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This paper reports the results of an across lab metanalysis of effective

connectivity in major depression (MDD). Using FDG PET data and

Structural Equation Modeling, a formal depression model was created

to explicitly test current theories of limbic–cortical dysfunction in

MDD and to characterize at the path level potential sources of baseline

variability reported in this patient population. A 7-region model

consisting of lateral prefrontal cortex (latF9), anterior thalamus (aTh),

anterior cingulate (Cg24), subgenual cingulate (Cg25), orbital frontal

cortex (OF11), hippocampus (Hc), and medial frontal cortex (mF10)

was tested in scans of 119 depressed patients and 42 healthy control

subjects acquired during three separate studies at two different

institutions. A single model, based on previous theory and supported

by anatomical connectivity literature, was stable for the three groups of

depressed patients. Within the context of this model, path differences

among groups as a function of treatment response characteristics were

also identified. First, limbic–cortical connections (latF9-Cg25-OF11-

Hc) differentiated drug treatment responders from nonresponders.

Second, nonresponders showed additional abnormalities in limbic–

subcortical pathways (aTh-Cg24-Cg25-OF11-Hc). Lastly, more limited

limbic–cortical (Hc-latF9) and cortical–cortical (OF11-mF10) path

differences differentiated responders to cognitive behavioral therapy

(CBT) from responders to pharmacotherapy. We conclude that the

creation of such models is a first step toward full characterization of the

depression phenotype at the neural systems level, with implications for

the future development of brain-based algorithms to determine optimal

treatment selection for individual patients.
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Introduction

To test a previously proposed limbic–cortical network model

developed with positron emission tomography (PET) measures of

brain glucose metabolism (see Fig. 1), we present findings of an
1053-8119/$ - see front matter D 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.neuroimage.2004.01.015

* Corresponding author. Baycrest Centre for Geriatric Care, Rotman

Research Institute, 3560 Bathurst Street, Toronto, Ontario, Canada M6A

2E1. Fax: +1-416-785-2862.

E-mail address: hmayberg@rotman-baycrest.on.ca (H.S. Mayberg).

Available online on ScienceDirect (www.sciencedirect.com.)
across-lab metanalysis examining effective connectivity in major

depression (MDD) using Structural Equation Modeling.

Depression is a common affective disorder characterized by

persistent negative mood and selective deficits in cognitive, circa-

dian, and motor functioning. Neuroimaging studies of both cere-

bral blood flow (CBF) and glucose metabolism (FDG) have

repeatedly identified regional abnormalities in the untreated de-

pressed state (Baxter et al., 1989; Bench et al., 1992; Drevets et al.,

1992; Mayberg et al., 1994). Consistently reported are frontal and

cingulate changes. While less common, other limbic and subcor-

tical regions including hippocampus, amygdala, posterior cingu-

late, striatum, and thalamus are also implicated. Frontal and

cingulate changes involve multiple but distinct sites, with anatom-

ical convergence across functional, structural, and post-mortem

pathological studies: dorsolateral (BA9/46) and ventrolateral pre-

frontal cortex (BA10/47), dorsomedial and ventromedial frontal

cortex (BA9/10/11/32), and dorsal, rostral, and subgenual cingulate

(BA24b, 24a, 25). In addition to abnormalities identified in the

pretreatment depressed state, changes in many of these same

regions are seen with various types of pharmacological, cognitive,

and somatic antidepressant treatments (Brody et al., 1999, 2001;

Goldapple et al., 2003; Kennedy et al., 2001; Mayberg et al., 2000;

Pizzagalli et al., 2001a).

While there is growing consensus that an array of brain areas are

involved in depression, not all regions are reported in all studies.

Furthermore, there is variability in the direction of CBF and FDG

changes, particularly in those areas of frontal and anterior cingulate

cortex considered most critical. Our own studies, as well as others

(Brannan et al., 2000; Pizzagalli et al., 2001a), demonstrate distinct

differences in anterior cingulate activity that distinguish eventual

responders and nonresponders scanned before pharmacotherapy

(Mayberg et al., 1997; Wu et al., 1999). As well, change patterns

in responders and nonresponders to identical treatment show mirror

metabolic change patterns in certain specific regions, including

regions unaffected in the baseline state (i.e., posterior cingulate, and

hippocampus). In addition, there are clear regional change pattern

differences across unique treatments (CBT, medication, ECT)

affecting similar regions in different ways (i.e., frontal decreases

and hippocampal increases with CBT; frontal increases and hippo-

campus decreases with pharmacotherapy; decreases in both with

ECT) (Buchsbaum et al., 1997; Goldapple et al., 2004; Henry et al.,

2001; Kennedy et al., 2001; Martinot et al., 1990; Mayberg, 2003;



Fig. 1. Limbic – cortical dysregulation model. Regions with known

anatomical interconnections are grouped into four main behavioral

compartments. The cortical limbic (dorsal–ventral) segregation within each

‘compartment’ additionally identifies those brain regions where an inverse

relationship is seen across the different PET paradigms. Sadness and

depressive illness are both associated with decreases in dorsal neocortical

regions (sensory-cognitive compartment) and relative increases in ventral

limbic and paralimbic areas (autonomic compartment). The model, in turn,

proposes that illness remission occurs when there is appropriate modulation

of dysfunctional limbic–cortical interactions (small grey arrows)—an

effect facilitated by various forms of treatment (purple). Abbreviations:

mF = medial prefrontal; aCg = rostral anterior cingulate; oF = orbital

frontal; cd-vs = caudate-ventral striatum; thal = thalamus; mb-p =

midbrain-pons; Cg25 = subgenual cingulate; a-ins = anterior insula; am =

amygdala, hth = hypothamus; bs = brainstem; PF = dorsolateral prefrontal;

p = parietal; pCg = posterior cingulate. Numbers: Brodmann designations.

