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ABSTRACT

BACKGROUND: Resting-state functional connectivity reflects correlations in the activity between brain areas,
whereas effective connectivity between different brain areas measures directed influences of brain regions on each
other. Using the latter approach, we compare effective connectivity results in patients with major depressive disorder
(MDD) and control subjects.

METHODS: We used a new approach to the measurement of effective connectivity, in which each brain area has a
simple dynamical model, and known anatomical connectivity is used to provide constraints. This helps the approach
to measure the effective connectivity between the 94 brain areas parceled in the automated anatomical labeling
(AAL2) atlas, using resting-state functional magnetic resonance imaging. Moreover, we show how the approach can
be used to measure the differences in effective connectivity between different groups of individuals, using as an
example effective connectivity in the healthy brain and in individuals with depression. The first brainwide resting-
state effective-connectivity neuroimaging analysis of depression, with 350 healthy individuals and 336 patients
with major depressive disorder, is described.

RESULTS: Key findings are that the medial orbitofrontal cortex, implicated in reward and subjective pleasure, has
reduced effective connectivity from temporal lobe input areas in depression; that the lateral orbitofrontal cortex,
implicated in nonreward, has increased activity (variance) in depression, with decreased effective connectivity to and
from cortical areas contralateral to language-related areas; and that the hippocampus, implicated in memory, has
increased activity (variance) in depression and increased effective connectivity from the temporal pole.
CONCLUSIONS: Measurements of effective connectivity made using the new method provide a new approach to
causal mechanisms in the brain in depression.

Keywords: Depression, Effective connectivity, Functional connectivity, Medial temporal lobe, Orbitofrontal cortex,
Precuneus, Resting-state functional neuroimaging
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Resting-state functional connectivity (FC), which is measured
with functional magnetic resonance imaging (fMRI) and which
reflects correlations in the activity between brain areas, is
widely used to help understand human brain function in health
and disease (1,2). Here we go beyond FC to investigate
effective connectivity (EC) between different brain areas to
measure directed influences of human brain regions on one
other. EC is conceptually very different from FC, for it mea-
sures the effect of one brain region on another in a particular
direction. Therefore, it can in principle provide information
more closely related to the causal processes that operate in
brain function—that is, how one brain region influences
another. In the context of disorders of brain function, the EC
differences between patients and control subjects may provide
evidence on which brain regions may have altered function,
and then influence other brain regions, and thereby be
important in understanding the disorder.

In this study, we utilize a new approach to the measurement of
EC, in which each brain area has a simple dynamical model and
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known anatomical connectivity is used to provide constraints
(8). This helps the approach to measure the EC between the 94
brain areas parceled in the Automated Anatomical Labeling
(AAL2) atlas (4) using resting-state fMRI. Moreover, we show
how the approach can be used to measure the differences in EC
between different groups of individuals, using as an example EC
in the healthy brain and in brains of individuals with depression.
To the best of our knowledge, this article presents the first
brainwide resting-state effective-connectivity neuroimaging
analysis of depression, with results from 350 healthy individuals
and 336 patients with major depressive disorder (MDD).

MDD is ranked by the World Health Organization as the
leading cause of years-of-life lived with disability (5-8). Major
depressive episodes, found in both MDD and bipolar disorder,
are pathological mood states characterized by persistently sad or
depressed mood. Major depressive episodes are generally
accompanied by 1) altered incentive and reward processing,
evidenced by amotivation, apathy, and anhedonia; 2) impaired
modulation of anxiety and worry, manifested by generalized,
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social, and panic anxiety, and oversensitivity to negative feed-
back; 3) inflexibility of thought and behavior in association with
changing reinforcement contingencies, apparent as ruminative
thoughts of self-reproach, pessimism, and guilt, and inertia to-
ward initiating goal-directed behavior; 4) altered integration of
sensory and social information, as evidenced by mood-
congruent processing biases; 5) impaired attention and mem-
ory, shown as performance deficits on tests of attention set-
shifting and maintenance, and autobiographical and short-term
memory; and 6) visceral disturbances, including altered weight,
appetite, sleep, and endocrine and autonomic function (5,7).

Patients with depression show impairments in the coordi-
nated activity of several brain regions considered to be
important for several domains of mental functioning, such as
emotional processing (amygdala, subgenual anterior cingulate,
and pallidum) (9,10), self-referential processes (medial pre-
frontal cortex, precuneus, and posterior cingulate cortex)
(10-12), cognitive functions such as memory (hippocampus,
parahippocampal cortex) (13), visual processing (fusiform gy-
rus, lingual gyrus, and lateral temporal cortex) (14), and
attention processing (dorsolateral prefrontal cortex, anterior
cingulate cortex, thalamus, and insula) (15).

