness of output
neurons in the amygdala [Quirk et al., 2003].

Altered lateral and medial prefrontal cortical activity
has been observed relative to MDD. Specifically, decreased
DLPFC activity [Siegle et al., 2007] and reduced DLPFC–
amygdala connectivity have been observed [Dannlowski
et al., 2009; Erk et al., 2010]. Likewise, altered rostral and
subgenual cingulate activity and reduced mPFC–amygdala
connectivity have both been observed in MDD [Johnstone
et al., 2007; Mayberg et al., 1997; Pizzagalli et al., 2001].

However, recent studies denote an underlying heteroge-
neity within unipolar depression based on trauma history

associated with a cluster of key neurobiological features
that include altered HPA and autonomic output [Heim
et al., 2000], altered brain morphology (e.g., atrophy of
hippocampus and mPFC/anterior cingulate [Treadway
et al., 2009; Vythilingam et al., 2002]), and genetic mecha-
nisms (CRHR1; Bradley et al. [2008]; Rogers et al. [2013]),
as well as exaggerated localized amygdala reactivity
[Grant et al., 2011]. However, recent reviews indicate the
effects of cumulative stress are more mixed in humans
than animal models [Frodl and O’Keane, 2013]. Yet these
findings parallel rodent and non-human primate findings
following chronic variable stress and ELT [Mirescu et al.,
2004; Radley et al., 2004; Vyas et al., 2003] demonstrating
glucocorticoid and CRF-mediated transformations in brain
morphology and neuronal hyperexcitability [Duvarci and
Pare, 2007; Radley et al., 2004, 2008].

Thus, based on evidence of divergent brain structure and
physiology of key aspects of the circuit that typically underlie
the modulation of emotion, we anticipated (1) replication of
prior connectivity differences between MDD and controls
[Dannlowski et al., 2009; Erk et al., 2010] but with causal
directions from lateral PFC to amygdala via mPFC among
controls and (2) within the MDD group, differential and
opposing connectivity patterns for mPFC–amygdala inhibi-
tion based on trauma history (i.e., reduced or absent mPFC–
amygdala connectivity within the ELT-exposed MDD group
but intact mPFC–amygdala connectivity with the non-ELT
exposed MDD group). Given the ongoing search for neuroi-
maging biomarkers to improve the classification of depression
and treatment effectiveness [McGrath et al., 2013], we believe
findings from the current investigation will help reduce heter-
ogeneity of findings relative to unipolar depression.

We tested our hypotheses using a between-group com-
parison of directional connectivity employing Granger cau-
sality mapping based on a priori defined regions of interest
(ROIs) garnered from the existing literature in relation to
depression and emotion processing. We subsequently tested
our second hypothesis that strength and direction of con-
nectivity within MDD would be driven by trauma history
using within-group correlations between trauma history
and connectivity coefficients. On the basis of our prior find-
ing of discrete amygdala reactivity differences [Grant et al.,
2011] and mPFC atrophy relative to trauma history among
moderately depressed outpatients [Treadway et al., 2009],
we predicted a failure of inhibition among ELT-exposed
MDD but intact inhibition among non-ELT exposed MDD.

METHODS

Twenty patients with current depression and 19 healthy
control subjects completed this study. The Vanderbilt
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University Institutional Review Board approved the exper-
imental protocol. A complete description of the study was
provided to all participants, and all subjects provided
written informed consent. Subjects were recruited through
the Vanderbilt University Medical Center Outpatient Psy-
chiatry Clinic and through television advertisements in the
community.

All subjects were evaluated using the Structured Clinical
Interview for DSM-IV (SCID; First et al. [2002]). Clinical
evaluations were performed by master’s level and doctoral
level therapists in the department of psychiatry. Supervi-
sion and review were provided by authors MMG and
RCS. Participants were between 18 and 55 years of age
with no significant history of neurological disease or life-
time history of brain injury. Patients were diagnosed with
unipolar depression and met full criteria for one or more
episodes of MDD as determined by the SCID. Patients
were excluded if they met criteria for specific Comorbid
Axis I disorders that included obsessive-compulsive disor-
der, schizophrenia and other psychotic disorders, bipolar
disorder, substance dependence, or substance abuse. A
score of 16 or higher on the 17-item Hamilton depression
rating scale (HDRS; Hamilton [1967]) was required for
inclusion. Participants who were currently taking antide-
pressants were excluded from the study. Never-depressed
control subjects were free of (1) neurological disease and
head injury (2) either current or past mood disorders, as
well as (3) current or past history of Axis I disorders with
the exception of one subject who was diagnosed with mild
agoraphobia without panic disorder. Control subjects were
required to have a score of six or less on the HDRS-17. All
participants who met criteria were then scheduled for a
scan session.

Additional Measures

Groups were matched on age, education, and IQ and all
participants were administered the childhood trauma
questionnaire (CTQ-SF; Bernstein and Fink [1998]). The
CTQ is a self-report measure of childhood maltreatment
comprised of five factors that assess emotional, physical,
or sexual abuse, emotional neglect, and physical neglect.
Cutoff scores were based on the work of Scher et al.
[2004]. Additional clinical measures included assessments
of severity of illness (HRSD-17) and anxiety (Beck Anxiety
Inventory) [Hamilton, 1967; Piotrowski, 1999].

Stimuli and Paradigm

An affective paradigm described previously in more
detail in our prior work related to ELT and amygdala
reactivity was performed [Grant et al., 2011]. Participants
completed a gender identification variant of the Eriksen
flanker task of selective attention [Eriksen and Eriksen,
1974] using selected Ekman faces as stimuli [Ekman and
Friesen, 1974]. The task was designed to identify the influ-

ence of valence on the efficiency of selective attention (pos-
itive, sad, and neutral) and level of task difficulty
(nonconflict, congruent, and incongruent). Participants
were instructed to respond with a predetermined button
press (index or middle key) to identify either male or
female centralized target faces. In this study, only findings
for the nonconflict level of task difficulty are presented as
increased task difficulty has been shown to elicit decreased
limbic activity. Subjects performed 12 blocks of 9 trials.
Each trial had a total duration of 3,000 ms. Trials were
counterbalanced across subjects and trial order
randomized.

Image Acquisition

Scans were acquired on a 3T Philips Intera Achieva
scanner at the Vanderbilt University Institute of Imaging
Sciences. High-resolution structural images were acquired
in the axial plane to facilitate spatial normalization using a
3-D T1-weighted IR Prepped 3DFFE sequence (TR 5 10.1,
TE 5 4.2, slice thickness 5 l.2 mm) and T2-weighted
[TR 5 450 ms, TE 5 17 ms, FOV 5 24 cm, and slice
thickness 5 4 mm]. Twenty-eight axial interleaved 4.0 mm
functional slices (0.5 mm skip) were acquired parallel to
the AC-PC line using a gradient echo-pulse sequence pro-
viding whole brain coverage (T2*-weighted images sensi-
tive to BOLD signal changes; TR 5 3,000 ms, TE 5 28 ms,
FOV 5 24 cm, flip 5 90, and slice thickness 5 4 mm).

Functional imaging data were analyzed using statistical
parametric mapping (SPM8, http://www.fil.ion.ucl.ac.uk/
spm). All participants were scanned while viewing sad
and neutral faces. Echo-planar time series data were sub-
sequently slice time and motion corrected (aligned to the
first slice), coregistered and spatially normalized to stand-
ard Montreal Neurological Institute space and smoothed
with an 8-mm Gaussian kernal. A first-level model was
used that included movement parameters from the
realignment stage as covariates of no interest in the regres-
sion model. Regressors representing trial type (negative
and neutral valenced faces) were modeled with a canoni-
cal hemodynamic response function (HRF). Second-level
analysis was used for group comparisons of the contrast
negative>neutral for a priori defined ROIs.

