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Default mode and salience network alterations in
suicidal and non-suicidal self-injurious thoughts
and behaviors in adolescents with depression
Tiffany C. Ho 1, Johanna C. Walker2, Giana I. Teresi 2, Artenisa Kulla2, Jaclyn S. Kirshenbaum2, Anthony J. Gifuni2,3,
Manpreet K. Singh 4 and Ian H. Gotlib 2

Abstract
Suicidal ideation (SI) and non-suicidal self-injury (NSSI) are two distinct yet often co-occurring risk factors for suicide
deaths in adolescents. Elucidating the neurobiological patterns that specifically characterize SI and NSSI in adolescents
is needed to inform the use of these markers in intervention studies and to develop brain-based treatment targets.
Here, we clinically assessed 70 adolescents—49 adolescents with depression and 21 healthy controls—to determine SI
and NSSI history. Twenty-eight of the depressed adolescents had a history of SI and 29 had a history of NSSI (20
overlapping). All participants underwent a resting-state fMRI scan. We compared groups in network coherence of
subdivisions of the central executive network (CEN), default mode network (DMN), and salience network (SN). We also
examined group differences in between-network connectivity and explored brain-behavior correlations. Depressed
adolescents with SI and with NSSI had lower coherence in the ventral DMN compared to those without SI or NSSI,
respectively, and healthy controls (all ps < 0.043, uncorrected). Depressed adolescents with NSSI had lower coherence
in the anterior DMN and in insula-SN (all ps < 0.030, uncorrected), and higher CEN–DMN connectivity compared to
those without NSSI and healthy controls (all ps < 0.030, uncorrected). Lower network coherence in all DMN
subnetworks and insula-SN were associated with higher past-month SI and NSSI (all ps < 0.001, uncorrected). Thus, in
our sample, both SI and NSSI are related to brain networks associated with difficulties in self-referential processing and
future planning, while NSSI specifically is related to brain networks associated with disruptions in interoceptive
awareness.

Introduction
Suicide is currently the second leading cause of death in

adolescents and young adults ages 15–24 years1. While
suicide deaths are relatively rare, the prevalence of suici-
dal ideation (SI) and self-harming behaviors (including
non-suicidal self-injury, or NSSI) among adolescents is
alarmingly prevalent, with estimates as high as 38%2,3. SI
and NSSI are also among the strongest clinical predictors
of subsequent suicide attempt4, which underscores the

urgent need to advance our understanding of the neuro-
biological bases of these behaviors prior to an attempt in
order to improve early detection and treatment.
Although SI and NSSI typically emerge during adoles-

cence2,5 and often co-occur6,7, researchers and clinicians
have long recognized that these phenomena are distinct8,9

and likely have unique neurobiological substrates10,11.
Thus, elucidating the specific neurobiological patterns
that characterize SI and NSSI in adolescents may shed
insight into the diverse etiology of these behaviors, help to
refine brain-based conceptual models11,12, and identify
neural circuits that are sufficiently sensitive to assess the
efficacy of targeted interventions13.

© The Author(s) 2021
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Tiffany C. Ho (tiffany.ho@ucsf.edu)
1Department of Psychiatry and Behavioral Sciences; Weill Institute for
Neurosciences, University of California, San Francisco, San Francisco, CA, USA
2Department of Psychology, Stanford University, Stanford, CA, USA
Full list of author information is available at the end of the article

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://orcid.org/0000-0002-4500-6364
http://orcid.org/0000-0002-4500-6364
http://orcid.org/0000-0002-4500-6364
http://orcid.org/0000-0002-4500-6364
http://orcid.org/0000-0002-4500-6364
http://orcid.org/0000-0002-9674-3313
http://orcid.org/0000-0002-9674-3313
http://orcid.org/0000-0002-9674-3313
http://orcid.org/0000-0002-9674-3313
http://orcid.org/0000-0002-9674-3313
http://orcid.org/0000-0002-4373-3293
http://orcid.org/0000-0002-4373-3293
http://orcid.org/0000-0002-4373-3293
http://orcid.org/0000-0002-4373-3293
http://orcid.org/0000-0002-4373-3293
http://orcid.org/0000-0002-3622-3199
http://orcid.org/0000-0002-3622-3199
http://orcid.org/0000-0002-3622-3199
http://orcid.org/0000-0002-3622-3199
http://orcid.org/0000-0002-3622-3199
http://creativecommons.org/licenses/by/4.0/
mailto:tiffany.ho@ucsf.edu


Few researchers have used neuroimaging to examine SI
or NSSI in adolescents, and almost no studies have uti-
lized clinical controls (for reviews14,11). To date, studies in
this area have identified patterns of brain activation and
connectivity related to SI and NSSI that are broadly
consistent with neurobiological models of psychiatric
disorders anchored in dysfunction of intrinsic large-scale
brain networks (i.e., distributed regions with which
intrinsic signals co-activate) of the human brain15,16: the
central executive network (CEN), the default mode net-
work (DMN), and the salience network (SN). The CEN is
composed of dorsolateral prefrontal cortex (PFC) and
posterior parietal regions that subserve working memory,
executive attention, and other cognitive control functions.
The DMN is composed of medial PFC, posterior cingulate
cortex (PCC), precuneus, and hippocampus, and supports
internally directed cognition and ruminative proces-
sing17,18. The SN is an integrative attentional system
composed of the dorsal anterior cingulate cortex (dACC),
anterior insula, amygdala, and striatum that evaluates and
processes internal and external stimuli to facilitate the
selection and deployment of appropriate behavioral
responses19,20. While task-based fMRI studies have pro-
vided key knowledge of the psychological processes
undergirding SI and NSSI, separately, in adolescents11,
these studies have not examined both SI and NSSI in a
single cohort. Moreover, it is difficult to pinpoint the
precise functional network patterns that are associated
with these behaviors given the diverse tasks that have
been used across investigations. Thus, it is imperative that
we investigate patterns of intrinsic (i.e., task-independent)
functional connectivity if we are to facilitate comparisons
across samples and studies, and to identify specific neu-
robiological targets in clinical research studies.
In this context, advances in our understanding of

intrinsic large-scale functional networks21,22 makes
resting-state fMRI ideal for examining network-based
perturbations in a variety of clinical conditions. Indeed, a
small number of resting-state fMRI studies have docu-
mented nuanced alterations in the CEN, DMN, and SN in
adolescents with history of suicide attempts, with SI, and
with NSSI (for a review, see 11). In depressed adolescents,
greater severity of SI has been associated with both
greater connectivity between one node of the DMN
(precuneus) with sensorimotor regions, as well as lower
connectivity between another node of the DMN (PCC)
with visual attention regions23. In another sample of
depressed adolescents, researchers documented lower
network coherence (i.e., within-network connectivity) of
the anterior node of the DMN (medial PFC), SN (centered
on the dACC) oxford, and left CEN24 in relation to par-
ticipants’ most severe intensity of SI in the lifetime; fur-
ther, longitudinal increases in network coherence of the
SN (centered on the dACC) in this same sample were also

associated with decreases in severity of SI25. Compared to
healthy controls, transdiagnostic samples of young adults
(who were primarily diagnosed with depression) with
history of SI were found to exhibit lower connectivity
between the SN (dACC) and DMN (specifically, dorsal
PCC relative to ventral PCC26).
Resting-state fMRI studies in adolescents with NSSI

have also implicated many of the same networks. Com-
pared to healthy controls, transdiagnostic samples of
adolescents with NSSI had lower resting-state functional
connectivity among nodes of the SN (amygdala, ACC,
insula; 27), between regions of the SN and DMN27,
between the amygdala and supplemental motor area and
visual attention regions28, and between the ventral stria-
tum and superior medial frontal cortex29. Moreover, in
studies examining treatments for NSSI in adolescents,
improvement of NSSI was associated with lower
amygdala-based resting-state functional connectivity with
the SN (ACC) and DMN (medial PFC), and higher
amygdala-based resting-state functional connectivity with
parahippocampal regions and temporal gyrus27,29.
Collectively, therefore, resting-state fMRI studies have

evidenced primarily reduced within- and between-
network connectivity of the CEN in relation to SI and
NSSI, but with differential patterns of connectivity in the
DMN and SN depending on the specific node being
investigated. Although these networks are often treated as
single functional entities, recent data-driven modeling
approaches have demonstrated that these networks con-
sist of distinct subnetworks with related but distinct
functions30–32. Moreover, all but two studies, which
focused on depressed attempters33,34, did not include
clinical controls (e.g., depressed adolescents without his-
tory of attempt). Study designs with clinical controls are
necessary for the field to generate specific, in contrast to
illness-general, biomarkers and to inform
neurobiologically-based treatment targets for SI and NSSI
in adolescents.
In the present study, we addressed these issues by

examining differences in network coherence (i.e., within-
network connectivity) of the CEN, DMN, and SN in
depressed adolescents with suicidal ideation (SI+ )
compared to those without suicidal ideation (SI−) and
psychiatrically healthy adolescents (CTL), as well as
depressed adolescents with non-suicidal self-injury (NSSI
+ ) compared to those without non-suicidal self-injury
(NSSI−) and CTL. We conducted a comprehensive
assessment of history of suicidal and self-harming
thoughts and behaviors using several well-validated clin-
ical interviews. In addition, we defined network coherence
on the basis of resting-state fMRI timecourses, as these
task-independent patterns of intrinsic functional signals
are relatively stable and have strong test re-test relia-
bility35–37. Critically, we used a data-driven multivariate

Ho et al. Translational Psychiatry           (2021) 11:38 Page 2 of 14



approach that is sensitive to detect the spatiotemporal
subdivisions of the DMN and SN, circuits in which the
greatest heterogeneity with respect to directionality and
specific regions in resting-state and task-based fMRI
findings have been reported11. Based on the studies
reviewed above, we hypothesized: (1) depressed adoles-
cents with SI will exhibit lower CEN, DMN, and SN
coherence compared to the other two groups and (2)
depressed adolescents with NSSI will exhibit lower SN
coherence compared to the other two groups. To com-
plement these within-network connectivity analyses, we
also examined group differences in between-network
connectivity analyses. Finally, we also explored whether
network coherence is associated with severity and fre-
quency of SI and NSSI.

Methods and materials
Participants and study design
Seventy-nine adolescents between the ages of 13 and 18

years were recruited from the San Francisco Bay Area
community as part of a longitudinal study examining
neurobiological mechanisms underlying adolescent stress
and depression (K01MH11744238). We interviewed par-
ticipants at an initial session to assess study eligibility
using the Kiddie Schedule for Affective Disorders and
Schizophrenia–Present and Lifetime (K-SADS-PL39,40),
the Children’s Depressive Rating Scale–Revised (CDRS-
R41), and the Family Interview for Genetics Studies
(FIGS42). See “Clinical Assessments” in the Supplement
for more details.
Inclusion criteria for potentially depressed adolescents

included being between the ages of 13–18, fluency in
English, and presence of a depressive disorder (Major
Depressive Disorder or Dysthymia) based on a combina-
tion of the K-SADS-PL and CDRS-R. Inclusion criteria for
potentially psychiatrically healthy adolescents included no
current or lifetime diagnosis of any Axis I DSM-IV dis-
order using the K-SADS-PL or first-degree relative with
history of suicide or known suicide attempt, or a probable
diagnosis of depression, bipolar disorder, or schizophrenia
using the FIGS. See “Inclusion/Exclusion Criteria” in the
Supplement for more details.
Following the initial visit to determine participant elig-

ibility through clinical interviews, participants were invi-
ted to return to the laboratory at a separate date to
complete the MRI scan (interval between sessions:
11.07 ± 6.02 days). Of the 79 adolescents enrolled in the
study, 9 did not provide usable resting-state fMRI data for
the present study (see Resting-State fMRI Preprocessing,
below), resulting in a total of 70 adolescents for analyses:
49 depressed adolescents and 21 CTL. 28 depressed
adolescents met criteria for clinically significant lifetime
history of SI (SI+) and 21 did not (SI−) based on the K-
SADS-PL. 29 depressed adolescents met criteria for

clinically significant lifetime history of NSSI based on
actions (NSSI+) and 20 depressed adolescents did not
(NSSI−) based on the Self-Injurious Thoughts and
Behaviors Interview (SITBI, see below). As expected, there
was overlap in SI+ and NSSI+: 20 of the SI+ were also in
the NSSI+ group. Because of the exploratory nature of the
analyses conducted in this study, a formal power analysis
was not conducted; however, previously published work
in this area have had smaller sample sizes23–26. The study
was approved by the Institutional Review Board (IRB) at
Stanford University. All participants and their parents
gave written assent and informed consent, respectively, in
accordance with the Declaration of Helsinki, and were
financially compensated for their participation.

C-SSRS
To comprehensively classify suicidal ideation and

behavior, we administered the pediatric version of the
Columbia Suicide Severity Rating Scale (C-SSRS43), which
is a semi-structured interview that probes suicidal
thoughts (including nature and severity of ideation) and
behaviors (including preparatory acts, and actual, inter-
rupted, or aborted attempts). Any actual, interrupted, or
aborted attempt was classified as a suicide attempt.

SITBI
To assess NSSI, we administered the Self-Injurious

Thoughts and Behaviors Interview (SITBI44). The SITBI is
a structured interview that assesses the history, frequency,
and intensity of non-suicidal self-harm, including lifetime
frequencies and frequencies in the last year, month and
week. Participants met criteria for NSSI if they had ever
had an instance of directly and intentionally hurting
themselves (e.g. cutting, burning, scratching) without the
intent of taking their own life. To create a measure of
current NSSI severity for correlational analyses, we used
the sum of frequencies of thoughts and actions in the
past month.

SIQ-JR
To use a measure of current SI severity comparable to

our measure of NSSI severity for correlational analyses,
we administered the Suicidal Ideation
Questionnaire–Junior (SIQ-JR45), a self-report 15-item
measure rated on a 7-point scale, which evaluates fre-
quency of SI in the past month. The measure of internal
consistency of the SIQ-JR in our sample was excellent
(Cronbach’s α= 0.95).

MRI scanning acquisition
All MRI scans were acquired at the Stanford Center for

Cognitive and Neurobiological Imaging (CNI) with a 3T GE
Discovery MR750 (General Electric Healthcare, Milwaukee,
WI, USA) and Nova 32-channel head coil (Nova Medical,
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Wilmington, MA, USA). Participants completed a high-
resolution T1-weighted MRI scan and an 8-minute
T2*weighted resting-state fMRI scan with eyes closed. See
“MRI Scanning Acquisition” in the Supplement for more
details.

Resting-state fMRI preprocessing
As described in previous work across several indepen-

dent samples24,25,46,47, structural and functional MRI data
were preprocessed using an in-house script incorporating
tools from FreeSurfer48, FSL49, and AFNI50. For each
subject, we computed mean relative displacement (MRD,
also known as framewise displacement). Our criterion for
excessive movement was defined as having more than 20
volumes with a MRD > 0.25 mm or a mean MRD >
0.2 mm24,25,46,47. No participants moved excessively based
on these thresholds; however, 7 participants (2 CTL) did
not complete the full scan due to discomfort and 2 par-
ticipants (1 CTL) did not have physiological signal prop-
erly recorded. Participants who were included in our final
analyses did not differ from these 9 participants on any
demographic characteristics (all ps > 0.259). See “Resting-
State fMRI Preprocessing” in the Supplement for more
details.

Defining functional networks using group independent
components analysis (ICA)
We conducted a group-level independent component

analysis (ICA) using FSL 6.0 MELODIC software version
3.14. Group ICA is a data-driven multivariate signal-

processing method used to characterize spatiotemporal
properties of functional MRI data51,52 that accounts for
multiple voxel-voxel relations in order to define a spatial
network of voxels based on the correlations of their
timeseries. As in previous work24,25,47, we identified a set
of 25 probabilistic ICA components from the whole
sample in order to compute individual-level metrics of
network coherence from a comparable spatial set of
components for further statistical analysis (see Network
Coherence, below, for more details). Based on our
hypotheses, we focused on the subdivisions of the CEN,
SN, and DMN. Seven networks of interest were identified
on the basis of their neuroanatomical components by
trained raters (TCH, JSK, AG): left and right CEN (CEN-L,
CEN-R), centered on frontoparietal regions, anterior sub-
division of the DMN centered on mPFC (DMN-A), pos-
terior subdivision of the DMN centered on the PCC
(DMN-P), ventral subdivision of the DMN centered on the
middle temporal lobe, hippocampus, and para-
hippocampal region (DMN-V), a subdivision of the SN
centered on the dorsal anterior cingulate cortex and
anterior insula (SN-ACC), and a subdivision of the SN
centered on the mid- and posterior insula, striatum, and
somatosensory cortex (SN-Ins). See Fig. 1 for more details.

Network coherence
We operationalized network coherence as the strength

of the associations among timecourses of all voxels within
a given network for each individual24,25,47. Specifically, we
applied dual regression to generate individual-level spatial

CEN-L CEN-R

DMN-A DMN-P DMN-V

SN-ACC SN-Ins

z=22 z=56z=14

z=22z=14z=-44x=0 z=32z=-10

x=0 z=34z=0

x=0z=-12 z=34

z=46 x=-24 z=42 x=34

Fig. 1 Intrinsic networks derived from group ICA. Maps were thresholded at t68 > 3.93 (α= 0.0001). All views and coordinates are presented in
radiological convention. CEN includes dorsolateral prefrontal cortex, middle frontal gyrus, and inferior parietal lobule, DMN-A includes anterior medial
prefrontal cortex, subgenual anterior cingulate cortex, and cingulate gyrus, DMN-P includes posterior cingulate cortex, precuneus, and inferior
parietal lobule, DMN-V includes middle temporal lobe, hippocampus/parahippocampal region, and posterior cingulate cortex, SN-ACC includes
dorsal anterior cingulate cortex and anterior insula, SN-Ins includes mid- and posterior insula, striatum, and somatosensory cortex; CEN-L= left central
executive network; CEN-R= right central executive network; DMN-A= anterior default mode network; DMN-P= posterior default mode network;
DMN-V= ventral default mode network; SN-ACC= dorsal anterior cingulate cortex-based salience network; SN-Ins=insula-based salience network.
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maps by regressing group-level spatial maps onto each
individual’s 4D dataset, resulting in a set of individual-
level timeseries data per spatial component. Each indivi-
dual timeseries was then regressed on the same 4D
dataset, resulting in a set of individual-level spatial com-
ponents, wherein each voxel contains a regression weight
reflecting the strength of functional connectivity of its
timeseries with the identified network while controlling
for associations from all other networks. These timeseries,
within each voxel, were then z-scored (i.e., normalized by
the residual within-subject variance). We then averaged
the voxel-wise z-scores within each network component
(defined from the group-level maps to facilitate compar-
ability) and used this value as an index of network
coherence.

Between-network connectivity
To complement our within-network analyses, we per-

formed seed-to-seed connectivity using the networks
defined by the ICA analysis and computed the mean
temporal correlation across all voxels within each network.
Based on our results (see Results, below), we focused on
connectivity between CEN and SN-ACC, as well as each of
these networks with the three DMN networks.

Statistical analyses
All statistical analyses were conducted in R (version

3.5.353) and all significance tests were two-tailed. Levene’s
test was used to determine homogeneity of variance; non-
parametric tests were used in all instances where groups
differed in homogeneity of variance and also for NSSI
frequency of thoughts and actions because of the skew-
ness of those data (see Supplementary Fig. S1). Because
CTL participants were included in testing differences in
diagnostic groups, we did not include depression severity
scores due to statistical collinearity. Given evidence of sex
differences and age-related effects in both SI and NSSI
behaviors2,5, we included age and sex (dummy coded as a
binary factor), as well as relevant covariates that may
affect patterns of resting-state functional connectivity (i.e.,
motion during the resting-state fMRI scan as measured by
mean relative displacement, and psychotropic medication
use, dummy coded as a binary factor). All covariates were
mean-centered. Following the detection of a significant
group effect, we conducted planned linear contrast tests
to examine differences in SI+ and NSSI+ from their
respective clinical and healthy counterparts in the fol-
lowing networks: CEN-L, CEN-R, DMN-A, DMN-P,
DMN-V, SN-ACC, and SN-Ins. Because of our planned
contrasts, we determined significance at p < 0.05, uncor-
rected; however, we also report FDR-corrected sig-
nificance values for the group effect (SI and NSSI
comparisons, separately). Because we did not find group
differences in CEN and SN-ACC within-network

coherence (see Results, below), we also conducted linear
regressions to test for group differences in between-
network connectivity among these networks and with
each of these networks with the three DMN networks.
Among the depressed adolescents only, we explored
associations in network coherence with severity of SI in
the past month, and with frequency of NSSI thoughts and
actions in the past month.

Results
Demographic and clinical characteristics
Demographic and clinical characteristics for the

depressed and CTL, SI+ and SI−, and NSSI+ and NSSI−
participants are presented in Table 1a, b, c, respectively.
As expected, the depressed and CTL adolescents differed
significantly in clinical characteristics including CDRS-R
scores, SIQ scores, and medication status (all ps < 0.0002).
The depressed and CTL adolescents did not differ in any
demographic characteristics (all ps > 0.363) except for
motion (p= 0.040), where CTL adolescents moved more,
on average. See Table 1a for more details.
As expected, SI+ and SI− participants differed sig-

nificantly in history of suicide attempt (57% of SI+ had a
history of attempt and 0% in SI−) and SIQ scores (all ps <
0.00013). Critically, SI+ and SI− participants did not
differ in medication status, CDRS-R scores, and in history
or frequency of NSSI (all ps > 0.085). See Table 1b for
more details. Finally, as expected, NSSI+ and NSSI−
participants differed significantly in frequency of NSSI
thoughts and actions in the past month (U= 450; p=
3.23 × 10−5). Critically, NSSI+ and NSSI− did not differ
in medication status, CDRS-R scores, history of suicide
attempt or SI, or SIQ scores (all ps > 0.085). See Table 1c
for more details.

Network coherence differences associated with SI
To investigate patterns of network coherence associated

with SI, we conducted linear models predicting network
coherence values based on group (SI+, SI−, CTL) while
adjusting for covariates. SI+ had significantly lower
coherence in the DMN-V compared to both SI− (p=
0.043, uncorrected) and CTL (p= 0.021, uncorrected); SI
− did not differ from CTL in coherence of the DMN-V (p
= 0.601). While SI+ and SI− participants did not differ in
coherence of DMN-A, DMN-P, and SN-Ins (all ps >
0.280), SI− had significantly lower coherence in DMN-P
(p= 0.038, uncorrected) compared to CTL. See Table 2
for more details (including all FDR-corrected p-values)
and Fig. 2.

Network coherence differences associated with NSSI
To investigate patterns of network coherence associated

with NSSI, we conducted linear models predicting net-
work coherence from group (NSSI+, NSSI−, CTL) while
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Table 1 A. Descriptive statistics for depressed and non-depressed adolescents. B. Descriptive statistics for depressed
with suicidal ideation (SI+) and without suicidal ideation (SI−). C. Descriptive statistics for depressed with non-suicidal
self-injury (NSSI+) and without non-suicidal self-injury (NSSI−).

Variable MDD (n = 49) CTL (n = 21) