
ARTICLE

Structural brain networks in remitted psychotic depression
Nicholas H. Neufeld1,2,3,4, Antonia N. Kaczkurkin 5, Aristeidis Sotiras 6,7, Benoit H. Mulsant2,3,4, Erin W. Dickie1,2,3,4, Alastair J. Flint4,8,
Barnett S. Meyers 9, George S. Alexopoulos9, Anthony J. Rothschild10, Ellen M. Whyte11, Linda Mah4,12, Jay Nierenberg13,14,
Matthew J. Hoptman 13,14,15, Christos Davatzikos6, Theodore D. Satterthwaite 6,16,17 and Aristotle N. Voineskos1,2,3,4

Major depressive disorder with psychotic features (psychotic depression) is a severe disorder. Compared with other psychotic
disorders such as schizophrenia, relatively few studies on the neurobiology of psychotic depression have been pursued.
Neuroimaging studies investigating psychotic depression have provided evidence for distributed structural brain abnormalities
implicating the insular cortex and limbic system. We examined structural brain networks in participants (N= 245) using magnetic
resonance imaging. This sample included healthy controls (n= 159) and the largest cross-sectional sample of patients with
remitted psychotic depression (n= 86) collected to date. All patients participated in the Study of Pharmacotherapy of Psychotic
Depression II randomized controlled trial. We used a novel, whole-brain, data-driven parcellation technique—non-negative matrix
factorization—and applied it to cortical thickness data to derive structural covariance networks. We compared patients with
remitted psychotic depression to healthy controls and found that patients had significantly thinner cortex in five structural
covariance networks (insular-limbic, occipito-temporal, temporal, parahippocampal-limbic, and inferior fronto-temporal),
confirming our hypothesis that affected brain networks would incorporate cortico-limbic regions. We also found that cross-
sectional depression and severity scores at the time of scanning were associated with the insular-limbic network. Furthermore, the
insular-limbic network predicted future severity scores that were collected at the time of recurrence of psychotic depression or
sustained remission. Overall, decreased cortical thickness was found in five structural brain networks in patients with remitted
psychotic depression and brain-behavior relationships were observed, particularly between the insular-limbic network and illness
severity.
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INTRODUCTION
Major depressive disorder (MDD) with psychotic features (psycho-
tic depression) is a severe disorder with a lifetime prevalence of
0.35–1% [1]. Psychotic features emerge during the onset of a
depressive episode in these patients and resolve as the depressive
episode remits. This contrasts with schizophrenia and schizoaffec-
tive disorder in which psychotic symptoms remain after depres-
sion remits, or bipolar I disorder, where psychosis may also
emerge during mania [2]. Psychotic depression commonly
involves mood-congruent somatic, nihilistic, or guilty delusions
[3]. Compared to patients with non-psychotic depression, patients
with psychotic depression often demonstrate higher total scores
on the Hamilton Rating Scale for Depression (HAM-D), suggesting
psychotic depression may be a more severe form of depression. In
particular, patients with psychotic depression have more robust
associations with psychomotor agitation and retardation [4–9] as
well as guilt when compared to patients with non-psychotic

depression [4–7, 9]. Importantly, without effective treatment,
psychotic depression is associated with long recovery times,
disability, mortality, and suicidality [10–15].
The pathogenesis of psychotic depression is unknown, although

several lines of neurobiological inquiry have been pursued.
Hypothalamic-pituitary-adrenal axis dysregulation [16–20], decreased
plasma levels of dopamine-β-hydroxylase [21–23], abnormalities in
rapid eye movement sleep [24], and cognitive impairment [3] have all
been observed. Brain imaging with computed tomography has also
demonstrated increased ventricular volume [25]. However the
development of magnetic resonance imaging (MRI) has allowed for
more advanced functional and structural imaging [26, 27].
Functional MRI (fMRI) studies of psychotic depression have