Region Selection

Six bilateral regions were selected based on findings
from trace studies in non-human primates as well as con-
nectivity in nonclinical studies of regulation of emotion
[Banks et al., 2007; Ghashghaei and Barbas, 2002; Stein
et al., 2007]. The selected regions included two rostral cin-
gulate regions (BA 32 and BA 24), subgenual cingulate
(BA 25), lateral prefrontal cortex (BA 46/9), amygdala, and
hippocampus. Amygdala and hippocampus ROIs were
selected using the automated anatomical labeling system
based on the WFU PickAtlas toolbox [Maldjian et al.,
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2003]. Brodmann’s areas were defined using the Talaraich
Daemon within the PickAtlas toolbox. Functionally
defined regions within these ROIs were then used in the
connectivity analysis. Peak voxel values within each ROI
are included in Table II. The mean time series for each
ROI per subject was subsequently extracted. All compari-
sons were reported using a FDR corrected P-value of 0.05.

Voxel-Based Morphometry

Voxel-based morphometry (VBM) was used to investi-
gate what role atrophy of a priori defined regions central
to the regulation of emotion (bilateral BAs 24 and 32) may
have in explaining subsequent differences in connectivity
relative to trauma history. We selected these ROIs based
on our prior VBM findings in MDD with and without a
history of ELT [Treadway et al., 2009]. All structural
images were examined for artifacts and then reoriented to
a center point located on the anterior commissure. A cus-
tomized anatomical template was created from the reor-
iented structural MRI images. Template creation included
spatial normalization of all the images to MNI space. Spa-
tially normalized images were resliced with a final voxel
size of 1.5 3 1.5 3 1.5 mm3, and subsequently segmented
into gray matter, white matter, and CSF images. After seg-
mentation, the segmented gray matter images were modu-
lated by multiplication of the Jacobian determinant of the
spatial normalization function to estimate volumetric dif-
ferences between groups. All subsequent statistical analy-
ses were performed on the normalized, segmented,
modulated, and smoothed gray matter images.

Directional Connectivity Analysis

The principle of Granger causality asserts that the direc-
tional causal influence from time series A to time series B
can be inferred if past values of time series A help predict
the present and future values of the time series B
[Granger, 1969]. The prediction framework is realized
using a multivariate autoregressive (MVAR) model. In this
study, the HRF was deconvolved [Havlicek et al., 2011] to
obtain the hidden neuronal variables to which the MVAR
model was applied (Fig. 1). Instead of using traditional
techniques where the time series are sliced corresponding
to respective conditions, the MVAR model coefficients
were made to vary as function of time. Subsequently, the
time-varying connectivity measures were then populated
into different condition-specific samples, which were stat-
istically compared for forming inferences.

Granger Causality Modeling

In previous studies, the predictive relationship between
the fMRI time series from different regions of the brain
has been characterized using MVAR [Deshpande et al.,
2008, 2009; Roebroeck et al., 2005]. Several of the earlier

studies demonstrated that the spatial variability of the
HRF can have a vascular origin and can confound the
Granger causality metrics obtained from the fMRI time
series. One way to address this confound is hemodynamic
deconvolution, which not only increases the effective tem-
poral resolution of the signal by removing the smoothing
effect of the HRF but also removes the intersubject and
interregional variability of HRF [Handwerker et al., 2004].

Figure 1.

Schematic illustrating the directional connectivity analysis pipeline.

The time series extracted from different ROIs were first decon-

volved using a cubature Kalman filter without any assumptions

about the shape of the underlying hemodynamic response. As this

is a continuous time model, a time step of TR/10 was used to

discretize it. The resulting latent neuronal variables were input

into the dynamic multivariate autoregressive model to obtain

time-varying directional connectivity between the ROI time series.