Research into the pathophysiology of depression has
included the analysis of possible differences in the FC of
different brain areas to elucidate some of the brain changes
that may relate to depression. Resting-state fMRI provides a
task-free approach that removes some performance-related
confounds, and it provides a reliable measure of baseline
brain activity and connectivity (16). A meta-analysis of previous
investigations of resting-state FC in depression was based on
seed-based studies, each with tens of participants, and the
analysis described hypoconnectivity within a frontoparietal
network and hyperconnectivity within the default mode
network, a network believed to support internally oriented and
self-referential thought (17). In comparison, a recent study by
Cheng et al. (2) included almost as many participants as this
meta-analysis, did not need to rely on a priori, seed-based
analyses, and was able, given its voxel-based approach, to
provide detailed information about the exact brain regions
involved rather than brain systems identified, for example, as
the default mode network or frontoparietal control systems. In
that first investigation using a voxel-based unbiased brainwide
association study approach on resting-state fMRI data in 421
patients with MDD compared with 488 controls (2), Cheng
et al. found decreased FC between the medial orbitofrontal
cortex (OFC) (which has functions related to reward) with
medial temporal lobe memory-related areas including the
perirhinal cortex Brodmann area (BA) 36 and entorhinal cortex
BA 28. We also found that the lateral OFC BA 47/12 (which has
functions related to nonreward and punishment) had increased
FC with the precuneus, the angular gyrus, and the temporal
visual cortex BA 21 (2).

In the present research, we go beyond the FC approach,
which reflects the interregion correlations of the observed
activity, to EC, which estimates causal and directed inter-
actions between brain regions. In essence, our model-based
approach infers two sets of parameters from FC: the local
fluctuating activity for each region of interest (e.g., excitability,
described by the diagonal parameters of the matrix =) and the
matrix of EC weights between the regions of interest (the
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existence of connections is determined beforehand from
diffusion tensor imaging data). Our dynamic model combines
these parameters to generate EC, taking network effects into
account at the whole-brain level. This approach may be useful
in understanding the changes underlying depression, as it is
not clear whether causes are circumscribed to the activity of a
few nodes or to connectivity within a subnetwork. The new
method that we use (3,18) has advantages and limitations
compared with dynamic causal modeling (19-21) and is
described in the Supplement.

To help understand some of the implications of the new
findings described here, we note that there is considerable
evidence that the medial and middle OFC is involved in reward,
and that the lateral OFC is involved in nonreward and pun-
ishment (2,8,22-24). The hypotheses being investigated were
that EC might be different in patients with depression and that
the identification of which ECs were different may be useful in
understanding the neural bases of depression.

METHODS AND MATERIALS

A brief description is provided here, with full details in the
Supplement.

Participants

There were 336 patients with a diagnosis of major depressive
disorder and 350 control subjects. The patients were from Xinan
(First Affiliated Hospital of Chongging Medical School in
Chongging, China) and Taiwan (Veteran General Hospital, Taipei).

Image Acquisition and Preprocessing

Data for resting-state connectivity analysis were collected in
3T MRI scanners (Siemens Trio, Erlangen, Germany) in an
8-minute period in which the participants were awake in the
scanner and not performing a task, using standard protocols
described here.

Data preprocessing was performed using DPARSF (http://
restfmri.net); careful volume censoring (“scrubbing”) move-
ment correction was performed as reported by Power et al. (25)
to ensure that head-motion artifacts were not driving observed
effects; and any effects of head motion were regressed out
using the head motion parameters procedure described by
Friston et al. (26).

EC Measurement

We used a new method that provides efficient calculation of
maximum-likelihood EC estimates for a large number of nodes
(94) (3). The method uses transitions of fMRI measurements
across successive repetition times (volumes) and takes into
account known anatomical connections. The effective connec-
tivity model captures and uses this information via the co-
variances with nonzero time shifts. Both the EC in the model and
the local input variance in a parameter X are optimized such that
the model best reproduces statistics of the observed fMRI sig-
nals. Full details of the method are provided in the Supplement.

Two-tailed, two-sample t tests were performed on the
normalized EC estimates to identify significantly altered
effective connectivity links in patients compared to control
subjects within each imaging center that provided resting-state
fMRI data. The effects of age, gender ratios, head motion, and
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Figure 1. Differences in effective connectivity (EC) between patients with major depressive disorder and control subjects. The links shown are those with
significantly different ECs after false discovery rate p < .05 correction. Yellow indicates that the EC is increased in patients compared with control subjects and
blue that it is decreased. The direction of the stronger EC is indicated by an arrowhead in only one direction. If a link is decreased in strength in one direction in
patients with depression, it is usually decreased in strength in the other direction, as shown in Table 1, and vice versa. If the ECs were similar (the ratio was
<1.5), then arrow heads are shown in both directions. The exact values and statistics for these links are provided in Table 1. Table 1 shows, for example, that
although the forward connectivity from the visual areas classified as calcarine to the orbitofrontal cortex is increased in patients with major depressive disorder,
the actual values for this EC are small. Only AAL2 regions are shown that have significantly different EC values in patients and control subjects on =1 side of

the brain. The glass brains were generated using BrainNet Viewer (38).

education were regressed within each dataset in this step by
general linear models. After obtaining the t test results for each
center, the Liptak-Stouffer z score method was then used to
combine the results from the individual datasets. Further, given
that a reasonable effect size for effective connectivity is in the
range 0.05 to 1 Hz for EC strengths, we consider here only EC
differences greater than a threshold value of 0.01. Full details
are provided in the Supplement.

RESULTS

The fMRI resting-state EC analyses were performed with 336
patients with a diagnosis of MDD and 350 control participants,

and this large population was sufficient to allow false discovery
rate (FDR)-corrected statistics as described in detail elsewhere
(2,27,28) with the 94 areas parceled in the AAL2 brain atlas (4)
(see Supplemental Table S2 for the abbreviations for each
area).

Differences in EC Between Patients With
Depression and Controls

The results of the comparison of EC between patients with
MDD and control subjects are shown in Figure 1 and
Table 1. The results shown are those with significantly
different EC links after FDR p < .05 correction, and with a
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Table 1. Effective Connectivity Links Between Patients With Depression and Control Subjects

EC Ratio
EC of EC of EC of EC of in HC
Region 1 Region 2 z Value for p Value for z Value for p Value for Forward Forward Backward Backward (Forward®/
Region 1 Region 2 AAL2 Name AAL2 Name  Forward®™® Forward® Backward® Backward in HC® in MDD? in HC in MDD  Backward)
Posterior orbital Amygdala, left OFCpost_L Amygdala_L —-2.917  3.53E-03 —3.914 9.09E-05°  0.012 0.009 0.009 0.007 1.345
gyrus, left
Temporal pole: Posterior cingulate Temporal_Pole_ Cingulate_Post_R 2225 2.61E-02 3.611 3.05E—04° 0.021 0.022 0.003 0.003 7.433
middle temporal gyrus, right Mid_R
gyrus, right
Inferior temporal Posterior cingulate Temporal_Inf_L Cingulate_Post_R 1.903 5.70E-02 3.557  3.75E—04° 0.011 0.012 0.001 0.001 18.872
gyrus, left gyrus, right
Middle frontal gyrus Superior frontal Frontal_Mid_2_L Frontal_Sup_ —-3.7 2.15E—04° —3.32 9.01E—04° 0.011 0.008 0.004 0.003 2.635
(area 2), left gyrus, medial, Medial_R
right
Insula, left Insula, right Insula_L Insula_R 0.193  8.47E-01 3.449 5.63E-04°  0.028 0.028 0.018 0.018 1.534
Fusiform gyrus, Middle occipital Fusiform_L Occipital_Mid_L —4.032 5.52E—05° 0.31 7.56E—01 0.024 0.022 0.008 0.008 3.06
left gyrus, left
Fusiform gyrus, Middle occipital Fusiform_R Occipital_Mid_R —3.717  2.02E—04° -1.211  2.26E-01 0.023 0.02 0.011 0.01 2.076
right gyrus, right
Parahippocampal Middle occipital ParaHippocampal_R  Occipital_Mid_R —3.328  8.74E-04° -0.24 8.11E-01 0.016 0.013 0.007 0.006 2.386
gyrus, right gyrus, right
Fusiform gyrus, Superior occipital Fusiform_R Occipital_Sup_L —3.487  4.89E-04° —-1.317 1.88E-01 0.023 0.02 0.005 0.005 4.167
right gyrus, left
Fusiform gyrus, Superior occipital Fusiform_L Occipital_Sup_L —3.338  8.43E-04° —0.285  7.76E-01 0.024 0.021 0.005 0.005 4.77
left gyrus, left
Inferior temporal Anterior orbital Temporal_Inf_L OFCant_L —-2.309 2.10E-02 —-3.334  8.55E—04° 0.014 0.012 0.006 0.005 2.225
gyrus, left gyrus, left
Posterior orbital Lateral orbital OFCpost_L OFClat_L 3.466 5.29E—04° —0.767  4.43E-01 0.018 0.02 0.008 0.008 2.238
gyrus, left gyrus, left
Inferior frontal Lateral orbital Frontal_Inf_Oper_R OFClat_R —1.462 1.44E-01 —-3.74 1.84E—04° 0.014 0.011 0.007 0.005 1.988
gyrus, opercular gyrus, right
part, right
Parahippocampal Medial orbital ParaHippocampal_L OFCmed_L -3.247 1.17E-03° —-1.209 2.27E-01 0.014 0.011 0.005 0.004 2.548
gyrus, left gyrus, left
Anterior orbital Medial orbital OFCant_L OFCmed_L —3.168 1.54E—-03° 1.507 1.32E-01 0.019 0.016 0.015 0.015 1.224
gyrus, left gyrus, left
Parahippocampal Medial orbital ParaHippocampal_ R OFCmed_R —4.749  2.05E-06" —2.854  4.32E-03° 0.013 0.01 0.005 0.003 2.815
gyrus, right gyrus, right
Temporal pole: Medial orbital Temporal_Pole_ OFCmed_R -5.084 3.70E-07° —4.014  5.98E-05° 0.011 0.007 0.005 0.003 2.481
middle temporal gyrus, right Mid_R
gyrus, right
Olfactory cortex, Medial orbital Olfactory_R OFCmed_R -3.255  1.14E-03° —2.897  3.76E-03 0.019 0.016 0.015 0.013 1.221
right gyrus, right
Temporal pole: Posterior orbital Temporal_Pole_ OFCpost_L —3.443  5.76E-04° —3.051 2.28E—-03 0.012 0.01 0.011 0.009 1.074

