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Deficits in social cognition and functioning are common in major depressive disorder (MDD). Still, no study into the
pathophysiology of MDD has examined the social cognition-related neural pathways through which familial risk for MDD leads to
depression and interpersonal impairments. Using resting-state fMRI, we applied a graph theoretical analysis to quantify the
influence of nodes within the fronto-temporo-parietal cortical social cognition network in 108 generation 2 and generation 3
offspring at high and low-risk for MDD, defined by the presence or absence, respectively, of moderate to severe MDD in generation
1. New MDD episodes, future depressive symptoms, and interpersonal impairments were tested for associations with social
cognition nodal influence, using regression analyses applied in a generalized estimating equations approach. Increased familial risk
was associated with reduced nodal influence within the network, and this predicted new depressive episodes, worsening
depressive symptomatology, and interpersonal impairments, 5-8 years later. Findings remained significant after controlling for
current depressive/anxiety symptoms and current/lifetime MDD and anxiety disorders. Path-analysis models indicate that increased
familial risk impacted offspring’s brain function in two ways. First, high familial risk was indirectly associated with future depression,
both new MDD episodes and symptomatology, via reduced nodal influence of the right posterior superior temporal gyrus (pSTG).
Second, high familial risk was indirectly associated with future interpersonal impairments via reduced nodal influence of right
inferior frontal gyrus (IFG). Finally, reduced nodal influence was associated with high familial risk in (1) those who had never had
MDD at the time of scanning and (2) a subsample (n = 52) rescanned 8 years later. Together, findings reveal a potential pathway for
the intergenerational transmission of vulnerability via the aberrant social cognition network organization and suggest using the
connectome of neural network related to social cognition to identify intervention and prevention targets for those particularly

at risk.
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INTRODUCTION

Humans are a gregarious species and successful navigation of the
social environment is crucial for survival and mental and physical
well-being [1]. The human brain matures in the context of early-
life species-typical caregiving and is structurally and functionally
shaped by social interactions across the life span [2, 3]. Our
neocortex evolved and expanded disproportionately compared to
other primates, and a large proportion of it is involved in sensory-
driven as well as higher-order socio-affective processes to solve
ecological problems by means of social bonding [4]. Collectively,
these cortical regions are thought to form a core of the human
social cognition network [5-7].

Deficits in many components of human social functioning (e.g.,
social perception, empathy, emotion regulation, theory-of-mind,
social decision making, and social approach) are prominent
features of major depression disorder (MDD) and operate in a

bidirectional manner [8]. Yet, little research into the pathophysiol-
ogy of MDD has investigated the neural network underlying
social-cognitive processes. No study, to our knowledge, has
identified ‘neural signatures’ of vulnerability for depression by
investigating features of the neural network related to social
cognition in individuals at high/increased familial risk for MDD and
whether abnormalities related to the integrity of this network are
mechanisms through which familial risk for MDD leads to future
depressive episodes, severity of symptomatology, and interperso-
nal maladjustment.

Neuroimaging studies have identified a complex set of fronto-
temporo-parietal brain regions that are recruited during carefully
curated experimental tasks that engage diverse advanced
neurocognitive processes [9-11], charting a social cognition
network [12, 13]. This network includes a collection of cortical
brain regions, such as the posterior superior temporal gyrus
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(pSTG), precuneus, and posterior cingulate cortex (PCC)—support-
ing higher-level top-down explicit social cognitive processes [14],
as well as the inferior frontal gyrus (IFG) and supramarginal gyrus
(SMG)—containing mirror neurons responsive to observed and
executed actions, implicated in fast, implicit, and automatic
identification of facial expressions, action-perception, empathy
and affective mimicry [15]. In addition, recent meta-analyses
[16, 171 have confirmed anatomical similarity between the social
cognition network and the brain at rest, and numerous studies
have found concordance between resting-state connectivity and
brain connectivity during various social-based tasks [6, 18-20].
This has led researchers to speculate that during rest, when non-
social external stimuli are absent, the human brain may revert
back to a state in which social cognitions are predominant for a
continuous cognitive model to evaluate and predict the social
environment [19, 21].

Integrity of the social cognition network is hypothesized to
foster a “mental protective system” [3, 22, 23] by forming and
maintaining stable social relations throughout life [24-26] and
supporting mental countermeasures [27-29]; which in turn protect
vulnerable social members-functions, and thus mitigate the
pernicious effects of social isolation, loss, depression, and adversity
[30]. Since social functioning and skills emerge from the interaction
between different neural processing levels [7, 9, 31], the social
cognition brain structures, which support more higher-order social
abilities, not only maintain close interconnectivity but are also
connected via multiple ascending and descending projections to
other brain sub-limbic and limbic networks [2, 9, 32].

While most of the empirical research on depression concen-
trates on the ventral affective system and the modulation role of
prefrontal cortex, a limited number of studies have focused on the
fronto-temporo-parietal social cognition regions and their (un)
coordinated interactions. These studies reported reduced activity
in the network’s regions [33], as well as reduced functional
connectivity between these regions in association with the
severity, duration, and the number of depressive episodes
[34-36], which were also linked with diminished detection and
orientation toward social-environmental cues in depressed
patients [37, 38]. Still, most studies have been cross-sectional,
identifying correlates of depression within the social cognition
network and have not utilized prospective designs to test social
cognition network’s predictive validity.