The connectivity values corresponding to negative and neural

valence conditions were populated into different samples to find

the paths which were greater during negative valence. Among

these paths, the connectivity values for negative valence were

compared across the two groups to determine those which dif-

fered between groups. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Let j fMRI time series be represented as X(t) 5 [x1(t) x2(t)
. . . xj(t)]. A dynamic state-space model can be described as
follows.
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where n is the neuronal state variable, u is the exogenous
input, and h are the parameter variables. The current neuro-
nal state is linked to the previous neuronal states, exogenous
inputs, and parameters by function f. The subscript s indi-
cates continuous time and the superscript j indicates the
number of time series in the model. X, Y, and Z are zero
mean Gaussian state noise vectors. The observation equation,
which links the state to observation variables, is as follows.

xjðtÞ5hð~uj
sÞ1ht21

where h is the measurement function which links the state
variables to measurement variables, t is discrete time, and
g is the measurement noise. The inputs to the model are
exogenous inputs u, which is the experimental boxcar
function, and xj(t) is the observed fMRI signal. As shown
earlier, blind hemodynamic deconvolution using cubature
Kalman filter is very efficient in performing a joint estima-
tion of the hidden neuronal variables and parameters
[Havlicek et al., 2011]. In addition, by using a time step up
to 10 times smaller than the TR while discretizing the con-
tinuous time model, higher effective temporal resolution
can be obtained. As a result, the efficiency of the connec-
tivity analysis is improved. The neuronal state variables
nj(t) can be input into the MVAR as follows:
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where q is the order of the model determined by the
Akaike/Bayesian information criterion, e is the model error,
and a are the model coefficients. Here a (0) represents the
instantaneous influences between time series while a(m),
m 5 1, . . ., j represent the causal influences between time
series. As shown previously, the effect of instantaneous cor-
relation on the causal metrics can be minimized by model-

ing both causal and instantaneous terms in a single model
[Deshpande et al., 2010]. The MVAR model can be made
dynamic by allowing the model coefficients to vary as a
function of time as given below.
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The model coefficients a(m, t) were taken as the state
vector of a Kalman filter and adaptively estimated using
the algorithm proposed by Arnold et al. (1998). Dynamic
Granger causality was then obtained as follows:

DGC pq ðtÞ5
Xq

m51

½apqðm; tÞ�8p51 � � � j; q51 � � � j

Statistical Analysis

We tested our initial hypothesis that our MDD and
healthy control groups would utilize divergent causal
pathways for the regulation of emotion by obtaining con-
nectivity coefficients for each a priori defined path per
group. Unless otherwise specified, subsequent analysis
was based on analysis of variance with group as the
between subjects factor (healthy controls vs. MDD) and
path strength as the dependent factor of comparison. To
address potential concerns that illness severity or anxiety
may better explain the observed group differences, follow-
up analysis included self-report and clinician evaluated
measures of anxiety and depression as covariates. In addi-
tion, based specifically on our prior finding of reduced
rostral medial cortical volume among ELT-exposed
depressed [Treadway et al., 2009], brain morphology
(bilateral rostral BA 24 and BA 32) was also included as a
covariate. To address our second hypothesis regarding dif-
ferential connectivity within MDD based on trauma his-
tory, follow-up comparisons within the depressed group
were subsequently performed, with analysis restricted to
the pathways in which MDD>healthy controls. Correla-
tions were performed to identify individual differences in
the relationship between CTQ subscale scores and connec-
tivity coefficients for each group.
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RESULTS

Demographics and Clinical Measures

The depressed group exceeded matched controls in
severity on all clinical measures, as well as measures of
ELT (Table I). While there were no differences between
patients and controls for age, group differences for age
were observed between the MDD groups (ELT-exposed
MDD>non-ELT exposed MDD), thus, age was included
as a covariate for within-group comparisons of patients.
Trauma scores within the patient group ranged for PA
ranged between 5 and 21; SA ranged between 5 and 25;
median scores for PA; 8.5 and SA; 5.0).

Directional Connectivity

Significant directional connectivity paths were observed
for the contrast of negative>neutral. Paths originating
from right dorsolateral PFC (R DLPFC; peak voxel, x 5 41,
y 5 19, z 5 38) were greater in controls (Fig. 2; Table II),
whereas paths originating from left Brodmann area 24
(BA24L; peak voxel, x 5 26, y 5 4, z 5 34) were signifi-
cantly greater in MDD (see Fig. 3; Table II).

Between-Group Comparison

Subsequent analysis revealed group differences for paths
originating from right DLPFC effecting the following

regions: right amygdala [F(1, 34) 5 6.73, P 5 0.01; left amyg-
dala, F(1, 34) 5 8.91, P 5 0.005; right BA 32, F(1, 34) 5 9.30,
P 5 0.004; right BA 25, F(1, 34) 5 5.74, P< 0.05; left BA 24,
F(1, 34) 5 6.16, P< 0.05]. In contrast, we did not observe

TABLE I. Demographic data and CTQ scores

Variable

Healthy controls MDD Non-ELT MDD MDD 1 ELT

n Mean SD n Mean SD n Mean SD n Mean SD

Sample size 19 20 10 10
Number of female participants 10 11 7 4
Agec 19 31.2 9.2 20 34.5 10.7 10 29.2 9.3 10 39.3 9.5
Estimated IQ (Shipley 19 109.4 8.8 20 106.3 8.2 10 103.4 8.1 10 109.2 7.7
Hamilton rating scale of depressionb 19 0.84 1.3 20 21.4 4.1 10 21.4 4.3 10 21.4 4
BDIb 19 0.79 1.1 20 31.6 9.5 10 29.2 8.9 10 34 9.9
BAIbc 19 1.47 2.1 20 15.4 10.7 10 10.4 6.0 10 20.4 12.2
Onset agebc 20 34. 24.9 10 24.6 9.9 10 48.8 33.2
Number of previous episodes 20 2.6 0.9 10 2.7 1 9 2.3 0.5
Average duration of illness (years) 20 11.8 13.2 10 5.13 4.4 10 17.9 15.6
Past alcohol abuse 3 1 2
Co-morbid/ anxiety disorder 10 2 8
Past anxiety disorder 1 3 2 1
CTQ emotional abuse scalebc 19 6.1 1.5 20 12.1 6.1 10 9.3 5.3 10 14.9 5.6
CTQ physical abuse scalebc 19 5.4 0.6 20 9.9 4.5 10 6.7 1.1 10 13.1 4.3
CTQ sexual abuse scaleac 19 5.6 2.5 20 9.8 6.8 10 5.5 1.2 10 14.0 7.6
CTQ emotional neglectb 19 7.2 2.8 20 12.6 4.4 10 11.0 4.4 10 14.9 3.8
CTQ physical neglecta 19 5.1 0.3 20 8.5 4 10 9.1 2.6 10 7.8 5.1

aP< 0.05 in the comparison between Healthy Controls and MDD.
bP< 0.001 in the comparison between Healthy Controls and MDD.
cP< 0.05 in the comparison between MDD Only and MDD 1 Trauma.,
dP< 0.001 in the comparison between MDD only and MDD 1 Trauma.

TABLE II. Between Between-group differences in direc-

tional brain connectivity

ROI Peak voxel coordinates t-value P-value

(A) Patients>Controls Patths originating from mPFC
Amygdala_L 222, 22, 216 1.93 0.02
Amygdala_R 20, 2, 216 1.67 0.04
BA25_L 22, 2, 26 1.72 0.04
BA25_R 2, 4, 210 2.47 0.01
BA32_L 214, 24, 34 2.26 0.01
BA32_R 14, 8, 38 2.05 0.02
DLPFC_L 232, 20, 34 2.01 0.02
DLPFC_R 32, 24, 40 2.33 0.01
B. Controls>Patients Paths originating from DLPFC
Amygdala_L 222, 22, 216 2.10 0.01
Amygdala_R 20, 2, 216 1.76 0.03
BA24_L 26, 28, 38 1.88 0.02
BA25_R 2, 4, 210 3.40 0.001
BA32_R 14, 8, 38 3.22 0.001

Note. The t-values are derived from between group comparison
of connectivity values obtained for each path. Region of Interest;
ROI, BA; Brodmann’s Area, DLPFC; dorsal lateral prefrontal cor-
tex, mPFC; medial prefrontal cortex; Right; R and Left; L.
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significant group differences for the path originating in
mPFC (P-values ranging between 0.31 and 0.81). Follow-up
analysis without the two participants with a past history of
PTSD did not differ greatly from the prior analysis in terms
of group differences with right amygdala [F(1, 32) 5 4.23,
P< 0.05; left amygdala, F(1, 32) 5 6.91, P 5 0.01; right BA 32,
F(1,32) 5 8.26, P 5 0.007; right BA 25, F(1, 32) 5 5.11,
P< 0.05; left BA 24, F(1, 32) 5 5.16, P< 0.05].