middle temporal
gyrus, left

gyrus, left

Mid_L
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Table 1. Continued

EC Ratio
EC of EC of EC of EC of in HC
Region 1 Region 2 z Value for p Value for z Value for p Value for Forward Forward Backward Backward (Forward®/
Region 1 Region 2 AAL2 Name AAL2 Name  Forward®® Forward® Backward® Backward in HC® in MDD? in HC in MDD  Backward)
Inferior temporal Posterior orbital Temporal_Inf_L OFCpost_L -3.354  7.97E-04° —1.493 1.35E-01 0.013 0.01 0.006 0.005 2.081
gyrus, left gyrus, left
Inferior temporal Posterior orbital Temporal_Inf_R OFCpost_R —-2.765 5.70E-03 —-3.383 7.18E-04° 0.011 0.009 0.007 0.006 1.517
gyrus, right gyrus, right
Medial orbital Olfactory cortex, OFCmed_R Olfactory_L -2.716  6.61E-03 -3.535 4.07E-04° 0.014 0.012 0.013 0.011 1.045
gyrus, right left
Medial orbital Olfactory cortex, OFCmed_L Olfactory_L —-2.697 7.00E-03 -3.41 6.49E-04°  0.017 0.014 0.016 0.013 1.079
gyrus, left left
Temporal pole: Olfactory cortex, Temporal_Pole_ Olfactory_L -3.272 1.07E-03° -2.919 3.51E-03 0.01 0.008 0.006 0.004 1.814
middle temporal left Mid_L
gyrus, left
Anterior orbital Olfactory cortex, OFCant_L Olfactory_L -3.208 1.34E-03° —1.499 1.34E-01 0.011 0.009 0.007 0.006 1.622
gyrus, left left
Temporal pole: Olfactory cortex, Temporal_Pole_Mid_R Olfactory_R —3.761 1.69E—04° —3.283 1.03E-03° 0.011 0.008 0.006 0.004 1.84
middle temporal right
gyrus, right
Supramarginal Inferior parietal SupraMarginal_R Parietal_Inf_R 0.706  4.80E-01 3.443 5.74E-04° 0.023 0.022 0.013 0.014 1.741
gyrus, right gyrus, excluding
supramarginal
gyrus and angular
gyri, right
Parahippocampal Superior parietal ParaHippocampal_L Parietal_Sup_L -3.983 6.81E-05° —1.636 1.02E-01 0.014 0.01 0.003 0.002 4.694
gyrus, left gyrus, left
Precentral gyrus, Precentral gyrus, Precentral_L Precentral_R —2.222  2.63E-02 3.32 9.01E—04° 0.021 0.018 0.02 0.021 1.032
left right
Inferior temporal Precuneus, left Temporal_Inf_L Precuneus_L 1.735 8.28E-02 3.179 1.48E—03° 0.02 0.02 0.001 0.001 23.087
gyrus, left
Inferior temporal Precuneus, right Temporal_Inf_L Precuneus_R 2.879 3.99E-03 3.917 8.97E—05” 0.014 0.015 0 0.001 31.401
gyrus, left
Middle temporal Precuneus, right Temporal_Mid_L Precuneus_R 2.915 3.56E—-03 3.258 1.12E-03° 0.011 0.012 0.001 0.001 12.235
gyrus, left
Inferior temporal Precuneus, right Temporal_Inf_R Precuneus_R 1.524  1.28E-01 3.215 1.31E-03° 0.015 0.015 0.001 0.001 16.205
gyrus, right
Olfactory cortex, Gyrus rectus, left Olfactory_L Rectus_L —1.421 1.55E-01 —3.443  5.74E-04° 0.017 0.016 0.012 0.01 1.42
left
Medial orbital Gyrus rectus, left OFCmed_R Rectus_L —-0.657 5.11E-01 -3.237 1.21E-03°  0.015 0.013 0.01 0.007 1.503
gyrus, right
Precentral gyrus, Rolandic operculum, Precentral_R Rolandic_ —0.551 5.82E—-01 —-3.552 3.82E—04° 0.02 0.02 0.015 0.012 1.347
right right Oper_R
Precentral gyrus, Supplementary Precentral_R Supp_Motor_ 3.786  1.53E-04° —0.046  9.63E-01 0.019 0.02 0.009 0.008 2.167
right motor area, left Area_L
Precentral gyrus, Supplementary Precentral_R Supp_Motor_ 3.205 1.35E-03° -0.924  3.55E-01 0.019 0.02 0.013 0.012 1.412
right motor area, right Area_R
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gyrus, left