examined several aspects of task-related cognition. For example,
partially remitted patients have less language lateralization
compared to healthy controls [28]. In patients with an active
episode of psychotic depression, a study of verbal memory
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encoding found reductions in hippocampal and insular activation
when compared with healthy controls [29]. Moreover, a study of
working memory found overactivation of the right parahippo-
campal gyrus in patients relative to healthy controls [30]. Resting
state fMRI (R-fMRI) studies have also included patients in remission
and demonstrated abnormalities between the somatosensory/
insular cortices and the default mode network (DMN) [31]. R-fMRI
studies in patients with active psychotic depression have reported
abnormalities in hypothalamic and subgenual cingulate cortex
(SCC) [32] and fronto-parietal [33] functional connectivity.
Structural MRI (sMRI) studies of specific brain regions have

reported reductions in gray matter volume in brain regions
including the amygdala and SCC [34–39]. A brain network based
on the regions implicated by previous sMRI and fMRI studies could
be constructed and examined for structure–function relationships.
However, these regional analyses may fail to capture the
distributed abnormalities found in psychotic disorders [40, 41]. A
network-level approach may better capture these distributed
abnormalities while more directly relating to the functional
abnormalities observed in psychotic depression. Structural covar-
iance networks have been successfully employed in investigations
of schizophrenia and bipolar disorder [42–44]. However, no such
investigation has been undertaken in patients with psychotic
depression.
Non-negative matrix factorization (NMF) is a multivariate

method that differs from independent component analysis (ICA)
and principal component analysis (PCA) in that NMF factorizes
data under non-negativity constraints. This leads to a parts-based
representation of data in which compact networks capture
different parts of the brain and are combined in an additive way
to form a whole (Fig. 1). The derived non-negative networks have
improved specificity and reproducibility compared to commonly
used techniques such as ICA and PCA [45, 46] and relate to
neurodevelopment [46] and neuropsychiatric symptoms [47–50].
More recently, NMF-derived structural covariance networks have
demonstrated relationships with functional brain networks [51].
Overall, NMF allows for the examination of distributed structural
abnormalities that may relate to functional connectivity abnorm-
alities observed in patients with psychotic depression [31–33, 52].

This study addresses the lack of structural brain network studies
of psychotic depression, examines cortical thickness in the largest
sample of patients with remitted psychotic depression to date,
and compares patients to healthy controls. The remitted status of
all patients affords a unique observational window as the
networks observed may be less influenced by the states of the
illness and more influenced by the traits of the illness. Remitted
status also provides a reference point from which structural brain
networks may predict whether patients remain well or become
unwell. Given the neuroimaging literature on psychotic depres-
sion and cortical thickness in depression [53], and our R-fMRI
findings implicating the insula [31], we hypothesized that NMF
would identify cortico-limbic (including insular-limbic) abnormal-
ities in patients with remitted psychotic depression when
compared with healthy controls. In addition, we aimed to explore
clinically relevant brain-behavior associations with structural
covariance networks. We hypothesized that cortico-limbic net-
works would be associated with symptom scores at the time of
scanning and predict future scores.

MATERIALS AND METHODS
Participants
A total of 245 (psychotic depression n= 86; healthy controls n=
159) participants were included in this analysis. The Toronto site
included patients with psychotic depression recruited at the
University Health Network and scanned at the Center for
Addiction and Mental Health (CAMH). To increase statistical
power, the Toronto site control sample was augmented with
controls across the adult lifespan from another CAMH study with
identical imaging parameters. The majority of participants were
recruited at the Toronto site (psychotic depression n= 33; controls
n= 91), followed by the University of Massachusetts (psychotic
depression n= 22; controls n= 20), Cornell University/Nathan
Kline Institute for Psychiatric Research (psychotic depression n=
17; controls n= 23), and the University of Pittsburgh Medical
Center (psychotic depression n= 14; controls n= 25).
All patients were enrolled in the Study of the Pharmacotherapy

of Psychotic Depression (STOP-PD) II randomized controlled trial

Fig. 1 Non-negative matrix factorization (NMF). In this figure, X represents the original data matrix as the product of two matrices, B and C.
X contains the cortical thickness (CT) data (visualized above the X matrix) for each vertex (rows) and for all participants (columns). B is a matrix
that contains, in each column, the loading for each vertex on one of the K networks derived by NMF (an example is visualized above the B
matrix). C is a matrix that contains, in each row, the participant-specific coefficients (CT Scores) for each network derived from NMF. The
histogram above the C matrix illustrates a sample row of the C matrix with scores for all participants in one network. Both B and C are greater
than or equal to 0, thus elements of the factorization are non-negative. Matrices are shown with the following dimensions: V= number of
vertices, N= number of participants; K= number of networks.
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(RCT). This RCT examined the benefits and risks of continuing
olanzapine versus placebo, in combination with sertraline, in the
continuation treatment of remitted psychotic depression [54]. The
design of STOP-PD II, including the eligibility criteria, has been
described elsewhere [54, 55]. Briefly, patients were men and
women aged 18–85 years and who met the criteria for MDD with
psychotic features based on the Structured Clinical Interview for
Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition, Text Revision (DSM-IV-TR) Axis I Disorders (SCID-IV)
administered by a trained research associate. Exclusion criteria
included current or lifetime DSM-IV-TR criteria for: any other
psychotic disorder or bipolar disorder, substance abuse or
dependence within 3 months preceding enrollment, and demen-
tia preceding the index episode of depression or a 26-item
IQCODE [56] mean score ≥4 at acute phase baseline.
STOP-PD II included three consecutive phases. First, during the

acute phase, participants received open-label treatment with
sertraline (target dose: 150− 200 mg/day) and olanzapine (15–20
mg/day) for 4–12 weeks to attain remission or “near remission.”
Second, during an 8-week stabilization phase, open-label treat-
ment with sertraline and olanzapine continued to ensure that
remission was sustained. Third, a 36-week RCT phase compared
the efficacy and tolerability of sertraline plus olanzapine with
sertraline plus placebo in preventing recurrence of psychotic
depression. In line with the goal of the present study to
differentiate remitted psychotic depression from healthy controls,
all participants in the current analysis were scanned at the end of
the second phase of the study.
Healthy controls were aged 18–85 years, did not meet the

criteria for any psychiatric disorders on the SCID-IV (except for
adjustment disorder or phobic disorder), and did not have a
neurological disorder (including dementia or head trauma with
loss of consciousness). A urine toxicology screen was obtained and
controls with a positive screen, current substance abuse, or history
of substance dependence within the past 6 months were
excluded. Global cognitive impairment and comorbid physical
illness burden were assessed in patients and controls using the
Mini-Mental State Examination (MMSE) [57] and Clinical Illness
Rating Scale-Geriatrics (CIRS-G) [58], respectively. Patients with
MMSE scores <24 were excluded.
Exploratory analyses were pursued to determine the specificity

of our findings. Age-matched (>60 years of age) subsets of
participants with remitted psychotic depression (n= 35) and
healthy controls (n= 43) from our primary analysis were
compared with scans of participants with remitted non-
psychotic depression (n= 42) obtained from the Prevention of
Alzheimer's dementia with Cognitive remediation plus Transcra-
nial direct current stimulation in Mild cognitive impairment and
Depression (PACt-MD) RCT (NCT02386670) (Supplementary Mate-
rials and methods). Using procedures approved by the local
institutional review boards, written informed consent was
obtained from all participants or their legal representative prior
to the initiation of any research assessment or treatment.

Scanning and analysis of MRI data
All participants completed 3-Tesla MRI scans. Scanner models
varied by site and, prior to study start, efforts were made to
harmonize acquisition protocols with other studies at local sites
and across sites on key parameters (Supplementary Table 1).
sMRI data were preprocessed with FreeSurfer version 6.0

(Martinos Center for Biomedical Imaging). Image quality may be
reduced by motion. The mris_euler_number function in FreeSurfer
was used to derive the Euler number to quantify image quality
[59]. Registration to a template was followed by intensity
normalization, gray and white matter segmentation, and tessella-
tion of the boundaries between gray and white matter, as well as
gray matter and cerebrospinal fluid [60]. A cortical surface model

was calculated for each participant. Cortical thickness was
measured as the minimal distance between the tessellated pial
and white matter surfaces across the entire cortical mantle [61].
Cortical surfaces were inflated and normalized to the fsaverage5
template using spherical registration [62]. The spatially normalized
cortical thickness maps were smoothed using a 20mm full-width
at half-maximum isotropic Gaussian kernel.