Cingulate Volume as a Covariate

To clarify whether the relationship between ELT and
directional brain connectivity is mediated by differences in
cingulate morphology, we included brain volumes for BA
32 and 24 derived from VBM analysis as covariates in the
model. Neither region contributed significantly to the rela-
tionship between trauma history and connectivity patterns
in this study (P-values between 0.24 and 0.85).

Trauma History and Individual Differences in

Connectivity

Within-group correlations were performed for each cate-
gory of abuse for each pathway. Within the MDD group, sig-
nificant correlations were observed between physical neglect
and left BA 32 ! right DLPFC connectivity (Fig. 4; P< 0.05),
consistent with intact inhibition among the low trauma par-
ticipants but weakened inhibition among high trauma partici-
pants; physical abuse was also significantly correlated with
the left BA32 ! right amygdala path, P< 0.05; physical

neglect with right BA 32 ! right amygdala connectivity,
P< 0.01 (Fig. 5); and physical neglect with the right BA 32 !
right DLPFC pathway (P< 0.05). No significant correlations
were observed within the depressed group for sexual abuse,
nor were any significant correlations observed for healthy
controls. Follow-up analysis without the two PTSD partici-
pants demonstrated significant relationships between physical
neglect and L BA 32 ! R DLPFC (P< 0.05) and L BA 32 !
R amygdala and physical abuse and L BA 32 ! R amygdala
path, P< 0.05. The relationship between physical neglect and
R BA 32! R amygdala; and R DLPFC did not remain signif-
icant (P-values between 0.58 and 0.97).

Partial Correlations

Next, we performed follow-up analysis on the trauma
history and connectivity findings within the MDD group
using partial correlations to control for severity of illness,
anxiety, and sex differences. Findings were mixed, with
the relationship between physical neglect and L BA 32 !
R DLPFC remaining intact after controlling for illness
severity (r 5 0.47, P 5 0.05), but only a significant trend
observed after controlling for sex (r 5 0.43, P 5 0.080). No
significant relationship was observed after controlling for
anxiety (r 5 0.22, P 5 0.39). In contrast, the relationship
between physical neglect and R BA 32 ! R amygdala
remained significant after controlling for anxiety (r 5 0.51,
P< 0.05), as did the relationship between physical neglect
and R BA 32 ! R DLPFC (r 5 0.48, P 5 0.05) but not when
severity of illness or sex were used as covariates for either
relationship (P-values between 0.17 and 0.41).

Figure 2.

Paths which were significantly greater during the negative valence

condition as compared to neutral valence condition in the MDD

group. The width and color of the arrows represent the P-value

(thicker lines are associated with more robust connectivity).

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 3.

Paths which were significantly greater during the negative

valence condition as compared to neutral valence condition in

the control group. The width and color of the arrows represent

the P-value (thicker lines are associated with more robust con-

nectivity). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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DISCUSSION

Adaptation to change in the environment via implicit or
explicit regulation of emotion is posited to facilitate both
effective decision making as well as proficient social inter-
actions [Eisenberger and Fabes, 1992; Koenigs and Tranel,
2008]. Investigations of modulation of emotion in individu-
als with MDD indicate a failure to adapt, originating in
part from altered brain morphology as well as ineffective
recruitment of the distributed network of brain regions
underlying this process [Dannlowski et al., 2009; Erk et al.,
2010; Johnstone et al., 2007; Siegle et al., 2007]. Yet recent
reviews of the literature indicate these deficits may not be
attributable to depression per se, but specifically linked to
depression following a history of ELT [Heim et al., 2008;
Teicher and Sampson, 2013]. Key neurobiological features
differentiating ELT-exposed MDD from MDD without
trauma history have been observed consistent with disin-
hibited and inhibited phenotypes, respectively [Grant
et al., 2011; Treadway et al., 2009; Vythilingam et al.,
2002]. In particular, amygdala hyperexcitability has been
observed in ELT-exposed MDD but not non-ELT exposed
MDD [Grant et al., 2011]. Findings from the current inves-
tigation indicate, these differences are associated with dif-
ferential and opposing patterns of connectivity consistent
with intact inhibition among the never ELT-exposed MDD

group but failure of inhibition among the ELT-exposed
MDD group. We theorize here that these differences in
connectivity likely underlie differences in amygdala reac-
tivity to aversive faces observed in our prior work based
on trauma within MDD [Grant et al., 2011].

Between-Group Differences in Connectivity

Prefrontal cortical regions have been implicated in the
modulation of emotion in response to both passive view-
ing tasks and active regulation and include both medial/
anterior cingulate and lateral PFC (dorsal and ventral)
[Erk et al., 2010; Johnstone et al., 2007; Lu et al., 2012]. In
this study, we replicated prior findings of robust inverse
DLPFC amygdala connectivity among healthy controls and
the absence thereof in this circuit among the MDD group
[Banks et al., 2007; Dannlowski et al., 2007]. Moreover,
consistent with recent magnetoencephelography findings
[Lu et al., 2012], our Granger causality analysis revealed a
directional pattern among controls in which right DLPFC
temporally preceded both mPFC and amygdala activity. In
contrast, within the MDD group, activity in mPFC (L
BA24) preceded activity in either DLPFC or amygdala
regions. These findings suggest depressed individuals, in

Figure 4.

Scatter plot depicting the relationship between trauma history

and mPFC-DLPFC connectivity. Individual differences in the rela-

tionship between ELT history and mPFC-DLPFC indicating a

negative causal relationship between mesial and lateral PFC

among non-ELT exposed depressed but a positive causal rela-

tionship for ELT-exposed depressed. N 5 20, P< 0.05. Coordi-

nates (BA 32; x 5 210, y 5 30, z 5 28; and x 5 41, y 5 19,

z 5 38 Montreal Neurological Institute; MNI coordinate system).

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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the absence of sufficient DLPFC influence over amygdala,
use a compensatory mechanism originating from mPFC.

A recent review [Phillips et al., 2008] has put forward a
model of the neurobiological correlates of emotion process-
ing in mood disorders in which voluntary control of affect
and automatic regulation of emotion are mediated by dis-
tinct circuits comprising DLPFC–amygdala vs. mPFC–
amygdala, respectively. In this study, we observed more
robust connectivity for the DLPFC–amygdala directional
pathway among healthy controls than the MDD group, in
contrast to a nonsignificant trend for increased mPFC–
amygdala directional connectivity in the MDD group as
compared to controls. The latter finding was driven pri-
marily by intact inverse connectivity demonstrated by the
non-ELT exposed MDD group. However, it is unclear
based on the current findings whether healthy controls
used voluntary control, while patients used automatic
inhibitory processes, as the design of the study was not
structured to evaluate this hypothesis. An alternative
explanation for this finding is that activity in each path
may be driven by task-type in an intact system such as
that seen among healthy controls but driven by compensa-
tory mechanisms in a patient population. Specifically,
activity in Path A may be optimal for the function of Task
A but if there is a loss of integrity in this path (e.g.,
reduced cingulate volume), such a failure would elicit
compensatory activity in pathway B.

Within-Group Connectivity

Within the depressed group, a significant history of
either physical abuse or neglect was associated with fail-
ure of inhibition of amygdala indicated by a positive
causal pathway from dorsal cingulate to amygdala. Thus,
the failure of inhibition among the ELT-exposed MDD
group was linked to increased but ineffective cingulate
function and not attenuated cingulate activity. This finding
is consistent with prior findings [Johnstone et al., 2007]
demonstrating a “counterproductive” increased recruit-
ment of ventromedial PFC activity that failed to inhibit
amygdala response during an emotion regulation para-
digm among their unmedicated depressed patients. In this
investigation, this finding was specific to those depressed
individuals with a history of ELT. Together these findings
appear to indicate impaired communication between
mPFC and amygdala within ELT-exposed MDD that may
elicit increased output from cingulate as a failed compen-
satory mechanism resulting in a disinhibited emotional
subtype.