gyrus, right

0.007 0.008 1.625

0.013

0.012

1.09E—03°

3.267

1.611  1.07E-01

Temporal pole: Hippocampus_L Temporal_Pole

Hippocampus,

Mid_L

middle temporal

gyrus, left

left

1.787

0.016 0.009 0.007

551E-05"  0.017

—4.033

6.62E—-01

—0.437

Temporal_Sup_R

Precentral_R

Superior temporal

Precentral

gyrus, right

gyrus, right

Links are shown if their EC value in either direction exceeds the threshold of 0.01 and if there is a significant difference in at least one direction using false discovery rate correction for

multiple comparisons, for which the significance level must be p < .016.

EC, effective connectivity; HC, healthy control group; L, left hemisphere; MDD, major depressive disorder group; R, right hemisphere.

#“Forward” refers to the direction in which the link is strongest, in the direction from AAL2 region 1 to region 2.

PThese values represent significant differences.

°A negative value for z indicates a weaker EC link in patients with depression.

Effective Connectivity in Depression

threshold for the EC = 0.01 healthy control subjects, pa-
tients with depression, or both. (This threshold on effect size
precludes reporting trivial effects.) In Table 1, the forward
direction is the direction with the higher EC (see the
Supplement for further explanation). In Table 1, the results
are grouped usefully according to the target region of the
altered EC. We use this grouping by target brain regions to
help describe the results for the main groups of differences
of EC between patients and control subjects. The matrices
of EC are shown in Supplemental Figure S1 for reference.
We focus the discussion below on figures of the brain and
tables showing the differences in EC, but Supplemental
Figure S1 shows, for example, that temporal lobe areas
85-94 in AAL2 (Supplemental Table S2) tend to have high
EC directed to the orbitofrontal areas (25-32) in healthy
control subjects. Another interesting effect is that the FCs
from frontal areas, including the inferior frontal gyrus (3-12)
and lateral OFC (31, 32), are strong in the direction to
supramarginal and angular gyri (65-70). Thus, EC provides
useful information, emphasizing that medial OFC areas
receive from the temporal cortex and that the lateral OFC/
inferior frontal gyrus has strong forward connections to
language areas. We emphasize that for most links that are
different in patients with depression, the differences are in
both the forward and backward ECs (see Table 1 and
Supplemental Figure S2, FDR-corrected p < .05). What is
new about the findings presented here is the direction of the
forward versus the backward connectivity of these links that
are different in depression, and this is emphasized in
Figure 1 by larger arrowheads in the direction of the forward
connectivity, defined as the direction with the greater EC.

Below we summarize some of the main points evident
by inspection of Figure 1 and then provide a more detailed
analysis, referring also to Table 1. One feature apparent in
Figure 1 is that in depression, a number of areas including the
parahippocampal gyrus, inferior temporal gyrus, and temporal
pole have decreased EC directed to the medial and middle
OFC areas. Another feature is that the fusiform gyrus has
decreased EC directed to earlier visual cortical areas
(occipital).

Medial and Middle OFC

The AAL2 regions included in this group and shown in
Table 1 are the medial orbital gyrus, anterior orbital gyrus
(OFCant), posterior orbital gyrus (OFCpost), rectus, and
olfactory tubercle region at the posterior end of the OFC.
This medial and middle OFC region has decreased EC
(shown by a negative value for z in Table 1 and a blue arrow
in Figure 1 into the target) from brain regions including the
parahippocampal gyrus, temporal pole, inferior temporal
gyrus, and amygdala. This implies less strong positive
driving influences of these regions on the medial and middle
OFC (see Table 1). Many of these ECs were much greater in
the forward direction into the medial OFC than in the
backward direction (Table 1). Both the forward and the
backward ECs were in general lower in the group with
depression than in the control subjects (Table 1).

There is also reduced EC between some of these different
AAL2 regions in the medial and middle OFC (see Table 1).