Fig. 2. Initial anatomically derived model (left) and final ‘‘best’’ model.

Several paths in the initial model were modified (RED) to get the best

stability for all depressed cohorts, giving the final model. The regions

shown are derived from repeated findings in the depression and emotion

imaging studies, and are aligned in a manner that reflects the theoretical

model in Fig. 1. Anatomical connections were derived from converging

results from primate, rat, and human studies. Path coefficients for the final

model for each group independently are given in Tables 3 and 4.
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Nobler et al., 2001). Unique treatment-specific effects are also seen;

notably brainstem and thalamic changes with medication and

medial and orbital frontal changes with CBT. In general, subdivi-

sions of cingulate, frontal cortex, hippocampus, and thalamus figure

predominantly across all studies.

The nature of these reported changes suggests a complex

interaction between the pre-treatment brain state, brain responsivity,

and different treatment interventions that is not intuitive. Nonethe-

less, the findings suggest a testable hypothesis that variations in the

state of connections across a set of critical regions (effective

connectivity), as measured using a multivariate technique, might

better explain the reported variability across independent depression

patient treatment samples than the more typical approaches exam-

ining relative differences in discrete regions among groups (change

distribution analysis, SPM) (Friston, 1994; Horwitz et al., 1999).

To provide further theoretical context for such an approach, a

major depressive episode is considered, at the brain level, the net

result of maladaptive functional interactions among a highly

integrated network of limbic–cortical regions normally responsible

for maintaining homeostatic emotional control in response to

cognitive and somatic stress (Mayberg, 2003; McEwen, 2003).

Network dysfunction combined with variations in active intrinsic

compensatory processes might therefore account for heterogeneity

of depressive symptoms observed clinically, as well as variations in

pretreatment scan patterns described experimentally. Non-imaging

studies implicate various contributors to these adaptive differences

including genetic vulnerability, affective temperament, and devel-

opmental insults and environmental stressors (Bagby et al., 2003;

Caspi et al., 2003; Heim and Nemeroff, 2001). Treatments for

depression can be similarly viewed within such a systems frame-

work, whereby different modes of treatment facilitate recovery via
initiation of additional adaptive chemical and molecular changes

(Hyman and Nestler, 1996; Vaidya and Duman, 2001). Progres-

sively, more aggressive treatments needed to ameliorate symptoms

in some patients may reflect poor adaptive capacity of this network

in these patient subgroups.

To fully test such hypotheses, baseline patterns in patients with

known clinical response to various treatments are first required. In

addition, a more deliberate assessment of these state– region–

treatment interactions is needed. The multivariate technique partial

least squares (PLS) combined with structural equation modeling

provides one such approach (Horwitz et al., 1999; McIntosh, 2000;

McIntosh and Gonzalez-Lima, 1994), whereby relationship between

regions in a defined theoretical model can be tested across different

patient cohorts where variations in treatment response are known.

This study had three main goals. The first and most critical was

to create a formal depression model structure that would both

represent our previous theoretical construct (Fig. 1) and show

specificity and good reliability across multiple depressed patient

samples. The second was to characterize path differences within

such a model that would distinguish responders from nonrespond-

ers. Third, differences associated with response to different treat-

ments were considered. We hypothesized that the combined use of

PLS and SEM, constrained by an a priori focus on those brain

regions consistently identified in past studies, and knowledge of

known anatomical connections among these specified regions

would identify such a model. It was further hypothesized that paths

involving anterior cingulate would be critical to responder–nonre-

sponder differences. While the design of this study is largely

exploratory, it is seen as the first step to establishing a simplified

model system for future prospective studies.
Methods

Subjects

This metanalysis combined resting state FDG-PET data from

independent studies performed at two institutions (University of



Fig. 3. Path diagrams for various comparisons. (a) CBT vs. Parox (n = 27); (b) Parox responders vs. nonresponders (n = 69); (c) MED responders vs.

nonresponders (n = 36); (d) MED nonresponders vs. Parox nonresponders (n = 32). Approximate path weights are shown by the width of the lines, with

solid lines indicating positive, and broken lines negative path coefficients. Colored lines indicate significantly different paths between the groups compared

and the colors of the paths match the colors of the groups, listed above each comparison. The analysis of Parox-R to MED-R revealed no significant

differences.
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Texas Health Sciences Center at San Antonio and the University of

Toronto). All data were acquired using similar recruitment inclu-

sion and exclusion criteria and a comparable imaging protocol on a

similar generation PET scanner and were thus, considered compa-

rable for the proposed cross-group analyses. Baseline, pre-treat-

ment scans from 119 patients with major depression were collated

from these three distinct, unrelated depression imaging studies (two

in Toronto, one in San Antonio). Two groups of healthy controls

(San Antonio, n = 17, Toronto, n = 25) were also included. All

studies involved a single FDG-PET scan acquired before initiation

of antidepressant treatment.

