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Abstract

Depressive symptoms are common in multiple psychiatric disorders and are frequent sequelae of 

trauma. A dimensional conceptualization of depression suggests that symptoms should be 

associated with a continuum of deficits in specific neural circuits. However, most prior 

investigations of abnormalities in functional connectivity have typically focused on a single 

diagnostic category using hypothesis-driven seed-based analyses. Here, using a sample of 105 

adult female participants from three diagnostic groups (healthy controls, n = 17; major depression, 

n = 38; and post-traumatic stress disorder, n = 50), we examine the dimensional relationship 

between resting-state functional dysconnectivity and severity of depressive symptoms across 

diagnostic categories using a data-driven analysis (multivariate distance-based matrix regression). 

This connectome-wide analysis identified foci of dysconnectivity associated with depression 

severity in the bilateral amygdala. Follow-up seed analyses using subject-specific amygdala 

segmentations revealed that depression severity was associated with amygdalo-frontal hypo-

connectivity in a network of regions including bilateral dorsolateral prefrontal cortex, anterior 

cingulate and anterior insula. In contrast, anxiety was associated with elevated connectivity 

between the amygdala and the ventromedial prefrontal cortex. Taken together, these results 
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emphasize the centrality of the amygdala in the pathophysiology of depressive symptoms, and 

suggest that dissociable patterns of amygdalo-frontal dysconnectivity are a critical neurobiological 

feature across clinical diagnostic categories.

 INTRODUCTION

Multiple psychiatric disorders beyond major depressive disorder (MDD) are associated with 

symptoms of depression.1 This reality is recognized by the NIMH Research Domain Criteria 

(RDoC), which seeks to map dimensions of psychopathology that are present across clinical 

diagnostic criteria to abnormalities in specific brain circuitry.2 Two disorders characterized 

by mood disturbances, MDD and post-traumatic stress disorder (PTSD), are common 

disorders that cause significant morbidity and mortality. Both are enduring conditions with 

significant impairment in social and occupational functioning, high levels of recurrence and 

frequent suicide.3–6

Notably, PTSD and MDD are frequently comorbid, and common behavioral and neural 

abnormalities have been described.7–11 Prior research has shown that MDD occurs in 48–

69% of individuals with PTSD.3,12–14 Likewise, PTSD in the context of MDD often goes 

unrecognized.13,15 The National Comorbidity Survey reported that PTSD preceded MDD 

78% of the time in individuals with both PTSD and MDD, suggesting that PTSD may be a 

strong predictor of future MDD.3 In addition, recent research has shown that high rates of 

comorbidity occur even when overlapping symptoms were removed from the diagnoses.12,16 

One conceptualization is a general ‘anxious-misery’ class of disorders (including PTSD and 

MDD), which fits within the negative valence construct defined within RDoC.15,17

Potentially, such comorbid presentation and shared phenomenology could be the result of 

dysfunction of specific neural circuits that are common to both MDD and PTSD. One 

powerful tool for the examination of circuit-level abnormalities is resting-state (intrinsic) 

functional connectivity.18 Prior studies of functional connectivity in both MDD and PTSD 

provide ample evidence for similar deficits.8,9,19–23 However, previous investigations of 

changes in functional connectivity have typically focused on comparisons between each 

diagnosis (MDD and PTSD) and controls, but have not examined common dimensional 

effects across both clinical groups. Studies of both disorders report abnormalities in a 

common set of brain regions that span both frontal regions involved in cognitive control as 

well as affective limbic regions. Specifically, the amygdala is one region that is among the 

most commonly implicated in both disorders.9,20,21,23–29 Similarly, hypo-connectivity of 

frontal control regions such as the dorsolateral prefrontal cortex (DLPFC) and anterior 

cingulate cortex (ACC) with the amygdala and other brain regions has often been 

reported.8–10,21,22,27,30,31 Despite this, to our knowledge no studies have directly examined 

depression severity on a dimensional basis across both MDD and PTSD. Furthermore, most 

prior studies have been limited by analyses that have examined a specific subset of regions 

(using seed-based analyses) or within a restricted set of brain networks.