Moreover, functional neuroimaging studies of the social
cognition network in depression have focused largely on brain
activation or connectivity across discrete brain substrates or
networks. This research has not focused on network organization
—for instance, the influence that a given brain region has upon
the connectivity of other brain regions or networks, and
longitudinal studies have yet to test the importance of dynamics
of the social cognition network in MDD. To index network
organization, we applied Dependency Network Analysis (DgpNA)
[39, 40], a newly developed graph theory method to quantify the
influence that a given brain region has on the connectivity of all
other nodes within a priori defined network of interest (i.e., ‘nodal
influence’; see Table S1). This method measures the direction of
influence among neural network nodes according to each node’s
partial correlation influence (see Fig. 2A-C). The higher this
measure, the greater the contribution (importance) that this node
has upon the connections of all other nodes—that is, the more
likely this node is influencing information flow across a neural
network. The DgpNA reveals crucial information that cannot be
provided by standard functional connectivity analysis of BOLD
signal and other graph theory methods, including identifying
important network hubs that may underlie specific processes, and
making inferences about the influence hierarchy of a network
without relying on the temporal resolution of the analyzed signal,
which is an advantage given the poor temporal resolution of
fMRI data.

SPRINGER NATURE

Relative to individuals at low familial risk for depression (i.e., the
absence of a history of MDD in previous generations), those at
high familial risk (i.e., offspring of individuals with moderate to
severe MDD) are 2-4 times more likely to develop depression
themselves [41]. The mechanisms through which high familial risk
for MDD leads to depression and interpersonal impairments in
offspring is unclear; it is a critical question to identify intervention
and prevention targets for those particularly at risk. A few social-
based studies which have examined the effects of maternal
depression on young offspring’s brain function and structure
reported abnormalities in a set of temporo-parietal brain regions
[42], including the IFG [43, 44] and STS/STG [45, 46].

Based on findings to date, using a 3-generation, longitudinal
study of familial depression, we sought to identify abnormalities in
the organization of the social cognition network during resting-
state fMRI (rs-fMRI) in 108 offspring at high familial risk for MDD
relative to offspring at low familial risk (by virtue of the presence
vs. absence of MDD in the first-generation probands, respectively).
We also examined whether these network abnormalities would (1)
prospectively predict new major depressive episodes, future
depressive symptoms, and interpersonal impairments and (2)
mediate the relation between familial risk and these prospective
outcomes. Furthermore, we rescanned a subsample of 52
participants 8 years later, which allowed us to examine the extent
to which differences in nodal influence between the high- and
low-risk groups were conserved over-time, and whether social
cognition network abnormalities were still present several years
later (For study design and timeline, see Fig. 1).

Three primary hypotheses were tested

(1) Individuals at high/increased familial risk for MDD would
manifest aberrant functional connectivity of the social
cognition network, namely reduced nodal influence on
connections within the network (Intra-network nodal
influence).

(2) Reduced social cognition nodal influence would predict new
major depressive episodes (first onset or recurrent epi-
sodes), more severe depressive symptoms (assessed 8 years
after MRI scanning), and interpersonal impairments (lower
prosocial behavior and worse social adjustment, assessed 5
and 8 years after MRI scanning, respectively), adjusting for
current depressive and anxiety symptoms and current/
lifetime history of major depressive and anxiety disorders
(Prospective associations).

(3) Reduced nodal influence on connections within the network
would mediate the association between high familial risk for
MDD and an individual’s future depression and interperso-
nal impairment (Mediation).

We further explored whether similar mechanisms of reduced
social cognition nodal influence would be found in connections
between this network and two other neural networks involved in
social processing, the cingulo-insular interoception and the limbic
emotional processing networks (Inter-network nodal influence;
Supplementary section; Fig. S1b, e).

METHOD

The Institutional Review Board of the New York State Psychiatric Institute
approved the study procedures. Adult participants provided informed
consent; minors provided informed assent, and a parent/guardian
provided consent.

Participants
The study began in 1982, with recruitment of first-generation (G1)
probands with moderate to severe MDD seeking treatment at outpatient
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Study design and timeline. Longitudinal study timeline. Familial risk for major depression disorders (MDD) was defined based on first

generation’s (G1) history of MDD. In ‘Time 30, year 30 of the study, participants (G2 and G3) underwent the first fMRI assessment, psychiatric
diagnosis was conducted, and depressive/anxiety symptoms were assessed. In ‘Time 35; year 35 of the study, participants reported prosocial
behavior. In ‘Time 38, year 38 of the study, psychiatric diagnosis was conducted, depressive symptoms were assessed, participants were
assessed on an interpersonal measure, and a subsample underwent a second set of fMRI scans.

facilities, and a comparison group of adults from the same community with
no lifetime psychopathology, as determined by several interviews.
Complete details on study design, sample selection, and assessments are
reported elsewhere [41].

Briefly, risk status for depression was defined based on G1, such that
offspring (second generation and third generation, G2 and G3) were
defined as “high risk” if G1 had a history of MDD and were otherwise
defined as “low risk”. The high- and low-risk families have been followed
prospectively for up to 38 years and up to eight time points (‘Times’). The
current study is based on year 30 of the study (‘Time 30’), at which time the
first fMRI assessment was completed, and years 35 (‘Time 35) and 38
(Time 38), at which clinical and interpersonal outcomes data were
collected, and a second fMRI assessment was collected in a subsample. The
present study utilized data from the G2 (biological children of G1) and G3
(grandchildren of G1) participants who were fMRI-scanned at the ‘Time 30’
after the initial start of the study, from 43 original families (children and/or
grandchildren of 43 G1 proband). As shown in Table 1, at Time 30, data
were collected from 108 participants with mean age (standard deviation)
of 31.8 [14] and 56 (52%) identifying as women. Of the 108 participants, 62
(57%) were subsequent family members of depressed probands (genera-
tion 1) (=high-risk families) and 46 of family members of non-depressed
probands (generation 1) (=low-risk families). Fifty-eight percent drew from
generation 3, with mean age of 21.4 (4.91), and 49% being women. Of the
108 participants in the initial ‘Time 30" fMRI sample, 94, 93, 92, and 83
participants were assessed on a battery of clinical and interpersonal
measures: social adjustment, new MDD episodes, depressive symptoms,
and prosocial behavior, respectively, and 52 underwent a second set of
fMRI scans, 8 years later [sex: 28 females, 53.8%; age: 21-62 years old,
mean: 37.5 + 12.9; risk: 28 from high-risk families, 53.8%, generation: 20 G2,
38.5%)]. For study design and timeline, see Fig. 1; for more demographic
and clinical characteristics of participants, see (Table 1 and Table S2a, b).
Also, we examined short-term (i.e., two resting fMRI runs within the same
scanning session) and long-term reliability (i.e., Time 30’ and ‘Time 38’ fMRI
scans). All participants were Caucasian, and G1 participants were all drawn
from the same community. Exclusion criteria consisted of psychotic
symptoms, pregnancy, and MRI contraindications.