Three principle cohorts were designated based on the source of

the original data. The two Toronto groups were composed of

patients who had participated in separate controlled clinical treat-

ment trials. These patients were recruited by advertisement to

receive a specific antidepressant treatment administered using a

standardized protocol: Group 1 (Toronto, n = 69; Kennedy et al.,

2001) received 6 weeks of outpatient treatment with the antide-

pressant paroxetine (Parox). Group 2 (Toronto, n = 14; Goldapple

et al., 2004) recruited as part of a separate study, received a 15-

week outpatient course of cognitive behavioral therapy (CBT).

Group 3 was composed of patients referred by their physicians

from a tertiary, University Medical School mood disorders clinic

for the express purpose of studying resting metabolism in untreated

major depression (San Antonio, n = 36; Brannan et al., 2000;

Mayberg et al., 1997). This group, while not formally recruited for

a specific treatment, received antidepressant medication following

scanning, selected by the treating clinic psychiatrist (MED).

Patients in all three cohorts met standardized criteria for a current

major depression episode (unipolar type), and all were drug-free at
Table 1

Cohort characteristics, means with standard deviations

CBT Parox-R

N 14 53

Males/females 6/8 53/0

Age 40.7 F 9.1 37.3 F 10.1

Ham-D pre 20.1 F 2.8 23.4 F 3.2

Ham-D post 6.71 F 4.2 6.15 F 3.6
the time of scan acquisition. Baseline severity of depression was

rated using the Hamilton Depression Rating Scale 17-item (HDRS)

in all subjects at the time of the PET scan.

Of the total sample, 104 (87.4%) were male and 15 (12.6%)

were female, with an average age of 39.8 F 9.96 years (mean F
SD; range age 20–62). Other clinical and demographic character-

istics are shown in Table 1. Treatment outcomes were available for

all subjects, and each cohort was divided into two groups,

responders (R) or nonresponders (NR) based on one of two criteria:

a minimum 50% drop in HDRS scores at the end of the formal

treatment trial (CBT, Parox groups) or consensus evaluations of

two independent psychiatrists in a retrospective chart review

covering the 2 months following scanning (MED group). The

two methods were cross-validated in a subsample of the MED

group who were additionally involved in a specific trial of

fluoxetine (Brannan et al., 2000).

PET imaging and data preprocessing

Resting state (eyes closed, quiet room, no task) cerebral

glucose metabolism was measured using 18[F]-deoxyglucose pos-

itron emission tomography (FDG-PET) in all subjects. Two scan-

ners of comparable generation and resolution were used: a GEMS

2096 in Toronto and a GE-Scanditronix 4096 camera in San

Antonio. Both cameras have a 15-slice, 10-cm field of view and

6.5 center-to-center interslice distance. Measured attenuation was

performed at both sites. Raw scans from all subjects from both

scanners were re-reconstructed to an initial in-plane resolution of

7.0-mm full width at half maximum for the expressed purpose of

this metanalysis. Reconstructed scan data was then spatially
Parox-NR MED-R MED-NR

16 21 15

16/0 16/5 20/1

37.8 F 10.5 42.7 F 8.8 46.3 F 7.9

22.7 F 3.2 19.9 F 3.5 21.3 F 5.0

17.9 F 4.5 – –



Table 2

Regions used in model and their Talairach coordinates

Region name (Brodmann’s area) Talairach coordinate

(x, y, z)

Hippocampus 22, �14, �16

Orbital frontal cortex (11) 2, 28, �20

Medial frontal cortex (10) 16, 64, �4

Lateral prefrontal cortex (9) �28, 34, 32

Rostral anterior cingulate (24a) 2, 32, 4

Subgenual cingulate (25) 8, 16, �8

Anterior thalamus 2, �6, 4
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normalized to standard 3D-coordinate space in SPM99 (Friston et

al., 1995) using the SPM95 template, interpolated to 2 � 2 � 4

mm voxels. Smoothing was done with a 12-mm FWHM Gaussian

kernel.

Structural equation modeling

SEM involved the following steps. First, a set of candidate

regions was chosen for model construction, based on published

findings. An anatomically defined model was prescribed using

these regions, and SEM was used to test the fit of this specified

model. The goal was to design a model that would fit all three

depressed cohorts independently. Once such a model was identified

that satisfied all requirements (stable among all cohorts and

anatomically accurate), the model was applied simultaneous to

the three primary cohorts and then to treatment-type and response-

outcome subgroups within and across cohorts for comparisons at

two levels. The first level tested whether there were differences

among the groups overall. The second level determined which

paths were most critical to any identified model differences.