Cognitive Neuroscience and Neuroimaging February 2018; 3:187-197 www.sobp.org/BPCNNI
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Lateral OFC

The AAL2 regions included in this group and shown in Table 1
are the lateral orbital gyrus (OFClat) and inferior frontal gyrus,
pars orbitalis (Frontal_Inf_Orb). The OFCpost (one of the mid-
dle OFC areas) has increased EC directed to the OFClat. Given
that the medial OFC (which includes OFCpost) tends to be
activated by rewards and the lateral OFC by nonrewards and
punishers (23,29) and given that they are reciprocally activated
by reward and loss (30), we sought to elucidate the interpre-
tation of this increase in EC from medial to lateral OFC in
depression. The EC measure does not specify whether this
should be interpreted as increased excitatory input from the
medial to the lateral OFC or as an increased connectivity that
might reflect that any change in medial OFC produces a larger
change, but in the opposite (reciprocal) direction. We reasoned
that the FC between the medial and lateral OFC might provide
relevant evidence. What we found, in summary, is that all the
medial OFC areas (medial orbital gyrus, OFCant, OFCpost,
rectus, and posterior end of the OFC) have a high FC with one
another that is on average 0.58 (SD 0.13) (in the control group).
Similarly, the two lateral OFC areas (OFClat and inferior frontal
gyrus, pars orbitalis [IFG_Orb]) have high FC with each other
that is on average 0.68 (SD 0.08). However, the mean FC be-
tween the medial OFC areas and lateral OFC areas was much
lower, 0.36 (SD 0.16), and the difference was significant (t test,
p < 107 '2), Further, this relates to an average FC value across
all pairs in the brain of 0.35. This evidence indicates that the
medial and lateral OFC areas are not positively coupled to

each other but can operate in opposite directions and even
could operate reciprocally. We thus interpret the increased EC
from medial to lateral OFC as consistent with the hypothesis
that underactivity in the medial OFC in depression (2,8) may be
one of the reasons that lateral OFC activity is high in depres-
sion, for which evidence is described below and elsewhere
(2,8).

In addition, the inferior frontal gyrus opercular part back
connection to the lateral OFC is reduced in depression. The
supramarginal gyrus has decreased EC with the inferior frontal
gyrus, pars orbitalis (Frontal_Inf_Orb_2) in depression. The
right supramarginal gyrus also has decreased EC in both
directions with right OFClat.

Temporal Lobe

The temporal lobe areas with different ECs in depression
include the temporal pole and the inferior and middle temporal
gyrus. Most of these areas have reduced forward EC directed
to medial and middle OFC areas including medial orbital gyrus
and OFCant. (Although Table 1 shows significant increases in
the back projection to the temporal areas from the precuneus,
we discount these because these back-projection ECs are so
very low.)

Hippocampus and Parahippocampal Gyrus

The EC directed from the temporal pole to the hippocampus is
increased in depression. As noted above, the EC from the

-2.8 2.7

z value

Figure 2. The results of the comparison of = between patients with major depressive disorder and healthy control subjects. This figure shows the significant
AAL2 areas after false discovery rate p < .05 correction. Normalization of = was used, applied in the same way as for the effective connectivity. Red-yellow
indicates AAL2 regions with increased =, and blue those with decreased = (see Table 2). HIP, hippocampus; MOG, middle occipital gyrus; OFCant, anterior
orbital gyrus; OFClat, lateral orbital gyrus; PCL, paracentral lobule; PoCG, postcentral gyrus; PreCG, precentral gyrus.
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Table 2. X Values for AAL2 Regions Significantly

Depression and Control Subjects

Effective Connectivity in Depression

Different (False Discovery Rate-Corrected) Between Patients With

Region Region AAL2 Name z Value of = p Value of = S of HC? > of MDD
Precentral gyrus, right Precentral_R —3.946 7.96E—-05 —0.288 —0.481
Hippocampus, left Hippocampus_L 3.926 8.64E—-05 —0.942 —0.891
Middle occipital gyrus, right Occipital_Mid_R —3.295 9.83E-04 —0.309 -0.378
Lenticular nucleus, putamen, left Putamen_L 3.212 1.32E—-03 —0.896 —0.854
Postcentral gyrus, right Postcentral_R -3.154 1.61E-03 —0.258 —0.400
Lateral orbital gyrus, left OFClat_L 3.068 2.16E-03 1.086 1.253
Paracentral lobule, right Paracentral_Lobule_R —3.058 2.23E-03 1.001 0.647
Hippocampus, right Hippocampus_R 2.980 2.88E—-03 —-0.989 —0.942
Paracentral lobule, left Paracentral_Lobule_L —2.936 3.33E-03 0.776 0.461
Anterior orbital gyrus, left OFCant_L 2.777 5.48E—-03 —0.464 —0.356

HC, healthy control group; left, left hemisphere; MDD, major depressive disorder group; right, right hemisphere.
#The = of HC shown is the mean after normalization within each participant.

parahippocampal gyrus to the medial OFC areas (and to the
superior parietal lobule) is decreased in depression.

Precuneus

Four forward links from the left inferior/middle temporal gyrus
to the precuneus have increased EC in depression (Table 1 and
Figure 1). It is notable that these links have a much greater
strength in the forward than in the backward direction, with a
mean ratio of >20 (Table 1). (It is noted that separately each of
these forward links did not quite reach the threshold required
for FDR correction, although the strengths in the backward
direction did.)

Sensorimotor Cortical Areas

The precentral gyrus (motor cortex) has increased EC directed
to some other motor areas, including the supplementary motor
area.

Differences in Both Forward and Backward EC
in Depression

The results of the comparison of EC (forward vs. backward)
between MDD and healthy control subjects are shown in
Supplemental Figure S2. The main implication of this figure is
that links change similarly in both directions in depression.
That is, if an EC link is stronger in one direction in depression, it
is likely to be stronger in the other direction, too; and if a link is
weaker in one direction in depression, it is likely to be weaker in
the opposite direction, too (r = .44, p < .0001).

Differences in X, the Spontaneous Activity
Parameter, Between Patients With MDD and
Control Subjects

The results of the comparison of the spontaneous activity
parameter = between MDD and healthy control subjects are
shown in Figure 2 and Table 2. = values for AAL2 regions
significantly different (FDR-corrected p < .05) between pa-
tients with depression and control subjects are shown.

One point of interest is that = for the right and left hippo-
campus is significantly increased in patients with MDD. This is
in the context that the EC directed from the temporal pole to
the hippocampus is increased in depression.

A second point of interest is that = for the lateral OFC
(OFClat_L) is significantly increased in patients with MDD. This
effect spread as far medially as at least a part of OFCant_L. For
comparison, the value of X for OFClat_R was also increased in
MDD (p < .05, uncorrected).

These findings are consistent with the hypothesis that in
MDD there is increased activity in the lateral OFC (a region
involved in nonreward and punishment) and the hippocampus
(a region involved in memory) (2,8).

Correlations Between the EC Links and the MDD
Severity

Correlations between the EC links and the MDD symptom
severity scores, in particular, the illness duration, are shown in
Supplemental Table S3. These results indicate that the differ-
ences in EC that were found are related to the severity of the
MDD. Further evidence consistent with this is that some of the
EC links were correlated with the scores on the Beck
Depression Inventory, the Hamilton Depression Rating Scale,
and the Hamilton Anxiety Rating Scale, as shown in
Supplemental Table S3. (This information is provided to help
interpret the findings; we do not rely on these correlations,
because they are not corrected for multiple comparisons.)

Summary Diagram

A summary of the networks that show different EC in patients
with MDD is shown in Figure 3. A decrease in EC is shown in
blue and an increase in red.

DISCUSSION

In this investigation of EC with 336 patients with MDD and 350
controls, the key findings are that the medial OFC, implicated
in reward and subjective pleasure, has reduced EC from
temporal lobe areas in depression; that the lateral OFC,
implicated in nonreward, has increased activity in depression,
with decreased EC to and from areas contralateral to
language-related areas (including supramarginal gyrus); and
that the hippocampus, implicated in memory, has increased
activity in depression and increased EC from the temporal
pole.
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@ Occipital

Supra
marginal
gyrus

@ Postcentral
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Figure 3. Summary of the networks that show different effective con-
nectivity in patients with depression, shown on a ventral view of the brain. A
decrease in effective connectivity in patients with major depressive disorder
is shown in blue, and an increase in red. In most cases there was a similar
change in the effective connectivity in both directions in depression. The
direction of the arrows shows though the direction of the stronger (termed
forward) effective connectivity. Regions with an increased value of I,
reflecting increased activity, are indicated by a red circle; regions with a
decreased value of X are indicated by a blue circle. For further details of the
differences in the effective connectivities and the side of the brain on which
they are present, see Table 1 and Figure 1. OFC, orbitofrontal cortex.

We found that EC directed to the medial OFC from areas
including the parahippocampal gyrus, temporal pole, inferior
temporal gyrus, and amygdala were decreased in MDD. This
is the forward direction for most of these links. This implies
less strong positive driving influences of these input regions
on the medial and middle OFC, regions implicated in reward,
and thus helps to elucidate part of the decreased feelings of
happy states in depression (8). The forward links from tem-
poral cortical areas to the precuneus are increased in
depression (and are close to significant after FDR correction),
and this may relate to representations of the sense of self (31),
which become more negative in depression (2,8). The lateral
OFC areas have reduced EC with the (mainly right) inferior
frontal gyrus opercular part and directed to the supramarginal
gyrus. In addition, the lateral OFC, an area implicated in
nonreward and punishment, had an increased level of activity
as reflected in = in the MDD group. A notable finding was that
> was also increased in the right and left hippocampus of
patients with depression, suggesting some type of heightened
memory-related processing in the context that the EC
directed from the temporal pole to the hippocampus is
increased in depression. Together these differences are
consistent with the hypothesis that some aspects of
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hippocampal processing, perhaps those related to unpleasant
memories, are increased in depression (2,8) and that the in-
fluence of temporal lobe memory systems on specifically the
medial OFC is reduced in depression. The value of EC in
understanding the operation of these systems in depression is
that although the FC (which reflects correlations) between
these areas has been shown to be reduced in depression (2),
it is only by using EC that we understand better the direction
of the major influence between these brain regions (from the
temporal lobe to the medial OFC), and, for example, that
this directed connectivity is reduced in depression (Figure 3
and Table 1).

The findings for different brain systems are now considered,
putting together the results not only of the EC analysis
described here, but also of the large analysis of FC in patients
with depression (2).

An interesting finding of the investigation is that the medial
(which include the middle) OFC-related areas receive forward
projections from the temporal cortex areas as shown by the EC
measure. This is consistent with macaque neuroanatomy (32,33)
and with the fact that these medial OFC areas have responses
to visual, taste, olfactory, somatosensory, and auditory inputs,
which must originate from temporal, insular, olfactory, etc.,
areas. The medial OFC areas have neuronal responses in ma-
caques and fMRI activations in humans, which show that they
represent the reward value of these stimuli (22,23,29,34). The
implication is that the reduced forward inputs into the medial
OFC in depression relate to the decrease in positively affective
states that are present in depression and that this is one of the
key brain changes related to depression (2,8,35-37). This hy-
pothesis is supported by the finding that the decrease in the EC
to the anterior OFC from temporal lobe areas is correlated with
the severity of the depression as assessed by the duration of the
illness (Supplemental Table S3)

With respect to the lateral OFC, we previously reported that
there is increased FC between the lateral OFC and the pre-
cuneus, angular gyrus, and inferior temporal cortex (2). In the
context of the functions of the lateral OFC in nonreward and
punishment (8,24), this increased FC was related to increased
negative value of the self (low self-esteem) (precuneus), to
increased language-based negative thoughts (rumination)
(angular gyrus), and to increased aversive or nonrewarding
effects of some visual stimuli (inferior temporal cortex) (2). The
new findings presented here provide supporting complemen-
tary evidence. For example, the activity as reflected by = was
increased in the lateral OFC of patients with MDD (Table 2),
consistent with increased nonreward and/or aversive pro-
cessing in depression being implemented by the lateral OFC
(8,24). The right inferior frontal gyrus opercular part (BA 44)
connection from the lateral OFC is reduced in depression. The
inferior frontal gyrus, pars orbitalis (a lateral part of the lateral
OFC) has reduced EC from the right supramarginal gyrus.
Thus, the lateral OFC has a number of reduced ECs with areas
mainly contralateral to language-related areas. The most
interesting finding was the increase in activity (assessed by 3)
in the lateral OFC in depression, which, taken with the
increased FC with the precuneus and language areas in
depression (2), supports the hypothesis that low self-esteem
and high rumination are related to the connections to these
two areas in depression.
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The link from the inferior temporal gyrus and temporal pole
to the right posterior cingulate cortex is increased in depres-
sion. These complementary findings serve to draw attention to
the altered functioning of the precuneus (and connected pos-
terior cingulate cortex), which is involved in representations of
the self (31), in depression. The relevant circuit may include the
lateral OFC, precuneus, posterior cingulate, and temporal lobe
cortical areas.

Although it was not a primary aim of this investigation, the
effects of medication were assessed by comparing the FC in
125 patients not receiving medication and 157 patients
receiving medication. The overall pattern of FC differences be-
tween patients and controls is similar for the unmedicated and
the medicated subgroups of patients (Supplemental Figure S4),
providing evidence that the main differences between patients
and control subjects shown in Figure 1 were found in patients
with depression whether or not they were receiving medication.
Further details are provided in the Supplement.

In this large-scale test of the EC algorithm (3), we show that
it has potential to elucidate processing in the brain that goes
beyond correlations between brain areas (FC) to directed
connectivity between brain areas (EC). The approach thus
provides evidence on how one brain area may influence
another. Part of the power of the approach compared with
other approaches is that evidence on the anatomical con-
nectivity of the brain is taken into account. The research
described here thus makes a contribution to understanding
brain structure and function, and indeed how structure and
function are related in both normal and disordered brain
function.
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