Assessments

Psychopathology was assessed at each time point using the semi-
structured Schedule for Affective Disorders and Schizophrenia-Lifetime
interview for adults SADS [47] and the children’s version (K-SADS) for
participants up to 18 years of age [48] at up to eight time points over up to
38 years. Interviews were conducted by trained doctoral or master’s level
mental health professionals who were blinded to the clinical status of the
parents and other generations (see Supplementary Methods). At ‘Time 30’,
depressive symptoms were assessed using the Hamilton Depression Rating
Scale [49] or the Children’s Depression Rating Scale [50], and anxiety
symptoms were determined by the Hamilton Anxiety Rating Scale [51] and
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the Revised Children’s Manifest Anxiety Scale [52] for adults and children,
respectively. We selected measures a priori from a follow-up battery for
depressive symptoms that included: (1) Depressive symptoms at ‘Time 38’,
using the patient health questionnaire-9 [53], and (2) New MDD episodes
(New episodes vs. No new episodes) after ‘Time 30’ and up to ‘Time 38’ of
the study, from the SADS and K-SADS.

Interpersonal outcomes included: (1) Prosocial behavior at ‘Time 35, using a
15 item ‘prosocial’ scale [used here as a synoptic term covering elements of
compassion, social connectedness, and human engagement; prosocial scores
were transformed into z-scores; see Supplementary Methods and [54]]; and
(2) Interpersonal impairment at ‘Time 38’, assessed using the Social Adjustment
Scale-Self Report (SAS-SR) Short version, a 32-item widely used, validated
measure, that assesses overall social adjustment (e.g., work, social, and leisure
activities, relationships with “nuclear” and extended family members) over the
past 2 weeks. A higher score indicates greater social impairment. Complete
details on the SAS-SR-Short are reported elsewhere [55, 56].

Imaging

Image preprocessing. Structural MRI scans were processed using Free-
Surfer V6.0. rs-fMRI images were initially pre-processed with the following
steps in FSL: (1) slice timing correction [57, 58], (2) motion correction using
rigid body translation and rotation, (3) coregistration of structural and
functional images using boundary-based registration [59]. Linear regres-
sion using multiple nuisance regressors was applied. Nuisance regressors
consisted of global signal, six motion parameters, averaged white matter
signal, and averaged cerebrospinal fluid signal, as well as their temporal
derivatives (18 regressors in total). Mean Framewise displacement (FD) and
voxel-wise differentiated signal variance (DVARS) were computed using
fsl_motion_outliers [60]. We also used “scrubbing” by removing outlier
volumes, defined as FD > 0.5 mm from the previous frame or DVARS > 50
[61]. If rs-fMRI runs had more than ~30% of the volumes flagged as outliers,
the run was removed completely from subsequent analysis. Mean FD and
DVARS, as well as the number of scrubbed volumes, are summarized across
two groups—see Fig. S2. Finally, the fMRI was spatially smoothed by 8 mm
FWHM Gaussian kernel, and temporally band-pass-filtered (0.009-0.08 Hz).

Definition of networks of interest. Relevant comprehensive and updated
meta-analyses of neuroimaging studies were used to define the social
cognition network [12]. Eleven regions were defined within the social
cognition network (see Fig. 2A, blue nodes). Seeds from this network have
been repeatedly shown in studies on the social brain and neural network
for social cognition to underpin human sensory-driven as well as higher-
level social-affective social processes, behavior, and bonding (for reviews
and meta-analyses see: [7, 12, 62, 63]). In sum, we generated 11 spherical
seeds (radius=5mm) from predefined coordinates (see Table S1).
Definition of the two other networks of interest (interoception and
emotional processing) is described in the Supplementary Methods and
Materials.
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Intra-Network Nodal Influence

Fig. 2 The social cognition network and dependency network analysis (DgpNA). In the top panels, we depict the social cognition network:
A Blue nodes within social cognition network; In the bottom panels, we explain the core metrics in the dependency network analysis [39];
B correlation influence which measures the relative effect of region S3 on the function correlation between S1 and S2; € node influence within
the same network “S” (Intra-network nodal influence); D a repeated measure general linear model (GLM) revealed significant main effect of
familial risk status (F=9.18, p = 0.003). High familial risk compared with low familial risk for MDD was associated with reduced right IFG and
pSTG nodal influence on connections within the social cognition network. Standardized means + SEM is shown. xpFDR < 0.05. IFG inferior
frontal gyrus, SFG superior frontal gyrus, SMG supramarginal gyrus, MTG middle temporal gyrus, pSTG posterior superior temporal gyrus, PCC

posterior cingulate cortex, MFG middle frontal gyrus.

Functional connectivity analysis. We first extracted the average time series
from each seed region. We then adopted a newly developed graph-based
analysis, DgpNA [39], to examine the directional information flow between
different nodes or networks. The basic calculation unit of DgpNA is called
correlation influence, or nodal influence, which measures the relative effect
of a given node, S3, on the correlation between two other nodes, S1 and
S2 (Fig. 2B). The mathematical definition of nodal influence of S3 is: Nodal
Influence (S3) = Correlation (S;, S,)— Partial correlation (S;, S | Ss).
Extending this to the network level, we define intra-network nodal
influence as the sum of the nodal influences of S3 upon all pairwise
combinations of nodes within the network in which S3 is found (Fig. 2C).
We utilized this method to evaluate the nodal influence of each of the 11
nodes of the social cognition network based on its intra-network (social
cognition network). See [39] for a detailed description of this method.