Region selection

Region selection was both theory and data-driven. While an

ideal model would theoretically involve all brain regions shown in

the accumulated depression literature, region number was inten-

tionally limited to ensure parsimony (model simplicity). Since

parsimony will generally increase the reliability of a model, we

began with a set of regions identified in previous analyses of these

specific data sets (Goldapple et al., 2004; Kennedy et al., 2001;

Mayberg et al., 1997) that also overlapped other published findings

(Arango et al., 1999; Auer et al., 2000; Biver et al., 1994; George

et al., 1994; Hornig et al., 1997; Liotti and Mayberg, 2001; Manji

et al., 2001; Sheline et al., 1996; Smith et al., 1999; Starkstein et

al., 1987), optimizing the likelihood of accounting for expected

variance among the depressed groups. Areas selected were dorso-

lateral prefrontal Brodmann areas BA 9 (latF9), orbital frontal BA

11 (OF11), medial frontal BA 10 (mF10), subgenual cingulate BA

25 (Cg25), rostral cingulate BA 24a (Cg24a), hippocampus (Hc),

and anterior thalamus (aTh). Consistently, these regions are iden-

tified in functional as well as structural and postmortem mood

disorder studies, including comparisons of patients and controls

(latF9, Cg24, OF11, mF10; Baxter et al., 1989; Bench et al., 1993;

Drevets et al., 1997; Mayberg et al., 1997; Rajkowska, 2000),

treatment effects (latF9, aTh, Cg25, OF11, mF10; (Buchsbaum et

al., 1997; Kennedy et al., 2001; Mayberg et al., 2000; Saxena et al.,

1999), and response prediction (Cg24; (Kennedy et al., 2001;

Mayberg et al., 1997; Wu et al., 1999). Further, these areas are

seen in sad mood provocation studies in both normal and depressed

subjects (Cg25, lat9, mF10, OF11, Cg24, aTh; (e.g., Damasio et

al., 2000; George et al., 1995, 1997; Liotti et al., 2002; Mayberg et

al., 1999), as well as studies of emotional monitoring and self-

reference (Cg24, mF10, OF11; Davidson, 2001; Elliott et al., 2000;

Fossati et al., 2003; Zald et al., 2002). While additional regions,

such as the amygdala, caudate, posterior cingulate, and parietal

cortex, could also have been included based on reports, we focused

on this more limited region set to meet the parsimony objective,

and also test most directly our previously postulated depression

model (Mayberg, 1997, 2002b) (Fig. 1).

To both confirm the appropriateness of these regions in building

the depression model to be tested, and to refine the voxel selection
for each region to be used in the path analysis, all 119 patients were

combined and compared to all controls (n = 42) in a partial least

squares (PLS) analysis (see McIntosh et al., 1996 for description of

PLS), run in Matlab (Mathworks Inc., MA). PLS outputs a

covariance map of functional connectivity, thus refining the loca-

tion of regions belonging to the common network that distin-

guishes depressed patients from healthy controls, most generally.

That is, the comparison showed a covariance pattern based on the

contrast of controls and patients similar to how a univariate

analysis would compare two groups. This analysis identified a

network involving all of the regions identified above (data not

shown). Identified in this analysis, but not included in our model,

were caudate, parietal cortex, insula and posterior-cingulate. No-

tably, the amygdala was not seen in the PLS analysis.

Peak salience voxels for selected regions—targeted a priori—

were chosen from this Group PLS analysis. Voxel values for each

coordinate were extracted from the data set of each subject. For

each region, bilateral and generally symmetrical significant voxels

were available. The maximum peak voxel for each region was

used, regardless of hemisphere. All regions selected were right-

sided except for lateral BA9. Right and left BA9 were highly

intercorrelated, and replacement of the left-sided region with the

right-sided gave very similar results overall. We present only the

model using the left-sided region, selected based on its higher

salience. The coordinates are shown in Table 2.

Model construction

A model was defined based on previous findings and published

theory as described above, in combination with known anatomical

connections between these specified limbic and frontal lobe

regions (e.g., Carmichael and Price, 1994, 1995; Cavada et al.,

2000; Ferry et al., 2000; Freedman et al., 2000; Haber et al., 1995;

Kunishio and Haber, 1994; Morris et al., 1999; Petrides and

Pandya, 1984, 1994; Ray and Price, 1993; Shumake et al., 2000;

Vogt and Pandya, 1987; Vogt et al., 1992). Excitatory and

inhibitory paths were not explicitly designated. Rather presence

(or absence) of known tracts (unidirectional, bi-directional, or

reciprocal) connecting two specific sites was defined. The initial

model (Fig. 2, left) was modified stepwise (i.e., removing and

adding connections path-by-path), guided by anatomic ‘truth’ to

obtain a model that was stable for all depressed cohorts. After each

path modification, model stability was retested. Whether the model

adequately defined a network for a given group was determined

based on the fit difference between the test model (created) and an

independence model, in which all regions are assumed to be

independent of each other (i.e., no connection). Model construction
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was aimed at creating a model that attained good stability for all

depressed groups and was as close as possible to the initial model.

Planned contrasts

To understand potential differences among groups of potential

relevance to group membership, treatment selection bias, and

treatment response, planned contrasts examined (1) main effect

of group (Parox69 vs. CBT13 vs. MED36; (2) main effect of

Response (within group: Parox-R vs. NR; MED-R vs. NR; note,

there were no CBT NR available); and (3) response–group

interactions (Parox-R vs. MED-R; Parox-R vs. CBT-R; Parox-

NR vs. MED-NR).

Path analysis

Path analysis was carried out using SEM implemented in

AMOS (Version 4, SmallWaters Co.). SEM applied to functional

neuroimaging data can generally be summarized as a three-step
Table 3

Path coefficients (estimate), standard error (SE), critical ratio (CR), and P value

Parox-R

Estimate SE CR P

aThal!r24a �0.273 0.123 �2.211 0.

Hc!BA11 �0.637 0.206 �3.086 0.

BA11!Hc 0.585 0.167 3.509 0

m10!Lat9 0.96

Lat9!m10 �0.808 0.186 �4.347 0

BA25!Lat9 �0.611 0.273 �2.237 0.

r24a!Lat9 0.273 0.176 1.555 0.

r24a!m10 �0.086 0.158 �0.543 0.

m10!r24a 0.798 0.289 2.762 0.

r24a!BA11 �0.243 0.179 �1.358 0.

BA11!m10 0.432 0.14 3.076 0.

BA11!BA25 0.138 0.159 0.87 0.

BA25!BA11 0.96

r24a!BA25 �0.587 0.145 �4.055 0

BA25!r24a 0.96

Hc!BA25 �0.028 0.194 �0.145 0.

Hc!Lat9 �0.127 0.193 �0.656 0.

MED-R

Estimate SE CR P

athal!r24a �0.184 0.242 �0.76 0.

Hc!BA11 �1.001 0.343 �2.92 0.

BA11!Hc 0.332 0.259 1.28 0.

m10!Lat9 0.988 0.385 2.57 0.

Lat9!m10 �0.771 0.341 �2.263 0.

BA25!Lat9 �0.896 0.546 �1.642 0.

r24a!Lat9 0.369 0.283 1.304 0.

r24a!m10 0.331 0.269 1.228 0.

m10!r24a �0.203 0.435 �0.467 0.

r24a!BA11 0 0.245 0 1

BA11!m10 0.33 0.218 1.515 0.

BA11!BA25 �0.197 0.255 �0.772 0.

BA25!BA11 0.96

r24a!BA25 �0.352 0.254 �1.383 0.

BA25!r24a 0.96

Hc!BA25 �0.201 0.316 �0.636 0.

Hc!Lat9 0.045 0.29 0.154 0.

P-value are for each path, and are not related to Xdiff
2 between group. Estimates a
process, whereby a covariance matrix is determined from the

sample regions and applied to a defined model (described above),

such that a weight (path coefficient) is calculated for each path in

the model (Buchel and Friston, 1997; Horwitz et al., 2000;

McIntosh, 2000; McIntosh and Gonzalez-Lima, 1994; Nyberg et

al., 1996). The causal structure of the model is defined by

consulting the neuroanatomy literature. This anatomical structure

is constrained across groups and tasks, and the emphasis is on

whether there are statistically significant changes in the path

coefficients between conditions. In this context, the goodness or

badness of fit is not an issue (McIntosh, 1999).

Since regions and paths of potential importance to the charac-

terization of a depression circuit were excluded (due to sample size

and maintaining parsimony), residuals (error terms that could

account for these extraneous sources of variance) were included.

The weightings of the influence of residuals on nodes were con-

strained to 35%, so that most of the variance is forcedly accounted

for from within the model (McIntosh and Gonzalez-Lima, 1994).

To improve model stability, paths that had absolute coefficients of
(P) for each path by group

Parox-NR

Estimate SE CR P

027 �0.798 0.239 �3.343 0.001

002 0.96

�0.404 0.206 �1.967 0.049

�0.96

0.929 0.272 3.418 0.001

025 0.13 0.293 0.444 0.657

12 �0.244 0.278 �0.876 0.381

587 �0.34 0.26 �1.305 0.192

006 0.96

175 �0.031 0.4 �0.077 0.939

002 0.572 0.241 2.373 0.018

384 �0.011 0.423 �0.027 0.978

0.151 0.493 0.306 0.759

�0.621 0.32 �1.942 0.052

0.725 0.333 2.177 0.029

885 0.261 0.641 0.408 0.683

512 �0.989 0.412 �2.4 0.016

MED-NR

Estimate SE CR P

447 0.117 0.216 0.542 0.588

004 0.694 0.398 1.744 0.081

2 �0.42 0.665 �0.631 0.528

01 0.96

024 �0.62 0.312 �1.988 0.047

101 0.211 0.568 0.371 0.711

192 0.022 0.382 0.057 0.955

219 0.35 0.337 1.038 0.299

641 �0.826 0.742 �1.114 0.265

�0.484 0.304 �1.592 0.111

13 �0.429 0.385 �1.112 0.266

44 0.561 0.385 1.456 0.145

�0.96

167 0.082 0.377 0.217 0.828

0.96

525 0.172 0.496 0.347 0.728

878 0.073 0.329 0.222 0.824

re for each group separately and not constrained between group.
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greater than 1 were fixed at F 0.96, since a path coefficient of

greater than 1 is theoretically impossible (implies over 100% of

variance accounted for).

Lastly, because paths reflect a direct influence of one region on

another, negative path coefficients are interpreted to indicate ensem-

ble inhibition, and positive paths net excitation. We submit, how-

ever, that this interpretation does not necessarily reflect activity at

the cellular level, but simply the interactions between regions based

on measured total regional metabolic activity (Nyberg et al., 1996).

To compare the groups, a stacked model method was

employed (McIntosh and Gonzalez-Lima, 1994). In the null

model, all parameter estimates (path coefficients) are set equal

across groups. In the alternative model, no paths are constrained

across groups. An omnibus test (null vs. alternative) was then

performed and statistical significance is determined by compari-

son of X 2 (Xdiff
2 ) values of fit. If the alternative model differs

significantly from the null, it can be concluded that the groups

differ significantly in the context of the prescribed model. When

this occurs, stepwise comparisons of individual paths are then

performed between groups to determine more precisely which

paths are responsible for the significant difference in the omnibus.
Results

A single model was created for all three depressed cohorts

based on the criteria for model construction given above. Within

the context of this model, paths differentiating groups as a function

of treatment–response interactions were also identified, but not

differences due to either cohort site (Toronto vs. San Antonio) or

the specific treatment alone (Drug vs. CBT).

Model fit and overall group differences

The initial test model and the modified best-fit final model are

shown in Fig. 2. Specificity of this model for depressed patients

was inferred by failure of the data from either control group to fit

the prescribed model. A better fit for the independence model (i.e.,
Table 4

Path coefficients (estimate), standard error (SE), critical ratio (CR), and P value

Parox13

Estimate SE CR P

aThal!r24a �0.96

Hc!BA11 �0.96

BA11!Hc 0.437 0.21 2.076 0.

m10!Lat9 �0.96

Lat9!m10 0.96

BA25!Lat9 0.241 0.469 0.515 0.

r24a!Lat9 �0.074 0.278 �0.268 0.

r24a!m10 �0.172 0.26 �0.66 0.

m10!r24a 0.96

r24a!BA11 0.161 0.272 0.591 0.

BA11!m10 �0.007 0.238 �0.03 0.

BA11!BA25 �0.215 0.234 �0.918 0.

BA25!BA11 0.96

r24a!BA25 �0.722 0.265 �2.729 0.

BA25!r24a 0.96

Hc!BA25 �0.96

Hc!Lat9 �0.96

P values are for each path, and are not related to Xdiff
2 between groups. Estimates
no relationship between variables) was seen in these non-depressed

control samples. There were no significant differences in the

overall model as a function of test site (Toronto vs. San Antonio:

MED vs. CBT or Parox) or Treatment Group (MED vs. Parox;

MED vs. CBT, CBT vs. Parox).

Responder/nonresponder differences, within group

Paroxetine group

In the Parox group, 52 patients were treatment responders (R)

and 17 were nonresponders (NR). Full model contrasts of these

subgroups demonstrated significant differences (Xdiff
2 (12) = 54.14,

P < 0.00001) (Table 3, columns 1 and 2). Systematic comparisons

of individual paths identified a specific effective connectivity

pattern that best explained the R–NR differences involving paths

hc!OF11XCg25!latF9 (Xdiff
2 (4) = 37.71, P < 0.00001) (Fig. 3b).

Medication group

A similar analysis was performed on the San Antonio sample

(medication treatment (MED), physicians’ choice). This group

consisted of 21 responders and 15 nonresponders. Overall, the

two subgroups showed a trend toward significance differences

(Xdiff
2 (10) = 16.51, P < 0.10) (Table 3, columns 3 and 4).

Therefore, the patterns of paths that showed the most significant

differences were examined and included Hc!Cg25, and OF11!
Cg25!latF9, (Xdiff

2 (3) = 12.17, P < 0.010) (Fig. 3c). This pattern

is remarkably similar to those discriminating R and NR in the

Parox group, despite differences in site of acquisition, recruitment

strategy, and method of defining response.

Between-group differences

To further explore the nature of R–NR differences in the

above subgroups, R and NR were also compared across sites.

Parox-R compared to MED-R showed no significant differences

(Xdiff
2 (14) = 14.92, P = 0.383). This finding again confirms an

unlikely influence of scan acquisition site, scanner, or method of

recruitment in explaining R–NR differences in the Parox or MED

groups.
(P) for each path by group

CBT

Estimate SE CR P

�0.231 0.326 �0.71 0.478

�0.96

038 0.347 0.244 1.423 0.155

�0.96

0.958 0.324 2.957 0.003

607 0.142 0.29 0.491 0.623

789 0.167 0.293 0.571 0.568

509 �0.329 0.29 �1.134 0.257

0.782 0.609 1.285 0.199

554 0 0.3 �0.001 0.999

976 �0.998 0.338 �2.948 0.003

358 0.171 0.343 0.498 0.618

0.408 0.374 1.09 0.276

006 0.346 0.412 0.84 0.401

0.056 0.344 0.164 0.87

0.485 0.446 1.088 0.277

0.033 0.412 0.08 0.937

are for each group separately and not constrained between groups.
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Parox-NR vs. MED-NR, however, differed significantly overall

(Xdiff
2 (13) = 27.43, P < 0.02) and post hoc pathwise comparisons

revealed significant differences in paths Hc!OF11, Hc!Cg25!
OF11, aThal!Cg24!Cg25, (Xdiff

2 (5) = 20.09, P < 0.001) (Table

3, columns 2 and 4) (Fig. 3c).

Treatment–response interactions, within site

CBT vs. Parox (comparable recruitment, specified treatment

protocol)

Lastly, to evaluate potential path differences that distinguish

eventual pharmacotherapy responders from cognitive therapy res-

ponders, controlling for site of scan acquisition, mode of recruit-

ment, and method of response assessment, the CBT group (n = 14)

and a subset of the Parox group (n = 13) were compared.

Previously reported from these subgroups are pre–post-treatment

metabolic changes unique to treatment: Cg24 and hippocampal

increases and mF10, OF11, and latF9 decreases with CBT and

latF9 increases and Cg25 decreases with paroxetine (Goldapple et

al., 2003). There was a significant difference between the groups in

the model overall (Xdiff
2 (7) = 20.53, P < 0.005). Specific paths

accounting for these differences involved Hc!latF9, and

OF11!mF10 (Xdiff
2 (2) = 11.10, P < 0.005), with path coefficients

�0.05 and �0.94, respectively, for CBT, and �0.96 and �0.05,

respectively, for Parox (Fig. 3a). Further, when pre- and post-

treatment scans were additionally compared for each group sepa-

rately (CBT-pre vs. CBT-post; Parox-pre vs. Parox-post), signifi-

cant path differences were found from Hc!latF9 in the Parox

group and OF11!mF10 in the CBT group (among other paths),

resulting in a reversal of aberrant pathways in distinguishing the

two groups (data not shown). Table 4 shows the path data for the

above groups independently.
Discussion

These findings define, using structural equation modeling of

resting state FDG-PET scan data, patterns of effective connectivity

that differentiate distinct groups of unmedicated unipolar depressed

patients. Furthermore, specific cortical–cortical, cortical– limbic,

and limbic–subcortical path interactions within this specified

depression model distinguished patient subgroups. Most interest-

ingly, these differences were not simply gross cohort differences,

but rather more complex interactions reflecting both treatment type

and response outcome. Rather than providing evidence for a

depression phenotype, this modeling approach appears most sen-

sitive to identifying treatment–response interactions, findings not

apparent from univariate analyses between groups. For example,

univariate analyses showed Parox and CBT had general frontal

hypermetabolism, while MED patients had frontal hypometabo-

lism (Goldapple et al., 2004; Mayberg et al., 1997, 2000). Despite

these differences, perhaps reflecting multiple depression pheno-

types, only in the modeling analyses was it evident that regional

interactions separated groups by treatment response. Validation of

this method for use in response prediction will require prospective

studies where patient characteristics are considered in the model

construction.

Overall, there were several clear trends. Drug responders across

cohorts (both Parox and MED groups) differed from nonrespond-

ers in a network subsystem involving both limbic afferents and

cortical efferents of area 25 (Figs. 3b, c). Additional differences
between drug nonresponders across treatment groups were seen in

contiguous cingulo-subcortical pathways (Th-cg24a-25) (Fig. 3d).

A third distinct fronto-frontal (mF10–OF11) pattern distinguished

CBT-responsive patients from medication responders (Fig. 3a).

In support of a consistent ‘drug-responsive’ brain type was

the lack of a significant model difference in the analysis of the

Parox responders vs. MED responders, despite clear differences

in site of scan acquisition, scanner, and recruitment methods.

These similarities in overall model configuration are hypothe-

sized to reflect comparable adaptive changes not present in

nonresponders in either drug-treatment cohort (Koob and Le

Moal, 2001; Mayberg, 2002b). While integral to the model

construction in each cohort, pathways involving BA24 were

not critical for distinguishing responders from nonresponders

except in the most treatment nonresponsive group—an apparent

contradiction to previous reports of R–NR differences using

alternative univariate methods (Kennedy et al., 2001; Mayberg

et al., 1997; Pizzagalli et al., 2001b; Wu et al., 1999), likely

explained by inherent differences between univariate and multi-

variate approaches. The additional involvement of hippocampus

and BA11 in NR is particularly interesting, as these regions show

cellular morphometric and biochemical changes in post-mortem

studies (Harrison, 2002; Mann et al., 1996; Rajkowska, 2000) are

known targets of classic antidepressant drugs (Blier and Bou-

chard, 1994; Blier and de Montigny, 1985; Duman et al., 1999;

Mann et al., 1995) and are implicated in control of endocrine/

autonomic responses in various genetic, developmental, and

environmental stress models (e.g., through connections to amyg-

dala, periaqueductal gray, and hypothalamus) (McEwen et al.,

1968; Plotsky et al., 1998; Sapolsky, 2000). These regions have

been further linked to emotional/evaluative learning, hedonic, and

reward responses and affect–cognitive interactions through con-

nections to adjacent areas of orbitofrontal and medial frontal

cortices (see Devinsky et al., 1995 for review; An et al., 1998;

Charara and Grace, 2003; Dias et al., 1996; Drevets et al., 1992;

Elliott, 1998; Elliott et al., 2002; Keightley et al., 2003; Liotti et

al., 2002; Mayberg, 2002a; Schultz et al., 2000; Vogt et al.,

1992; Zald et al., 2002), behaviors prominently affected in major

depression.

In contrast, comparison of the two NR groups revealed addi-

tional limbic–subcortical changes (thalamus, 24, 25) suggestive of

graded involvement of these pathways in these two groups. While

there were no specific behavioral or severity measures that

explained these differences, the MED-NR group had more patients

receiving multiple medications in the period used to document

response status, suggesting more severe illness not captured by

total number of previous episodes or Hamilton scores. This is not

atypical of a tertiary care, subspecialty depression clinic popula-

tion. That said, in spite of these limbic–subcortical differences,

similar limbic–cortical interactions were present in both groups,

accounting for the primary discriminator between R and NR.

These unique limbic–subcortical (25–th–24) abnormalities in

the MED nonresponder group in the context of apparent non-

involvement of either cortical– limbic or cortical–cortical path-

ways is consistent with both the historical and emerging literature

on treatment of refractory depression. Notably, surgical interven-

tions used to treat such patients (cingulotomy, anterior capsulot-

omy, subcaudate tractotomy) are thought to disrupt these same

cingulo-subcortical pathways (cf. Cosgrove and Rauch, 1995,

2003; Malhi and Bartlett, 2000). This hypothesis is further sup-

ported by more recent evidence demonstrating significant correla-
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tions between elevated pretreatment cingulate 25 activity and

response to cingulotomy (Dougherty et al., 2003).

In contrast, the CBT responder group (compared to a subset of

the Parox responder group) was distinguished by the absence of

limbic or subcortical pathway involvement, despite similarities in

demographics, recruitment methods, and disease characteristics

(Fig. 3a). In keeping with recent theories of dysregulated homeo-

static responses to ongoing stress (McEwen, 2003; McEwen and

Wingfield, 2003), the more restricted fronto-frontal abnormalities

in the CBT group may reflect a preserved compensatory capacity

not seen in patients requiring medication where cortical– limbic

dysregulation is apparent. While speculative, this interpretation is

nonetheless consistent with clinical observations and past classifi-

cation strategies distinguishing ‘‘reactive’’ from ‘‘endogenous’’

types of depression (Klein, 1974).

There are several limitations to these results. First, this is a

retrospective meta-analysis. A prospective large scale study, con-

trolled for illness severity, recruitment strategy, treatment assign-

ment method, outcome instruments as well as gender, age, and

other demographic and disease-specific variables are needed using

a comparable analytic approach. In addition, temporal stability,

(within-subject reliability over time), treatment randomization,

sample size, and analytical bias (model assumptions) will need to

be explicitly considered.

A second limitation concerns the derived model. While we

recognize that there are regions implicated in the depression

network as well as other existing anatomical pathways not included

in the model, we have created a testable model that we feel is

sufficient to explain various aspects of depression pathology. As

with any study, this model should be tested further, preferably both

within and across subjects and groups (Boomsma, 2000). The

application of this approach and its inherent limitations is not

limited to FDG PET data; blood flow PET, perfusion MRI, and

resting BOLD are all possible alternative data sets to test such

disease model constructs (Greicius et al., 2003).

Another limitation was the control group used to test for

depression specificity. Ideally, an experiment designed with mod-

eling in mind should a priori include a group of controls at least as

large as the test subject group. While the control sample examined

here did not appear to fit the model, suggesting specificity of the

specified circuit for depression, this may be due solely to the small

effect size. More optimistically, it is plausible that regions that

interact in patients in the resting state reflect tonic maladaptive

functional interactions not present in control subjects without a

specific stressor. This interpretation is consistent with ongoing

studies comparing depressed patients and healthy controls both at

rest and during a provoked sad state that demonstrate the attenu-

ation of resting frontal–cingulate path differences between groups

with provocation (Liotti et al., 2002; Mayberg, 2002b; Mayberg

et al., 2001).

Lastly, studies of depression treatment will be needed to further

test the validity of this and similarly described models. Further-

more, with critical nodes identified, further simplification of the

model to those paths demonstrating the most significant differences

might be additionally examined, potentially increasing parsimony

and statistical strength of the fits. Continued development of

imaging and multivariate statistical strategies that optimally inte-

grate these factors will be a critical next step in fully characterizing

the depression phenotype at the neural systems level with a future

goal to develop brain-based algorithms that optimize care of

individual depressed patients.
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