Non-negative matrix factorization
Details about the formalization of NMF are provided in
the Supplementary Materials and methods. Code for NMF
(https://github.com/asotiras/brainparts) adopts orthonormality
constraints for the estimated structural covariance networks and
projective constraints for their respective participant-specific
coefficients [63].

Primary analysis
All statistical analyses were completed using RStudio version
1.1.453 (R Development Core Team, 2018) and included age, age2,
sex, and site as covariates. For the primary analysis comparing
patients with remitted psychotic depression and controls, a linear
model was employed as follows:
CT= intercept+ age+ age2+ sex+ site+ group.
CT here represents the average cortical thickness in an NMF-

derived structural covariance network and age includes linear and
nonlinear effects given our lifespan sample. The false discovery
rate (pFDR < 0.05) was used to correct for multiple comparisons.

Sensitivity analyses
A sensitivity analysis was performed to enhance age matching
by limiting patients with psychotic depression and controls to
those older than 30 years; this improved age matching between
patients (n= 79; mean (SD) age: 57.1 (12.9) years) and controls
(n= 105; 55.5 (13.0) years) (t= 0.861, p= 0.39). Sensitivity
analyses for education and physical illness burden were pursued
in the full sample by including years of education and total CIRS-
G scores as covariates in separate linear models. Additional
aspects of illness burden related to depression were examined
in the psychotic depression sample by including the related
SCID-IV item as a continuous (years of illness, months of current
episode) or categorical (past suicide attempt) covariate in a
linear model.

Exploratory analyses in patients with remitted psychotic
depression
Exploratory analyses were also pursued solely in the remitted
psychotic depression group. Since all of these patients were taking
sertraline and olanzapine at the time scanning, sertraline and
olanzapine dosages were both included as covariates in a linear
model. Two additional exploratory analyses examined associations
between structural covariance networks and total HAM-D scores
(for depressive symptomatology) and CGI (clinical global impres-
sion) severity scores (for severity).
Symptom scores at the time of scanning may predict future

scores and can serve as a null model. For the structural covariance
network significantly associated with symptom measures, we
applied the following models without (null model) and with the
average cortical thickness values in the network:
Y= intercept+ age+ age2+ sex+ site+ symptom score at

time of scanning.
Y= intercept+ age+ age2+ sex+ site+ CT+ symptom score

at time of scanning.
Y here represents the final available symptom score (total HAM-

D or CGI severity at the time of recurrence or completion of the
RCT). An F test was then performed to test the predictive ability of
the structural covariance network over and above the symptom
score at the time of scanning.
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RESULTS
Table 1 presents characteristics of patients with psychotic
depression at initiation of the acute phase of open-label treatment
with olanzapine and sertraline and at the end of the second phase
(i.e., at the time of scanning). The dosages were at or near target
for both sertraline (mean (SD): 164.5 (35.0) mg/day; median: 150
mg/day; mode: 150 mg/day) and olanzapine (14.9 (4.4) mg/day;
median: 15 mg/day; mode= 15mg/day). Patients with psychotic
depression had nearly two decades of illness (mean years of
illness= 17.7, SD= 17.5) and their current episode lasted a year
(mean months of episode 12.0, SD= 20.7). Over a third (n= 34) of
our sample previously attempted suicide. In terms of image
quality assurance, the Euler number for all participants was 2
(indicating no defects in image quality), irrespective of whether
they were in the remitted psychotic depression, remitted non-
psychotic depression, or healthy control group.

Primary analysis
Structural covariance networks were defined using NMF at
multiple resolutions in steps of 2 up to 30. The final 14-network
solution was chosen on the basis of two considerations. We
evaluated the gradient of reconstruction error (Supplementary
Fig. 1a), which showed only nominal decrements in error beyond
14 networks. We further checked the split-half reproducibility at
this resolution and quantified the overlap between the indepen-
dently estimated structural covariance networks for the two
subsamples using the adjusted rand index (ARI) (Supplementary
Figure 1b). The ARI was 0.39 for the 14-network solution,
suggesting that this solution is reproducible. Accordingly, the
14-network solution was used for all subsequent analyses (Fig. 2).
Patients with remitted psychotic depression consistently

demonstrated thinner cortex when compared with controls in
five networks with medium effect sizes: insular-limbic (Network 2;
t= 3.658, p < 0.001, pFDR= 0.004; d= 0.65), occipito-temporal
(Network 6; t= 2.434, p= 0.016, pFDR= 0.044; d= 0.69), temporal
(Network 8; t= 3.160, p= 0.002, pFDR= 0.008; d= 0.60),
parahippocampal-limbic (Network 11; t= 3.290, p= 0.001, pFDR=
0.008; d= 0.60), and inferior fronto-temporal networks (Network
13; t= 2.684, p= 0.008, pFDR= 0.027; d= 0.63) (Table 2 and Fig. 3).

Sensitivity analyses
When limited to participants older than 30 years of age, cortical
thickness differences between patients with remitted psychotic
depression and controls remained significant in the insular-limbic
(Network 2; t= 3.653, p < 0.001, pFDR= 0.005), temporal (Network
8; t= 3.009, p= 0.003, pFDR= 0.014), parahippocampal-limbic
(Network 11; t= 3.269, p= 0.001, pFDR= 0.009), and inferior
fronto-temporal networks (Network 13; t= 2.716, p= 0.007,
pFDR= 0.025), but not in the occipito-temporal network (Network
6; t= 1.985, p= 0.049, pFDR= 0.088).
There was no significant association between years of education

and any of the 14 networks; when controlling for years of
education, patients with remitted psychotic depression and
controls continued to show differences in the insular-limbic
(Network 2; t= 3.352, p < 0.001, pFDR= 0.013), temporal (Network
8; t= 2.818, p= 0.005, pFDR= 0.024), and parahippocampal-limbic
networks (Network 11; t= 3.040, p= 0.003, pFDR= 0.018). There
was no significant association between total CIRS-G scores and
any of the 14 networks; when controlling for total CIRS-G scores,
patients with remitted psychotic depression and controls con-
tinued to show differences in the insular-limbic (Network 2; t=
3.595, p < 0.001, pFDR= 0.005), occipito-temporal (Network 6; t=
2.490, p= 0.014, pFDR= 0.038), temporal (Network 8; t= 2.996,
p= 0.003, pFDR= 0.014), parahippocampal-limbic (Network 11; t=
3.408, p= 0.001, pFDR= 0.005), and inferior fronto-temporal net-
works (Network 13; t= 2.543, p= 0.012, pFDR= 0.038).
Sensitivity analyses were additionally pursued in a sample

limited to patients with psychotic depression. There were no

significant FDR-corrected associations between any of the 14
networks and years of illness, months of current episode, or
history of suicide attempts.

Exploratory analyses of remitted psychotic depression, remitted
non-psychotic depression, and healthy controls
Exploratory analyses were pursued to determine the specificity of
our findings. Subsets of participants with remitted psychotic
depression (69.1 (5.8) years), remitted non-psychotic depression
(69.7 (5.1)), and healthy controls (68.8 (5.1)) were successfully
matched on age (F= 0.282, p= 0.76) and group-wise differences
were examined (Supplementary Results).

Exploratory analyses in patients with remitted psychotic
depression
Exploratory analyses were also pursued exclusively in patients
with remitted psychotic depression and examined associations
between networks and medication dosages. There was no
significant association between sertraline or olanzapine dosages
and any of the 14 networks. Exploratory analyses were also
pursued to examine the association between all 14 networks and
symptom measures. The only significant association was between
the insular-limbic network and total HAM-D scores (t=−2.067,
p= 0.042) and CGI severity scores (t=−2.326, p= 0.023). The
correlation between CGI severity and total HAM-D scores at the
time of scanning (r= 0.29) increased when measured again at the
time of relapse or sustained remission (r= 0.86). We then tested
whether the insular-limbic network predicted final symptom
scores, over and above symptom scores at the time of scanning.
A linear model that included the insular-limbic network failed to
predict final HAM-D scores better than the null model (F= 3.724,
p= 0.058) without this network, however a linear model that
included the insular-limbic network predicted final CGI severity
scores better than the null model (F= 5.363, p= 0.024).

DISCUSSION
Our primary aim was to compare structural covariance networks in
patients with remitted psychotic depression and healthy controls.

Table 1. (a) Characteristics of patients and healthy controlsa and (b)
comparison of key patient variables at the acute phase and time of
scanningb.

(a) Patients (n= 86) Controls (n= 159) χ2 t (df= 243) p Value

Sex (n) M 34, F 52 M 72, F 87 0.751 0.386

Age (years) 54.5 (15.2) 44.7 (18.5) 1.970 <0.001

Education (years) 13.9 (3.5) 15.6 (2.4) −4.516 <0.001

Total MMSE 28.0 (2.0) 29.3 (1.0) −6.778 <0.001

Total CIRS-G 3.6 (3.6) 2.0 (2.0) 4.651 <0.001

(b) Acute Time of scanning t (df= 85) p Value

HAM-D 28.3 (4.6) 5.8 (3.7) 38.245 <0.001

CGI-S 5.1 (0.9) 1.4 (0.7) 31.608 <0.001

Weight (kg) 73.7 (17.9) 81.7 (17.8) −11.213 <0.001

BMI (kg/m2) 26.5 (5.8) 29.3 (5.5) −11.165 <0.001

Mean (SD) unless indicated otherwise.
F female, M male, Total MMSE Mini-Mental State Examination, Total CIRS-G
Cumulative Illness Rating Scale-Geriatrics, HAM-D 17 Item Hamilton
Depression Rating Scale, CGI-S Clinical Global Impression Severity, BMI
body mass index.
aSignificance is reported for two-sample, two-tailed t tests, assuming equal
variance.
bSignificance for the comparison of variables at the acute phase to time of
scanning is reported for paired, one-tailed t tests, assuming equal variance.
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We found that patients with remitted psychotic depression had
significantly thinner cortex in five networks (insular-limbic,
occipito-temporal, temporal, parahippocampal-limbic, and inferior
fronto-temporal) and confirmed our hypothesis that affected
networks incorporated cortico-limbic regions. Our second aim was
to explore associations between networks and symptom scores.
We confirmed our hypothesis and found that total HAM-D and CGI
severity scores at the time of scanning were associated with the
insular-limbic network. This network also predicted final CGI
severity scores better than the CGI severity scores at the time of
scanning, providing evidence for a clinically relevant brain-
behavior relationship.
Our exploratory results across depression groups suggest trait-

level abnormalities in networks specific to remitted psychotic
depression, rather than remitted depression in general. The five
networks in our primary analysis demonstrated significantly
thinner cortex in patients with remitted psychotic depression
when compared to remitted non-psychotic depression. With
reference to the literature, gray matter volume reductions in the
dorsal anterior cingulate and bilateral insula have been observed
in a large, transdiagnostic meta-analysis [64]. In contrast, our
networks were derived from cortical thickness, not gray matter
volume, and identified networks with regions beyond the dorsal
anterior cingulate and insula. A recent ENIGMA study examined
cortical thickness in a sample that combined remitted and
unremitted depression and healthy controls [65]. Significantly
thinner cortex was observed in the orbito-frontal, cingulate, insula,
and temporal cortex in this study. These results stand in partial
contrast to our lack of differences between remitted non-
psychotic depression patients and controls. However, the ENIGMA

study included actively ill patients and analyses were regional
rather than network-based. It remains possible that a much larger
sample of patients with non-psychotic depression across the
lifespan may have revealed differences compared to controls
using the NMF approach.
Our results are based on the largest sample of patients with

remitted psychotic depression collected to date. The size of this
sample and ability of NMF to parcellate cortical thickness data into
networks allowed for robust analyses to be pursued. Our results
partly fit with previous structural findings, although it is
noteworthy that the smaller sample size and region of interest-
based approaches of previous studies have rendered inconsistent
results. For example, the insular cortex and hippocampi have been
implicated in psychotic depression [26]. In unremitted psychotic
depression, decreases in hippocampal and subcallosal cingulate
volume [66], decreases in amygdalar (and not hippocampal)
volume [36], and increases in amygdalar volume and decreases in
SCC volume (without any significant change in hippocampal
volume) [37] have all been reported. When viewed more broadly
in terms of frontal, temporal, and posterior gray matter, no
differences have been noted in patients with unremitted
psychotic depression [35]. Differences between the literature
and our results may be due to our cortical thickness network
approach, the remitted status of our patients, or our larger sample.
NMF has been used to identify networks implicated in brain-

behavior relationships [47–50]. These brain-behavior relationships
support the pertinence of the associations we found between the
insular-limbic network and depressive symptom and severity
scores. NMF networks have also been found to relate to functional
brain networks [51]. This structure–function relationship is also

Fig. 2 Structural covariance networks derived using non-negative matrix factorization (NMF). Structural covariance networks are shown
for the 14-network NMF solution. The spatial distribution of each network is indicated by loadings at each vertex in arbitrary units. Structural
covariance networks include: (1) fronto-parietal; (2) insular-limbic; (3) occipital; (4) fronto-polar; (5) dorso-lateral prefrontal; (6) occipito-
temporal; (7) pre-central; (8) temporal; (9) post-central; (10) temporo-polar; (11) parahippocampal-limbic; (12) cingular-post-central; (13) inferior
fronto-temporal; and (14) inferior frontal networks.
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present in our analyses, with some overlap between our structural
brain networks (particularly the insular-limbic network) and
previously reported abnormalities in R-fMRI brain networks
[31, 32].

Our findings can be viewed through a limbic system or central
autonomic network (CAN) lens. The limbic system has been
implicated in depression across the lifespan [67–69]. Evolutiona-
rily, the limbic system rings the base of the cortex and forms a
component of all cortical systems [70]. Consistent with our
findings, there is evidence for connectivity between the insular
cortex and the limbic system [71]. The growing literature on
prediction error [72, 73] and its association with interoception in
depression [74] and the insular cortex [75] provides evidence for
the behavioral manifestation of insular-limbic dysfunction, as do
theories of delusion formation in psychotic depression [34]. We
have previously reported R-fMRI abnormalities between the DMN
and insula in psychotic depression [31]. Medial regions of the DMN
correspond to dorsal aspects of the limbic system and are
connected via the dorsal cingulum [76]. Thus, there may be an
interplay between our current structural findings and previous
functional observations.
The CAN regulates the central and autonomic nervous system

and includes cortical and subcortical regions [77–80]. The cortical
insular-limbic and parahippocampal-limbic networks we identified
include core CAN regions [80]; however, they do not include
subcortical regions. Alternatively, our findings may better relate to
cortically based general networks of cognition which support
conscious, emotional feelings [81]. These cortical networks are
held to give rise to higher-order representations of lower-order
information and thereby provide a non-subcortical substrate for
feelings.
Nodes of cortico-limbic networks have translational potential.

Intermittent theta-burst TMS has demonstrated modulation of
prefrontal-insular functional connectivity [82]. Engaging cortico-
limbic circuits with novel pharmacological treatments may prove
tractable and targeting the dynamics of monoamine systems and
cortico-limbic networks is supported by animal studies [83].
Human studies have examined the interplay between oxytocin
and serotonin and the impact on cortico-limbic networks [84].
Thus, the insular-limbic network may hold translational potential
for brain stimulation, pharmacotherapy, or even as a treatment-
independent biomarker for symptomatic improvement specific to
psychotic depression.

Table 2. Structural covariance networks comparing cortical thickness in the full sample of patients with remitted psychotic depression and healthy
controls.

Network Mpt (SD) Mct (SD) β SE t p pFDR d

1. Fronto-parietal 2.205 (0.113) 2.253 (0.112) 0.020 0.013 1.563 0.119 0.139 0.43

2. Insular-limbic 2.591 (0.142) 2.678 (0.125) 0.048 0.013 3.658 <0.001 0.004 0.65

3. Occipital 2.236 (0.098) 2.276 (0.096) 0.025 0.011 2.175 0.031 0.070 0.41

4. Fronto-polar 2.484 (0.133) 2.548 (0.127) 0.025 0.014 1.790 0.075 0.105 0.49

5. Dorso-lateral prefrontal 2.446 (0.130) 2.527 (0.151) 0.019 0.015 1.272 0.205 0.220 0.57

6. Occipito-temporal 2.539 (0.102) 2.614 (0.116) 0.031 0.013 2.434 0.016 0.044 0.69

7. Pre-central 2.396 (0.136) 2.447 (0.144) 0.002 0.016 0.143 0.886 0.886 0.36

8. Temporal 2.528 (0.125) 2.607 (0.137) 0.045 0.014 3.160 0.002 0.008 0.60

9. Post-central 2.115 (0.119) 2.175 (0.117) 0.024 0.014 1.780 0.076 0.105 0.51

10. Temporo-polar 3.003 (0.134) 3.073 (0.143) 0.038 0.018 2.120 0.035 0.070 0.51

11. Parahippocampal-limbic 2.542 (0.132) 2.614 (0.107) 0.050 0.015 3.290 0.001 0.008 0.60

12. Cingular-post-central 2.537 (0.132) 2.613 (0.143) 0.028 0.015 1.878 0.062 0.105 0.55

13. Inferior fronto-temporal 2.556 (0.126) 2.638 (0.134) 0.037 0.014 2.684 0.008 0.027 0.63

14. Inferior frontal 2.497 (0.123) 2.571 (0.131) 0.025 0.014 1.742 0.083 0.105 0.58

Mpt mean cortical thickness (in mm) in a given network for patients with remitted psychotic depression (n= 86), Mct mean cortical thickness (in mm) in a given
network for healthy controls (n= 159), SD standard deviation, β regression coefficient for patients with remitted psychotic depression versus healthy controls,
SE standard error for regression coefficient, t value for testing against a mean difference of zero, p values and FDR-corrected p values are obtained from
separate linear models run for each network, d effect size expressed as Cohen’s d.

Fig. 3 Patients demonstrated thinner cortex in five structural
covariance networks. When compared with healthy control
participants, patients with remitted psychotic depression demon-
strated significant (p < 0.05, False Discovery Rate corrected) reduc-
tions in cortical thickness (CT) in five structural networks, including:
insular-limbic (Network 2); occipito-temporal (Network 6); temporal
(Network 8); parahippocampal-limbic (Network 11); and inferior
fronto-temporal (Network 13) networks. Composite network bound-
aries were obtained by assigning each vertex to the network with
the highest loading for that vertex (from the B matrix) across all 14
networks.
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Our findings should be interpreted with some additional
considerations. Although scanners were different across sites, we
controlled for site in our statistical models and selected structural
covariance networks that demonstrated split-half reproducibility
with halves that were balanced for site. We have also previously
shown that the analysis of gray matter structure from harmonized
T1-weighted scans had limited susceptibility to inter-site effects
[85]. In addition to the multi-site nature of this study, all patients
were receiving sertraline and olanzapine at the time of scanning.
Nevertheless, the unique context of patients receiving the same
medications permitted exploratory analyses of sertraline and
olanzapine dosages and no significant association between any of
the networks and dosage were observed.
In summary, we compared structural covariance networks in

patients with remitted psychotic depression and healthy controls
using a novel, data-driven approach. By applying NMF to cortical
thickness data, we isolated structural covariance networks that
implicated cortico-limbic networks, and in particular, found an
insular-limbic network related to symptom scores that also
predicted final severity scores. Future studies should examine
longitudinal changes in these networks and further examine their
usefulness in predicting treatment outcomes.
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