In contrast, non-ELT exposed MDD was associated with
an intact negative causal pathway from to mPFC–amyg-
dala, consistent with intact inhibitory cortical control of
amygdala but reduced DLPFC input. This pattern of con-
nectivity may characterize a specific subtype of depression
expressed as an inhibited subtype. Notably, our findings

Figure 5.

Scatter plot depicting the relationship between trauma history and

mPFC–amygdala connectivity. Individual differences in the relation-

ship between ELT history and mPFC–amygdala connectivity indi-

cating a negative causal relationship between medial PFC and

amygdala among non-ELT exposed depressed but a positive causal

relationship for ELT-exposed depressed. N 5 20, P< 0.01. Coordi-

nates (BA 32; x 5 10, y 5 30, z 5 26; and x 5 32, y 5 22,

z 5 216 Montreal Neurological Institute; MNI coordinate system).

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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remained significant after controlling for illness severity,
anxiety level, and sex differences, consistent with ELT act-
ing as an independent factor in its contributions to amyg-
dala reactivity.

SUMMARY

Differential and opposing amygdala reactivity patterns
have been observed in depressed individuals with and
without a history of ELT. To date, the underlying patho-
physiology of these differences has been unclear. This
study identified reduced mPFC–amygdala causal connec-
tivity among ELT-exposed depressed but intact causal con-
nectivity among non-ELT exposed depressed. The failed
connectivity among ELT-exposed MDD may underlie the
increased treatment resistance and recurrence of illness
associated with the phenotype [Nanni et al., 2012].

LIMITATIONS

Some limitations of this study merit consideration. We did
not observe a significant relationship between trauma history
and directional brain connectivity within the control group
although prior work has demonstrated a relationship
between ELT and amygdala reactivity among healthy con-
trols [Dannlowski et al., 2012; Maheu et al., 2010; McMcrory
et al., 2011; Tottenham et al., 2011; van Harmelen et al., 2013].
Although ELT did occur in the healthy control group, it was
infrequent in this study. We are limited in the interpretation
of our findings in the absence of this group as we cannot state
with certainty whether our findings are driven by ELT alone
or the interaction of ELT and depression. Future investiga-
tions may consider oversampling for trauma history among
healthy controls or a larger sample size to assure a range of
trauma severity within both the patient and control groups.
Although we did obtain significant differences between our
MDD groups with and without a history of ELT, future stud-
ies should consider a larger sample size to provide sufficient
power to disentangle the relationship between ELT, illness
severity, and anxiety where we observed mixed findings.

Another limitation of this study is that the analysis did not
include response to positive stimuli. Given differences in both
valence and arousal associated positive and negative stimuli
it is important to disentangle differences associated with
valence (response to negative stimuli) and arousal. However,
prior work regarding valence and arousal has demonstrated
findings consistent with our current work including
enhanced response to increasingly negative and positive
words in anterior and subgenual cingulate and enhanced left
amygdala response in response to increased arousal for both
positive and negative stimuli [Lewis et al., 2007].

A more minor limitation was the use of a retrospective
self-report measure to evaluate childhood trauma. Prior
work on mood state and memory has demonstrated
enhanced recall of negative events during sad mood states,
and thus, it is possible this may have contributed to

greater reporting of ELT among the MDD group [Ucros,
1989]. However, the non-ELT group was equally as
depressed as the MDD with ELT group on the clinical
measure of depression in our study, and yet reported less
trauma severity. Moreover, prior work has demonstrated a
prospective relationship between ELT and risk for MDD
[Widom et al., 2007].

Finally, measures of current life stress were not eval-
uated in this study. This assessment will be important for
future investigations. Prior work in both MDD and healthy
controls with a history of ELT have observed that neither
current life stress, nor adult onset stressors were better
predictors of amygdala reactivity to aversive stimuli than
ELT [Dannlowski et al., 2012; Grant et al., 2011].
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