Analytic strategy

Regressions analysis. All analyses applied a generalized estimating
equations (GEE) [64]; approach by means of the GENMOD procedure in
the SAS software package, so as to estimate parameters while adjusting for
the correlation of within-subject data (longitudinal studies) and other
studies in which data are clustered within subgroups (nonindependence
resulting from family relatedness). GEE models can handle a variety of
correlated measures that arise from family research or correlated data that
arise from longitudinal studies [65-67]. To accurately reflect the original
study design, all analyses adjusted for generation when analyzing the
sample. In addition, age and sex were considered a priori confounding
variables and were included in all statistical models. We first examined the
associations between familial risk for MDD (high = 1; low = 0) and nodal
influence on connections within the social cognition network (Intra-
network nodal influence) at ‘Time 30'". Using separate linear regressions (for
each social cognition predefined region), with familial risk status as the
independent variable and the nodal influence on the network connections
as the dependent variables (continuous variables), while adjusting for
confounding variables as covariates, as well as current/lifetime history of
MDD up to ‘Time 30" (no MDD =0, MDD = 1). Next, we examined the
longitudinal associations between nodal influence on connections within
the social cognition network at ‘Time 30’ and future depression [depressive
symptoms at ‘Time 38 (a continuous variable), and new depressive
episodes between Time 30-38’ (no new episodes = 0; new episodes = 1)]
and interpersonal impairments [prosocial behavior at ‘Time 35 (a
continuous variable) and social impairments at ‘Time 38’ (a continuous
variable)]. Linear regressions (for each social cognition region) were used

Neuropsychopharmacology (2022) 47:531 - 542

for continuous outcomes (depressive symptoms and interpersonal
impairments) and logistic regressions for binary outcomes (new depressive
episodes). Social cognition network nodal influence was the independent
variable and depressive and interpersonal outcomes as the dependent
variables. We controlled for confounding variables and included current/
lifetime history of MDD and Anxiety disorder up to ‘Time 30" and current
depressive and anxiety symptoms at ‘Time 30’ (a continuous variable) as
covariates, so that directionality of the associations could be more clearly
modeled.

We controlled the false discovery rate (FDR) using the Benjamini-
Hochberg (B-H) procedure [68]. Under this procedure, the adjusted alpha
level that yields an overall FDR of 5% is 0.01, so we report all p values equal
or less than 0.01 as significant, under this adjustment.

Mediation analysis

To examine whether social cognition nodal influence mediated the
associations between family risk for MDD and depressive and interpersonal
outcomes, four mediation tests were performed using PROCESS Macros for
SPSS 26, developed by Preacher and Hayes [69]. We first examined the
total effects of the family risk for MDD (independent variable) on the
outcomes (dependent variables) using linear or logistic regressions. Next,
we ran the mediation analyses. All mediation analyses included family risk
for MDD as the “A” factor, nodal influence as the “B” factor (mediator) and
future outcomes as the “C” factor. Unstandardized indirect effects were
computed for each of 5000 bootstrapped samples, and the 95%
confidence interval was computed by determining the indirect effects at
the 2.5th and 97.5th percentiles. Effects of other covariates (age, sex,
generation, and current/or lifetime history of MDD) were also controlled for
in the mediation analyses.

RESULTS

Demographics and descriptive statistics

As shown in Table 1, significantly different distributions of current/
lifetime diagnosis were observed across familial risk status (high
vs. low) (p values between 0.002 and 0.0001), and significantly
different current symptomatology mean scores were observed
across familial risk status (p values between 0.03 and 0.006). As for
the future clinical and interpersonal variables (outcomes), number
and percentages of participants with new MDD episodes, and

SPRINGER NATURE

535



E. Abraham et al.

536

mean scores (standard deviation) of prosocial behaviors at ‘Time
35’, and depressive symptoms and social impairments at ‘Time 38’
are displayed in Table S2a. Significantly different distributions
were observed across familial risk status (p values between 0.01
and 0.04), with no significant differences between generations
(Tables S2b).

Hypothesis 1: Social cognition intra-nodal influence

Table 2 provides a list of findings with an asterisk denoting
statistical significance (Prpr < 0.05). We found that high/increased
familial risk for MDD was associated with reduced Intra-social
cognition network nodal influence of the right IFG (8 = —0.26, p =
0.006, GFDR < 0.05) and right pSTG (8 = —0.22, p = 0.0001, gFDR <
0.05) (see Fig. 2D). Findings held when controlling for current/
lifetime history of MDD (MDD up to ‘Time 30'), as well as current
anxiety symptoms at ‘Time 30" and current/lifetime anxiety
disorder (Table S8). Also, these findings were similar in the
restricted set of individuals (n = 65) who had no current/lifetime
history of MDD at the time of the fMRI scan (Table S12),
suggesting that lower Inter-social cognition network nodal
influence was not due to higher rates of current or lifetime
MDD. Interaction terms testing if generation moderated the
associations observed in the full sample failed to reach
significance (Table S7). Finally, we stratified the data by generation
and age range: (1) under 18 years old; (2) 18-45 years old; (3) over
45 years old and ran additional linear regressions. Results showed
that regardless of the age range, the high-risk participants showed
decreased nodal influence of the right IFG and pSTG on
connections within the social cognition network (Table S4).
Separate analyses for G2 (Table S5) and G3 (Table S6) generation
showed a similar pattern of results.

Hypothesis 2: Prospective associations. Associations between
clinical and interpersonal outcomes are shown in Table S3. Table 2
provides a list of findings with an asterisk denoting statistical
significance (PFDR < 0.05). In each of the following models, we
added current/ lifetime history of MDD and current depressive
symptoms (‘Time 30’) as covariates.

(1) Depression—reduced Intra-social cognition network nodal
influence of the left IFG (8= -0.14, p=0.02, did not
withstand FDR correction), right IFG (8 =—-0.16, p=0.01,
Pepr < 0.05), left superior frontal gyrus (SFG; 8= —0.14, p =
0.009, Pror < 0.05), right SMG (8 = —0.21, p = 0.0007, Pepg <
0.05) as well the right pSTG (8 = —0.2, p = 0.003, Prpg < 0.05)
and the posterior cingulate cortex (PCC; 8=-0.22, p=
0.0005, Prpr<0.05) predicted more severe depressive
symptoms, 8 years later. Reduced nodal influence of the
right pSTG predicted new MDD episodes (B=—0.14, p =
0.006, Prpgr < 0.05).

(2) Interpersonal impairments—reduced Intra-social cognition
network nodal influence of the left IFG (8=0.19, p =0.02,
did not withstand FDR correction) predicted worse prosocial
behavior, 5 years later. Reduced social cognition Intra-
network nodal influence of the left IFG (8 = —0.19, p = 0.02,
did not withstand FDR correction), right IFG (8=—-0.2, p=
0.008, Prpr<0.05), left middle temporal gyrus (MTG; 8=
—0.16, p = 0.02, did not withstand FDR correction), and PCC
(8= —0.23, p =0.01, Prpr < 0.05) predicted future deficits in
interpersonal adjustments, 8 years later.

Results remained significant after controlling for current anxiety
symptoms at ‘Time 30" and current/lifetime anxiety disorder
(Table S8). Interaction terms testing whether generation moder-
ated the associations observed in the full sample failed to reach
significance (Table S7). Further results of age and generation
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effects are shown in Table S4-6. Findings were similar in the
restricted set of individuals (n = 65) who had no current/lifetime
history of MDD at the time of the fMRI scan (up to ‘Time 30')
(Table S13, 14), indicating that a lower degree of intra-social
cognition network nodal influence was also predictive of first
onset of depression, depressive symptoms, and interpersonal
impairments. Also, for individuals with a current/lifetime history of
MDD at time of fMRI scan (n = 36), reduced nodal influence of the
right pSTG predicted recurrent MDD episodes after ‘Time 30" and
until ‘Time 38’ (Table S15).

Hypothesis 3: Mediation. To examine whether reduced Intra-
social cognition network nodal influence accounted for the
association between familial risk for MDD and future depression
and interpersonal outcomes, we ran four mediation analyses and
included age, sex, generation, and current/lifetime history of MDD
as covariates. We restricted these analyses to two key nodes
within the social cognition network; the right IFG and right pSTG,
in which increased familial risk for MDD was associated with
reduced nodal influence, and reduced nodal influence predicted
clinical and/or interpersonal outcomes. As shown in Fig. 3.1a, b,
the relationship between familial risk for MDD and future
depressive symptoms, 8 years later, was significant (total effect)
and mediated by Intra-network nodal influence of right pSTG. The
regression coefficient between increased familial risk for MDD and
reduced Intra-network nodal influence of right pSTG was
statistically significant, as was the regression coefficient between
the reduced intra-network nodal influence of right pSTG and
greater future depressive symptoms. The bootstrapped unstan-
dardized indirect effect was 0.45, and the 95% confidence interval
ranged from 0.04 to 1.06. Thus, the indirect effect was statistically
significant. No significant indirect effect of familial risk on
depressive symptoms through right IFG nodal influence was
found [indirect effect: 0.225 (0.25), 95% Cl: —0.219-0.795]. Next, as
shown in Fig. 3.2a, b, the relationship between familial risk for
MDD and new depressive episodes (no = 0, episode = 1) was not
significant (total effect), but mediated by Intra-network nodal
influence of right pSTG. The regression coefficient between high
familial risk for MDD and reduced Intra-network nodal influence of
right pSTG was statistically significant, as was the regression
coefficient between the reduced intra-network nodal influence of
right pSTG and new depressive episodes. The bootstrapped
unstandardized indirect effect was 0.44 and the 95% confidence
interval ranged from 0.05 to 1.54. Thus, the indirect effect was
statistically significant. Finally, as shown in Fig. 3.3a, b, the
relationship between familial risk for MDD and interpersonal
impairments, 8 years later, was significant (total effect) and
mediated by Intra-network nodal influence of right IFG. The
regression coefficient between high familial risk for MDD and
reduced Intra-network nodal influence of right IFG was statistically
significant, as was the regression coefficient between reduced
Intra-network nodal influence of right IFG and social impairments.
The bootstrapped unstandardized indirect effect was 0.07 and the
95% confidence interval ranged from 0.002 to 0.16. Thus, the
indirect effect was statistically significant.

Control and inter-network nodal influence analyses

Control analyses. We explored if reduced nodal influence of the
right IFG and pSTG in the high-risk group was specific to
connections within the social cognition network or a general
feature in the high-risk group. To do so, we examined associations
between familial risk for MDD and nodal influence of the right IFG
and pSTG on functional connections across the whole brain
(defined from Power atlas; [70]), and whether these influencing
degrees predicted future clinical and interpersonal impairments.
Nodal influences of the right pSTG and IFG on connections across
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Table 2. Social cognition intra-network nodal influence.

Region (Social cognition)

L IFG —-0.14
R IFG —0.26
L SFG 0.11
R SMG —0.12
L Precuneus 0.05
R Precuneus 0.12
L MTG 0.06
R pSTG —0.22
PCC 0.08
L MFG —0.03

Hypothesis 2—prospective associations
Outcome: depressive symptomatology (‘Time 38’)

L IFG —0.14
R IFG —0.16
L SFG —0.14
R SMG —0.21
L Precuneus 0.001
R Precuneus —0.002
L MTG —0.008
R pSTG —0.2
PCC —0.22
L MFG —0.16
Outcome: new MDD episodes (‘Time 30-38’)

L IFG 0.35
R IFG 3.61
L SFG 1.57
R SMG —2.51
L Precuneus —0.20
R Precuneus 2.13
L MTG 5.11
R pSTG —14.05
PCC —8.45
L MFG —2.30
QOutcome: prosocial behavior (‘Time 35’)

L IFG 0.19
R IFG 0.03
L SFG —0.07
R SMG 0.02
L Precuneus —0.05
R Precuneus —0.05
L MTG —0.04
R pSTG 0.10
PCC 0.08
L MFG —0.02
Outcome: social impairments (‘Time 38’)

L IFG —0.19
R IFG —0.20
L SFG —0.06
R SMG —0.05
L Precuneus —0.16
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Standardized beta
Hypothesis 1—predictor: familial risk for MDD

SE

0.08
0.09
0.10
0.08
0.10
0.08
0.11
0.05
0.07
0.09

0.06
0.07
0.05
0.06
0.06
0.08
0.07
0.06
0.06
0.11

4.52
8.93
4.16
3.19
4.68
3.35
5.11
5.16
5.14
4.94

0.07
0.09
0.07
0.08
0.07
0.05
0.10
0.08
0.07
0.09

0.08
0.07
0.07
0.12
0.07

95% Cl

—0.18-0.18
—0.45 to —0.07
—0.08-0.31
—0.3-0.04
—0.15-0.25
—0.04-0.29
—0.14-0.28
—0.33 to —0.11
—0.05-0.22
—0.19-0.16

—0.25 to —0.01
—0.33 to —0.04
—0.24 to —0.03
—0.33 to —0.09
—0.12-0.12
—0.16-0.16
—0.16-0.14
—0.33 to —0.06
—0.34 to —0.09
—0.38-0.06

8.5to —9.23
13.8 to —21.12
—6.58-9.73
—8.7-3.7
—9.37-8.97
—4.44-8.72
—2.9-15.72
—24.15 to —3.94
—18.52-1.62
—11.98-7.38

0.01-0.31
—0.14-0.21
—0.21-0.06
—0.14-0.19
—0.20-0.10
—0.17-0.12
—0.24-0.16
—0.07-0.25
—0.06-0.23
—0.19-0.15

—0.35 to —0.02
—0.35 to —0.04
—0.21-0.08
—0.29-0.19
—0.31 to —0.02

-1.6
—2.71
1.1
1.4
0.5
1.4
0.6
—3.8
1.2
—-04

—2.28
—2.58
—2.61
—3.40

0.02
—0.02
—0.11
—2.85
—3.51
—1.38

0.08
0.4
0.38
—-0.79
—0.04
0.64
1.12
—2.72
11.62
-0.47

2.18
0.37
-1.03
0.30
—0.66
—0.94
—0.38
1.12
1.06
—0.23

—2.22
—2.58
—0.90
—0.42
—2.24

p value

0.10
0.006*
0.26
0.15
0.61
0.16
0.55
0.0001*
0.22
0.68

0.02
0.01*
0.009*
0.0007*
0.98
0.98
0.91
0.003*
0.0005*
0.16

0.93
0.68
0.70
043
0.96
0.52
0.29
0.006*
0.1
0.64

0.02
0.70
0.30
0.76
0.50
0.34
0.70
0.25
0.28
0.82

0.02
0.008*
0.36
0.67
0.02
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Table 2 continued

Region (Social cognition) Standardized beta SE 95% Cl V4 p value
R Precuneus 0.008 0.09 —0.18-0.19 0.08 0.93

L MTG —0.16 0.07 —0.3 to —0.008 —2.08 0.02

R pSTG —0.07 0.09 —0.2-0.12 —0.75 0.45
PCC —0.23 0.09 —0.41 to —0.05 —2.51 0.01*

L MFG 0.03 0.11 —0.19-0.26 0.27 0.78

Controlled for age, sex, generation, history of MDD (up to Time 30), and current depressive symptoms at Time 30. Higher scores in PHQ9 denote more severe
depressive symptoms. New episodes of MDD: 1 = Yes, 0 = No episode. Higher scores in “prosocial behavior” denote greater prosocial behavior; Higher scores
in Social Adjustment Scale (SAS-SR) denote poorer social adjustment/higher interpersonal impairment.

IFG inferior frontal gyrus, SMG supramarginal gyrus, MTG middle temporal gyrus, pSTG posterior superior temporal gyrus, PCC posterior cingulate cortex, SFG
superior frontal gyrus.

*P < 0.05 FDR corrected.

Indirect effects of Intra-’Social cognition’ nodes
1a 2a

| Familial Risk

| MDD 2.43 (1.01) [95% Cl: 0.44-4.43]**

Familial Risk
MDD

New MDD episodes
l (between Time 30-38)

. .
symptoms (Time 38) 0.55 (0.40) [95% Cl: -0.24-1.34]

2b

Intra-social cognition
Intra-social cognition

‘ Right pSTG (Time 30

Right pTG (Time 30) [\ Ll :

).o)
2
Gy
s,
0.

| Familial Risk direct effect: 2.1 (0.93) [0.41-4.12]* Depressive EariEal ek crecefiect 056 057 L0560 [ Seneen Time 303
1 MBD indirect effect: 0.46 (0.26) [0.04- 1.06]* symptoms (Time 38) MDD indirect effect: 0.44 (0.39) [0.05- 1.54]* il

3a

Social
(Time 38)

Familial Risk
MDD

0.23 (0.11) [95% Cl: 0.009-0.45]*

3b

Intra-social cognition
Right IFG (Time 30)

direct effect: 0.02 (0.57) [-0.18-0.23]

[ Social
(Time 38)

Familial Risk |
MDD |

indirect effect: 0.07 (0.04) [0.002- 0.16]*

Fig. 3 The indirect effects of intra-social cognition network nodal influence on future depression and interpersonal impairments. 1a
There was a significant effect of family risk for MDD (0 = low; 1 = increase/high risk) on depressive symptoms at ‘Time 38. 1b A significant
indirect effect was detected, indicating that reduced influence of right pSTG on connections within the social cognition network mediated the
effect of family risk on future depressive symptoms. 2a There was a non-significant effect of family risk for MDD on new major depressive
episode between ‘Time 30’ and ‘Time 38’ 2b However, a significant indirect effect was detected, indicating that reduced influence of right
pPSTG on connections within the social cognition network mediated an effect of family risk on future depressive episodes (‘Time 30-38'). 3a
There was a significant effect of family risk for MDD on social impairment ‘Time 30' 3b A significant indirect effect was detected, indicating
that reduced influence of right IFG on connections within the social cognition network mediated an effect of family risk on future
interpersonal impairments. All covariates were held constant during these analyses but not presented for reasons of simplicity. Higher scores
in PHQ9 denote greater severity of depressive symptoms. Higher scores in Social Adjustment Scale (SAS-SR) denote higher social impairments.
*P < 0.05; **P < 0.01.

the whole brain were not associated with familial risk for MDD or who were rescanned at ‘Time 38, 8 years after the initial scans

linked with future outcomes (Table S16).

Inter-network nodal influence analyses (see Supplementary informa-
tion). We also conducted identical analyses (Hypotheses 1 and 2)
for the inter-network nodal influence, namely, the influence of the
social cognition nodes on connections within the interoception
and emotional processing networks (Tables S9-11).

Reliability

We found similar associations between familial risk for MDD and
social cognition nodal influence in a subsample of 52 participants
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(Table S17). We also assessed the short-term (across two runs
within a scanning session) and long-term (between scanning
sessions; ‘Times 30-38') test-retest reliability of social cognition
nodal influence based on intraclass correlation coefficient (ICC).
Overall nodal influence within the social cognition network
showed moderate to good short-term reliability (ICCs =0.56 +
0.14 within ‘Time 30’, 0.51 + 0.21 within ‘Time 38’), and moderate
long-term reliability from ‘Times 30-38’ (ICCs = 0.44 + 0.15). The
short-term ICCs of the right IFG and pSTG were 0.49 and 0.47 at
Time 30’, 0.61 and 0.47 at ‘Time 38’, and long-term ‘Times 30-38’
ICCs of the two nodes were 0.42 and 0.54, respectively.

Neuropsychopharmacology (2022) 47:531 - 542



DISCUSSION

To our knowledge, this is the first longitudinal study of a high-risk
population to test prospective associations between the organiza-
tion of the social cognition network and subsequent psycho-
pathology and specific facets of social maladjustment. Following
individuals at increased familial risk for depression (a high-risk
design) over almost a decade and integrating scientific meth-
odologies from diverse fields including psychiatry, psychology,
and social neuroscience, we identified potential social cognition
network-based biomarkers of vulnerability for developing depres-
sion and investigated potential mediational mechanisms for why
high family risk for MDD prospectively predicts negative clinical
and interpersonal outcomes.

Several key findings emerged from this longitudinal study. First,
we applied a novel graph theory analysis to identify important
network hubs that may drive socio-cognitive processes, and found
that relative to individuals at low familial risk for MDD, those at
increased risk showed reduced nodal influence of the right IFG
and right pSTG on connections within the social cognition
network. Second, we found that reduced nodal influence of
various social cognition regions on connections within the
network predicted greater severity of depressive symptoms at 8-
year follow-up and recurrent and first onset of major depressive
episodes across 8 years, in those with and without a current or
lifetime history of MDD at Time 30, respectively. Third, we found
that reduced nodal influence predicted deficits in interpersonal
adjustment (i.e., difficulties in fulfilling various social roles in life) at
8-year follow-up. Findings remained significant after controlling
for current depressive and anxiety symptoms as well as current/
lifetime major depressive and anxiety disorders. Results suggest
that reduced nodal influences of the right pSTG and IFG are
network specific as their degree of influencing across the whole
brain was not associated with either familial risk for MDD or future
outcomes. Also, findings were similar in the full sample and
participants with no current or lifetime history of MDD, suggesting
that altered neural organization within the social cognition
network may be a precursor to depression. Importantly, mediation
analyses suggested that reduced nodal influence of right pSTG
mediated the effect of familial MDD history on both future
depressive symptoms and new MDD episodes, while reduced
nodal influence of right IFG mediated the effect of familial MDD
history on future deficits in interpersonal adjustment. Finally, we
observed moderate to good short-term (within scanning session)
and long-term (between scanning sessions) test-retest reliability of
our nodal influence measures, higher than that of ROI-to-ROI
functional connections reported in recent meta-analyses [71]. Also,
associations between Intra-network nodal influence of the right
IFG and right pSTG and familial risk for depression were similar
over-years.

While previous neuroimaging studies of depression have
primarily centered around the failure in the coordinated interac-
tion between the mPFC and limbic areas [72], our findings extend
previous findings by demonstrating the putative role of the
fronto-temporo-parietal cortical social cognition network in
depression development. Through a large-scale network perspec-
tive, the right IFG and right pSTG appear to be two major social
cognition-related regions that play a less active role in shaping the
network connectivity among individuals at increased familial risk
for MDD and these regions may be critical mechanisms through
which future depression and interpersonal impairments develop.

Our longitudinal findings provide the first evidence for potential
pathways—namely, the social cognition network organization—
that link familial risk for MDD and individuals’ depression and
interpersonal impairment. Interestingly, while both reduced nodal
influence of the right pSTG and right IFG were predicted by
increased familial risk for MDD, path-analysis models charted two
pathways of family risk for MDD—social cognition network
organization: one mediated by the right pSTG and is associated
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with future depression, whereas the other by the right IFG and is
linked with interpersonal impairment. Findings indicate that
increased family risk for MDD may lead to individual's aberrant
social cognition network organization, namely reduced nodal
influence of the right pSTG and right IFG, which in turn may lead
to future depression (greater severity of symptoms and new MDD
episodes), as well as worse future social adjustment, respectively.

These findings coincide with previous longitudinal magnetoen-
cephalography studies showing that persistent maternal depres-
sion impairs the offspring’s ‘social brain’ functionality, namely in
the right STS/STG, in response to attachment-specific, social-
general cues [45], and others’ distress [46]. Also, studies reported
that children at risk for MDD showed resting-state functional
connectivity abnormalities in the right IFG, compared to a control
group [73], and adolescent females at high familial risk for MDD
who developed depression (the “non resilient” group) showed
weaker functional connectivity between the right IFG, STG and
prefrontal regions [74]. Finally, a study using diffusion tensor
imaging tractography found diminished neural concordance in
STG connectivity among dyads with a depressed parent [75].

The pSTG, the most integrative node of the social cognition
network, is involved in fast-paced bottom-up sensorimotor
coupling, such as perception of biological motion [76], and in
slower higher-order socio-cognitive predictions, such as mentaliz-
ing and intentionality [77, 78]. Reduced functional connectivity
between the right pSTG and other brain regions has been
found in major depression [79-81], correlated with current
episode duration and episode number [82], and linked with
changes in depressive symptoms before and after electroconvul-
sive therapy [83].

The IFG, another core region in the social cognition network
[84], plays a major role in emotional empathy [85] and is an
important hub of the “mirror neuron system” [86-88]. Our results
are in accordance with a plethora of studies highlighting the
central role of IFG, and its connectivity with other brain regions in
supporting social behavior and bonding [89]. Also, neuroimaging
evidence shows that abnormal function and structure of IFG are
highly implicated across a range of psychiatric disorders with
significant impairments of social cognition and functioning, such
as autism, schizophrenia, social anxiety disorder (e.g., [90-92]).

Furthermore, the findings regarding differences in nodal
influence of the right IFG and right pSTG related to familial risk
for depression were largely consistent over-time (i.e., regardless of
when scanning was conducted). We found moderate to good
short-term reliability (across two runs within scanning session) and
a moderate long-term reliability (between scanning sessions, 8
years apart). Such reliability of nodal influence was much higher
than recently published in a meta-analysis and systematic review
investigating test-retest reliability of edge-level functional con-
nectivity [71]. These findings allowed us to be more confident
about findings and suggest that reduced nodal influence of these
two key social cognition regions may reflect stable biomarkers
rather than transient phenotypes or clinical states. Still, the
moderate long-term reliability of the network integrity the social
cognition network is in line with recent neuroscientific research
emphasizing the structural and functional plasticity of the
‘situated’ social brain [2], which constantly updating information
in response to changing contextual demands and expanding
social abilities for the survival and thriving of the human species
[26, 28, 32, 93-96].

Study limitations should be noted. We assessed social cognition
network organization at rest and not during social task-based
fMRI. Future studies are needed to generalize the findings to
various multimodal, dynamic, and realistic social stimuli and task
paradigms. Second, our sample was Caucasian and thus general-
izability across racial and ethnic groups should not be assumed.
Third, our findings are correlational in nature and do not imply
causation, although the longitudinal design did allow for temporal
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separation of the predictor, mediator, and outcome in the
mediation analysis. Fourth, due to the prospective cohort design,
we only had access to the family members that could/would
participate, and sample size was limited. This multigenerational
study also resulted in abroad range of age of participants and in
an unequal generation distribution across the two risk groups,
which motivated the addition of age and generation covariates to
analyses and further age-range and generation stratification
analyses. Still, findings should be replicated on large population
datasets with careful sampling to minimize differences between
study groups (other than the risk status). Fifth, there were ~13.0%
fewer participants at ‘Time 38 than at ‘Time 30°, and both
interpersonal outcomes were measured via self-report question-
naires, each measured once at a different time point, which can
result in reporting biases. Sixth, we did not have sufficient data on
personality disorder diagnosis and social isolation, which have
shown to influence the functionality of the social cognition
network [20, 97] and could not consider it as a covariate in the
analyses. Finally, while controlling the FDR, it is still important to
emphasize the lack of clear-cut a-prior hypotheses about specific
brain regions within the social cognition network and their
associations with subsequent depression and specific facets of
social impairments.

By using our unique three-generation longitudinal design with
richly characterized clinical and social functioning data over-time,
we were able to identify, for the first time, that regions critical for
adaptive social processing, particularly the right pSTG and right
IFG, exert low nodal influence over social cognition network in
those at high familial risk for MDD and predict future depression
and interpersonal impairments. Our findings suggest that aberrant
social cognition network organization may serve as a potential
pathway for the intergenerational transmission of vulnerability.

Together, our findings provide a promising avenue to uncover
the pathogenesis and sequelae of depression, and, hopefully,
ignite future longitudinal research into identifying ‘neural
signatures’ of vulnerability for depression, clarifying the nature
of social functioning impairments in mood disorders, and
deciphering connections within the social cognition network
which might foster resilience to mental health problems [98].
Finally, our results may have future implications for research into
the development of connectivity-based diagnosis, neuromodula-
tion therapies, and early interventions aimed at improving social
behavior and socioemotional regulation abilities, particularly
among young children and adolescents from families at high risk,
to reduce some of their vulnerability toward poor mental health.
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