Accordingly, here we investigated common dimensional effects of depression on functional 

connectivity in a large sample of unmedicated patients with MDD or PTSD. To explore 

dysconnectivity beyond a specific set of brain regions, we conducted a connectome-wide 
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association study using a recently introduced technique called multivariate distance-based 

matrix regression (MDMR32). Previously applied in analysis of large-scale ecological and 

genetic data sets, MDMR allows one to interrogate how the overall multivariate pattern of 

connectivity differs at each voxel in association with symptoms of depression while 

controlling for covariates. We hypothesized that this fully data-driven analysis would reveal 

common dimensional effects of depression severity across MDD, PTSD and matched 

controls. As described below, this approach yielded novel evidence of common, dimensional 

patterns of amygdalo-frontal dysconnectivity in association with depressive symptoms 

across disorders.

 MATERIALS AND METHODS

 Participants and clinical assessment

This study considered 105 unmedicated females from three groups, including 38 with major 

depression (MDD), 50 patients with PTSD, and 17 demographically matched healthy 

controls. Demographic details are provided in Table 1. All participants were female, right-

handed, English-speaking and aged 18–55. This study focused on females because all PTSD 

patients were female victims of intimate partner violence. All participants provided written 

informed consent; the Human Subjects Committees of both Washington University and the 

University of Missouri-St Louis approved all study procedures. Inclusion diagnosis for 

MDD and PTSD was established according to DSM-IV-TR criteria using the SCID33 and 

the CAPS-IV.34 Participants were excluded from the study due to [1] comorbid neurological 

disorders; [2] current alcohol or substance use disorder; [3] history of psychotic disorder, 

bipolar disorder or obsessive-compulsive disorder; [4] and current suicide risk; [5] recent 

treatment with any psychotropic or central nervous system–active drug. Specifically, 

subjects were required to have not been treated with any psychotropic medication for at least 

3 weeks (5 weeks for fluoxetine). Depression and anxiety symptom severity were assessed 

on the same day as imaging. Depression severity was assessed by a trained clinician using 

the Montgomery Asberg Depression Rating Scale.35 To evaluate depressive symptoms while 

controlling for comorbid symptoms of anxiety, anxiety symptoms were assessed using the 

state subscale of the State-Trait Anxiety Inventory.36 To be included, subjects were required 

to have complete imaging and clinical data including depression and anxiety rating scales. 

Of those eligible for inclusion, nine participants were excluded due to high motion any 

individual series with a mean relative displacement >0.25 mm;37 or poor image coverage.

 Image acquisition and processing

All subjects were imaged on the same scanner 3T Tim Trio (Siemens, Erlangen, Germany) 

using the same acquisition protocol. High-resolution structural images were acquired using a 

T1-weighted MPRAGE sequence: TR 2400 ms, TE 3.13 ms, TI 1000 ms, flip angle 8°, slice 

thickness/gap 1 mm/0 mm and effective voxel resolution 1.0 mm3. Resting-state gradient 

spin-echo functional images were acquired in two series of 210 volumes (7:42 duration 

each) using the following parameters: TR 2200 ms, TE 27 ms, flip angle 90°, slice 

thickness/gap 4 mm/0 mm and effective voxel resolution 4.0 mm3.
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To avoid registration bias and maximize sensitivity to detect regional effects that can be 

impacted by registration error, a custom template was created with advanced normalization 

tools (ANTs);38 T1 images were normalized to this population-specific template space using 

the top-performing SyN diffeomorphic registration method implemented in ANTs (Figure 

1a39). Structural images were then processed with ‘antsCorticalThickness’,40 which uses the 

custom template to guide brain extraction, N4 bias correction,41 and Atropos probabilistic 

tissue segmentation.42

Resting-state time series data was processed using a validated confound regression 

procedure that has been optimized to reduce the influence of subject motion.43 After the first 

four volumes of the functional time series were removed to allow signal stabilization, 

functional images were realigned using MCFLIRT,44 and smoothed with a Gaussian filter at 

6 mm full width at half maximum. Confound regression included nine confounding signals 

(six motion parameters+global/white matter/cerebral spinal fluid) as well as the temporal 

derivative, quadratic term and temporal derivative of the quadratic of each (36 regressors 

total43). Finally, time series were band-pass filtered to retain frequencies between 0.01 and 

0.08 Hz; all motion parameters and confound time courses were band-pass filtered in an 

identical manner as the time series data itself to prevent frequency mismatch.45 Functional 

images were coregistered to the T1 image using boundary-based registration,46 and aligned 

to template space using the ANTs transform for the T1 image as above. Time-series images 

were resampled to 4 mm3 isotropic voxels in the template space before connectome-wide 

association study for computational feasibility;32 higher spatial resolution images (2 mm3) 

was used for follow-up seed analyses. Throughout, all transformations were concatenated so 

that only one interpolation was performed.

 Multivariate distance-based matrix regression

As previously described,32 MDMR operates in three steps (Figure 1b). First, the template-

space 4-mm voxel-wise participant time series data are used to conduct a seed-based 

connectivity analysis at each voxel within gray matter, by calculating the Pearson’s 

correlation coefficient between each voxel’s time series and the time series of every other 

gray matter voxel. Second, the overall multivariate pattern of connectivity for each voxel is 

compared among participants using a distance metric that is a function of Pearson’s 

correlation. Third, MDMR is used to test how well each phenotypic variable explains the 

distances between each participant’s connectivity patterns created in the second step. This 

provides a measure of how the overall pattern of connectivity is impacted by each group-

level variable (that is, dimensional depression severity). Notably, as matrix regression 

evaluates the overall pattern of connectivity across the entire connectome, it is sensitive to 

robust, distributed patterns of dysconnectivity but not more focal deficits. In contrast to other 

multivariate methods, this allowed us to examine the dimensional association between 

depression severity and multivariate patterns of connectivity while controlling for potentially 

confounding variables. Here, we controlled for clinical group, subject age, anxiety and in-

scanner motion (mean relative displacement averaged over both series37). For each voxel’s 

connectivity pattern, MDMR yields a pseudo-F statistic, the significance of which was 

assessed using 5000 iterations of a permutation test.47 This pseudo-F statistic is robust to 

differences in group sample size. The ultimate product of this procedure is a voxel-wise 
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significance map showing where depression severity impacts the overall pattern of 

connectivity at each voxel. As in Shehzad et al.32 type I error was controlled using cluster-

correction with a voxel height of z>1.64; corrected significance was set at P < 0.001 as 

determined by 10 000 Monte-Carlo simulations.48

 Amygdala segmentation and connectivity analysis using multi-atlas label fusion

Although MDMR identifies clusters where a group difference in the overall multivariate 

pattern of connectivity is present, it does not describe what pattern of connectivity is driving 

the observed result. Accordingly, we conducted post-hoc seed-based analyses to understand 

this dysconnectivity associated with depression severity across categorical diagnoses. As 

described below, MDMR revealed that depression severity was associated with 

dysconnectivity of medial temporal lobe voxels consistent with the anatomical location of 

the amygdala. Notably, although the initial MDMR allows for a connectome-wide search for 

multivariate effects, it does so using relatively coarse resolution data (4 mm voxels). A 

substantial body of work has shown that for small subcortical structures such as the 

amygdala, region definition using individualized segmentation with a T1 image is far 

superior to template-level region definition.49

Accordingly, amygdala segmentation of each individual T1 image was performed using an 

advanced multi-atlas label fusion (Figure 1c) procedure implemented in ANTs. A set of 30 

T1 magnetic resonance imaging images from the OASIS data set were manually labeled by 

Neuromorphometrics, Inc. (http://Neuromorphometrics.com/); the 30-labeled atlases were 

registered to each subject’s T1 image using ANTs and a final amygdala segmentation was 

synthesized by joint label fusion.49 To aid visualization of the variability between the 

subject-specific T1 segmentation and the group-level template, each individual amygdala 

was projected to the custom template and an overlap map was constructed (see Figure 2, 

below).

For amygdala connectivity analyses, the individually segmented structural amygdala for 

each subject was coregistered to the BOLD time series, and the mean time series was 

extracted. Next, a seed map was created for each subject by calculating the Pearson’s 

correlation between the subject-specific amygdala time series and every other voxel in the 

brain. Seed maps were Fischer z-transformed to approximate normality and projected back 

to the group-level custom template through the T1 image by concatenating the blood oxygen 

level dependent to T1 co-registration and the T1 to template deformation. These maps were 

finally evaluated with a group-level regression to determine the association between 

amygdala connectivity and depression severity (Montgomery Asberg Depression Rating 

Scale). Motion and age were included as covariates in all analyses; as described below, 

anxiety and clinical group were additionally evaluated in subsequent models that were used 

to examine specificity. For follow-up seed analyses, clusters were considered significant 

above a voxel height of z>2.3, and a corrected cluster probability of P < 0.001.48 Results 

were displayed with a cortical surface projection rendered using Caret.50 However, it should 

be emphasized that this follow-up seed-based analysis subsequent to MDMR does not 

constitute a unique hypothesis test, as the amygdala was identified based on the significance 
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of the MDMR result. Rather, this follow-up seed analysis is a necessary post-hoc test to 

understand the MDMR result.

 Supplementary analyses

Although the above analyses focused on the dimensional relationship with depression 

severity, we conducted several supplementary analyses to evaluate the specificity of the 

observed results within the context of other variables of interest including clinical group and 

anxiety. First, we re-evaluated clusters identified in the dimensional analysis of depression 

severity while including anxiety and/or group as covariates. As described below, this 

analysis suggested that amygdala-vmPFC connectivity was linked to anxiety. Accordingly, 

we reran the amygdala seed analysis while considering each variable (Montgomery Asberg 

Depression Rating Scale and State-Trait Anxiety Inventory-S) alone and also when modeled 

jointly. Second, to evaluate if dimensional results were similar within the patient groups 

alone, we re-evaluated significant clusters while excluding healthy control participants. 

Third, to explore effects of anxiety beyond the amygdala, we used MDMR to search the 

connectome for patterns of dysconnectivity associated with the State-Trait Anxiety 

Inventory-S while controlling for age, motion and depressive symptoms (Montgomery 

Asberg Depression Rating Scale). Finally, although the focus of this study was dimensional 

dysconnectivity associated with depression, we also evaluated categorical group differences 

in amygdala connectivity using a 3×1 group-level analysis of variance using ANTsR (http://

stnava.github.io/ANTsR/). Pairwise post-hoc tests were conducted within each cluster using 

the least-squares means procedure, controlling for multiple comparisons using the Tukey 

method.

 RESULTS

 Connectome-wide analysis using MDMR identifies foci of dysconnectivity in bilateral 
medial temporal lobe

We evaluated multivariate patterns of dysconnectivity associated with depression severity 

across clinical diagnostic groups using MDMR. This connectome-wide analysis revealed 

that depression severity was associated with changes in connectivity in the bilateral medial 

temporal lobe, centered on the amygdala (Figure 2; left: 85 voxels (4 mm) with cluster 

center of gravity in Montreal Neurological Institute coordinates: − 27, − 9, − 22; right: 92 

voxels at 31, − 11, − 21). No other significant clusters were detected. However, MDMR does 

not describe which specific connections form the basis for the observed multivariate results. 

Furthermore, the relatively coarse (4 mm) resolution of the analysis limited the ability to 

specifically isolate small subcortical structures. Accordingly, we next conducted a focused 

seed-based analysis of amygdala connectivity.

 Depression severity is related to dimensional impairment in amygdalo-frontal 
connectivity

Given the small size of the amygdala and known inaccuracies in using template-space 

demarcations of small subcortical structures, we individually segmented each subject’s 

amygdala using a top-performing multi-atlas labeling procedure.49 Seed-based analyses 

from these customized amygdala segmentations revealed that depression severity across 
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diagnostic categories is associated with diminished connectivity between the amygdala and a 

network of frontal regions (Supplementary Table 1A). Regions impacted included bilateral 

DLPFC, anterior cingulate and anterior insula (Figure 3). When these clusters were re-

evaluated with anxiety and clinical group included as model covariates, or only among 

patients, effects remained consistent (Supplementary Table 2A).

 Amygdala hyper-connectivity with ventral medial prefrontal cortex (vmPFC) is related to 
anxiety

In contrast with such amygdalo-frontal hypo-connectivity, depression severity was also 

associated with hyper-connectivity between the right amygdala and the vmPFC and 

subgenual anterior cingulate cortex (sgACC) (Figure 4a, Supplementary Table 1B). 

However, the relationship between depression and amygdala-vmPFC/sgACC hyper-

connectivity was substantially attenuated when anxiety was included as a covariate 

(Supplementary Table 2B). Accordingly, we conducted voxel-wise analyses where we 

examined each variable alone and also jointly. As displayed in Figure 4b, amygdala-vmPFC/

sgACC hyper-connectivity was more robustly associated with anxiety than depression. 

When both variables were modeled together on a voxel-wise basis, only the relationship 

with anxiety remained significant (Figure 4c). Notably the pattern of amygdala hyper-

connectivity with the sgACC/vmPFC and hypo-connectivity with DLPFC were significantly 

anti-correlated (t(204) = 3.0; P = 0.004 for right DLPFC).

To explore effects of anxiety beyond the amydgala, we also conducted a MDMR analysis of 

anxiety (State-Trait Anxiety Inventory-S) while controlling for depression, age and motion. 

This revealed a significant cluster in the left parahippocampal gyrus, which was driven by 

enhanced connectivity with the anterior cingulate as well as somatosensory, auditory and 

visual cortex (Supplementary Figure 1).

 Categorical analyses based on clinical diagnosis

Although this investigation was focused on mechanisms of dysconnectivity associated 

symptom severity across clinical diagnoses, we additionally conducted categorical analyses 

of amygdala connectivity based on diagnostic group. These analyses revealed disrupted 

amygdala connectivity with regions implicated in dimensional analyses in both patient 

groups (Supplementary Table 3). However, in general results were less robust than the 

dimensional findings reported above. Regions impacted included the anterior cingulate, 

anterior insula and DLPFC, where amygdala connectivity in control subjects was higher 

than both patient groups.

 DISCUSSION

In this study, we conducted a connectome-wide study examining how patterns of 

dysconnectivity relate to dimensionally defined symptoms of depression in a large sample of 

medication-free MDD and PTSD patients. This data-driven approach revealed multivariate 

patterns of dysconnectivity centered on the bilateral amygdala. Follow-up seed-based 

analyses using subject-specific amygdala segmentations revealed that depression was 

associated with diminished amygdala connectivity with frontal regions including bilateral 
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DLPFC and ACC. In contrast, elevated amygdala connectivity with the sgACC and vmPFC 

was more tightly linked with symptoms of anxiety rather than depression. Taken together, 

these findings provide novel evidence for amygdala dysconnectivity as a critical mechanism 

of psychopathology across negative valence disorders such as MDD and PTSD.

 Connectome-wide search reveals common patterns of amygdala dysconnectivity

Most studies investigating abnormalities of functional connectivity in PTSD or MDD have 

employed either seed-based or network-based approaches with regions of interest (nodes) 

defined a priori. In contrast, we used MDMR32 to conduct a fully data-driven analysis of the 

entire functional connectome. Remarkably, this multivariate analysis identified abnormalities 

in the bilateral amygdala. As described below, this parallels prior findings in single-disorder 

case–control studies, where the amygdala is one of the regions most frequently implicated in 

the pathophysiology of both disorders.51–54

 Amygdalo-frontal hypo-connectivity is associated with symptoms of depression

As MDMR produces a multivariate result but does not provide information on what features 

of connectivity are driving the finding, we conducted follow-up seed-based connectivity 

analyses. Seed analyses based on highly accurate subject-specific segmentations revealed 

that connectivity with a network of frontal regions including the dorsolateral prefrontal 

cortex, anterior insula and anterior cingulate was reduced in proportion to depressive 

symptoms across clinical groups.

These results parallel prior findings in case–control studies of MDD and PTSD, which have 

frequently reported amygdalo-frontal hypo-connectivity.8,9,20,21,23,28,29,31 For example, 

Matthews et al.21 presented evidence for diminished coupling between the amygdala and 

dorsal cingulate that scaled with depression severity. Similarly, Fonzo et al.20, reported 

diminished connectivity between the amygdala and cingulate as well as the insula in a 

sample of women with PTSD. Such results showing abnormal patterns of functional 

connectivity in depression and PTSD add to the extensive literature describing abnormalities 

of amygdala activation in both disorders.24,30,55–57 Importantly, the present dimensional 

findings suggest that amygdala hypo-connectivity with frontal cortex may be a common 

pathophysiological mechanism that scales with symptom severity across clinical groups. The 

regions impacted belong to cognitive control networks,58,59 and the observed abnormalities 

may be associated with a diminished ability of such networks to effectively regulate the 

amygdala in a top–down manner.22,30

 Elevated amygdala-vmPFC/sgACC connectivity is more tightly linked to anxiety

In contrast to the observed hypo-connectivity between amygdala and dorsal frontal regions 

(DLPFC, ACC and anterior insula) in association with depression, anxiety was associated 

with hyper-connectivity between the amygdala and vmPFC/sgACC. Notably, the 

connectome-wide analysis using MDMR evaluated depressive symptoms after controlling 

for anxiety (as well as group, age and in-scanner motion). Similarly, specificity analyses 

examining clusters identified by the follow-up seed analysis revealed that amygdalo hypo-

connectivity with the DLPFC, ACC and insula was more strongly linked to depression than 

anxiety. However, the converse was true of amygdala hyper-connectivity with the vmPFC/
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sgACC, which was in fact more closely associated with symptoms of anxiety across both 

MDD and PTSD.

Prior studies of both MDD and PTSD have implicated abnormalities of the vmPFC and 

sgACC.9,19,21,23,24,26,31 These regions are a hub of the default mode network;60 default 

mode network connectivity has been found to be abnormal in multiple studies of MDD.61–63 

In addition, now-canonical work by Mayberg et al. identified hyperactivity in the sgACC as 

a predictor of treatment response to deep brain stimulation in treatment-resistant 

depression.64 Although studies in PTSD are somewhat more heterogeneous,65–67 several 

have described both hyper-activation and hyper-connectivity of the vmPFC.19,23,24 Hypo-

activation of the sgACC/vmPFC has been reported in PTSD as well, but usually in the 

context of fear paradigms designed to provoke symptoms.10,54 Although further research is 

necessary to disentangle these effects, such findings are not mutually exclusive; it is possible 

that the sgACC/vmPFC has both elevated connectivity with the amygdala at rest but also 

diminished activation during fear-related paradigms.

These results suggest a double-dissociation in abnormalities of amygdala connectivity, 

whereby amygdala hypo-connectivity with dorsal frontal regions is more related to 

depression whereas amygdala hyper-connectivity with the vmPFC/sgACC is more closely 

tied to symptoms of anxiety. Such results accord with research from both lesion studies27 

and human imaging10,68 suggesting that dorsal (cognitive control) and ventral (default 

mode) regions within frontal cortex have differential roles in regulating amygdala function. 

As the sgACC/vmPFC is known to send output to GABAergic intercalated cells in the 

amygdala that provide inhibitory input to the central nucleus of the amygdala,10 the present 

results may reflect an inefficient, compensatory effort to provide amygdala regulation by the 

vmPFC in association with anxiety in both MDD and PTSD. The hyper-connectivity seen 

between the amygdala and vmPFC stands in notable contrast to the amygdalar hypo-

connectivity with DLPFC and anterior insula seen in association with depressive symptoms, 

and suggests that abnormalities in distinct regulatory circuits may be associated with 

different symptom dimensions within negative valence disorders. Interestingly, these two 

deficits were in fact inversely related to each other. Although speculative, this data suggests 

that brain-based connectivity phenotypes may have more individual specificity than clinical 

symptoms that are often highly correlated.

 Limitations

Several limitations of the current study should be noted. First, cross-sectional results cannot 

disentangle effects of mood state from trait effects that may be present across mood states. 

Longitudinal studies that track patients across mood episodes are necessary to establish 

specific links between mood state and the patterns of dysconnectivity observed here. 

Second, both depression and anxiety are heterogeneous constructs that include symptoms 

across potentially separable psychological domains. Studies that include detailed symptom 

assessments of specific domains will help further parse the present results. Third, through 

our focus on patients who met full diagnostic criteria for PTSD or MDD, we did not evaluate 

individuals with other disorders (bipolar disorder, obsessive-compulsive disorder) or those 

who were distressed by symptoms but sub-syndromal at the time. Future studies that include 
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a broader range of both disorders and symptom severity may provide enhanced power and 

increased generalizability. Finally, as the focus of this study was on common mechanisms of 

dysconnectivity that are present across both disorders, we did not comprehensively evaluate 

group differences on a connectome-wide level. Although the present data and other recent 

work69 support the importance of dimensional models of depression and anxiety, recent 

work by Oathes et al.8 emphasizes that clinical diagnosis provides valuable information as 

well.

 Conclusions and future directions

These limitations notwithstanding, these results provide a critical link between studies in the 

usually separate literatures of MDD and PTSD.

The results buttress prior research using case–control designs in single disorders and 

importantly place such abnormalities on a common dimensional scale, suggesting that 

similar neural mechanisms of amygdala dysfunction may occur in both disorders. As such, 

these results accord with the negative valence construct embedded within new RDoC 

framework.2,70,71

The presence of such common mechanisms underscore the need for clinical trials which are 

focused on abnormalities of specific biological circuits, which may provide insight whether 

effective treatment could in fact normalize such deficits. Ultimately, such research may help 

develop precision medicine for mood disorders through use of neuroimaging-based 

biomarkers, which would allow for substantial improvements in treatment response by 

tailoring interventions to each individual patient.72,73

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Image registration and analysis procedures. (a) Image registration. Functional images were 

registered to a population-specific template using advanced normalization tools (ANTs). T1 

image skull stripping, bias correction and segmentation were guided using prior information 

provided by the template. Functional images were coregistered to the T1 using boundary-

based registration (BBR). (b) Connectome-wide analysis using multivariate distance-based 

matrix regression (MDMR). Template-space functional time series were resampled at 4 mm3 

for computational feasibility. For each gray matter voxel a connectivity map was created for 

each subject, which were compared with a pairwise manner to create a distance matrix. 

MDMR used these distance matrices to evaluate the complex multivariate pattern of 

connectivity associated with depression severity across subjects while controlling for clinical 

group, anxiety, age and in-scanner motion. This yielded a pseudo-F statistic; a P-value was 

determined using permutation testing. This procedure was repeated for each gray matter 

voxel, yielding a voxel-wise significance map. (c) Amygdala seed connectivity using multi-

atlas label fusion (MALF). To obtain a maximally accurate estimate of amygdala 

connectivity, we used MALF to create subject-specific amygdala segmentations that were in 

turn used for seed-based connectivity analyses. Manually labeled amygdalas from 30 images 

were registered to each participant’s T1 image using ANTs, and MALF was used to derive a 

subject-specific amygdala segmentation. This was projected into native fMRI space and used 

to extract the average amygdala time course, which was in turn used to generate a seed 

connectivity map. These native-space maps were registered to the population template as in 

a before group-level analysis. Elements of b modified with permission from Shehzad et al.32
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Figure 2. 
Depression severity is associated with multivariate patterns of dysconnectivity in bilateral 

amygdala. The connectome-wide association study using multivariate distance-based matrix 

regression (MDMR) identified two clusters (yellow) where the multivariate pattern of 

dysconnectivity was related to dimensional depression severity (total Montgomery Asberg 

Depression Rating Scale (MADRS)) across clinical groups. Cluster threshold z>1.64, P < 

0.001; model covariates included clinical diagnostic group, anxiety (State-Trait Anxiety 

Inventory-S (STAI-S)), participant age and in-scanner motion. Subject-specific amygdala 

segmentations provided by multi-atlas label fusion (MALF; Figure 1c) are shown in green 

over the population template, which underlines both the variability in amygdala definition 

across subjects and also the high degree of overlap with the MDMR results.
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Figure 3. 
Depression severity is associated with amygdalo-frontal hypo-connectivity across clinical 

diagnostic groups. Subject-specific amygdala segmentations from multi-atlas label fusion 

(MALF) were used to conduct seed-based connectivity analyses. Depression severity (total 

Montgomery Asberg Depression Rating Scale (MADRS)) was correlated with diminished 

amygdala connectivity with a network of frontal regions including the bilateral dorsolateral 

prefrontal cortex (DLPFC; a and b), anterior insula (c) and anterior cingulate (d). All panels 

reflect right amygdala connectivity except for (d); for detailed results see Supplementary 

Table S2. Model covariates included age and in-scanner motion; inclusion of anxiety and 

clinical diagnostic group yielded similar results within these regions (Supplementary Table 

S3). Images thresholded at z>2.3, P < 0.001.
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Figure 4. 
Amygdala hyper-connectivity with the vmPFC is more closely linked with anxiety than 

depression. Although depression (a; Montgomery Asberg Depression Rating Scale 

(MADRS)) was related to elevated right amygdala-vmPFC connectivity, the relationship 

with anxiety (State-Trait Anxiety Inventory-S (STAI-S)) was more robust (b). When both 

variables were modeled together (c), only the anxiety remained significant.
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Table 1

Sample demographics and participant characteristics

Healthy comparators MDD PTSD P-value

n 17 38 50 NA

% Female 100 100 100 NA

% Taking psychotropic medication 0 0 0 NA

Mean age (years; s.d.) 31.7 (10.5) 33.2 (8.4) 30.1 (9.2) 0.51

Depression severity (total MADRS; s.d.) 1.6 (2.0) 28.1 (6.1) 19 (8.3) < 0.001

Anxiety severity (total STAI-S; s.d.) 27 (8.3) 60.1 (9.6) 49.8 (14.1) < 0.001

In-scanner motion (mean relative displacement; s.d.) 0.09 (0.04) 0.1 (0.04) 0.09 (0.04) 0.36

Abbreviations: MADRS, Montgomery Asberg Depression Rating Scale; MDD, major depressive disorder; NA, not applicable; PTSD, post-
traumatic stress disorder; STAI-S, State-Trait Anxiety Inventory-S.
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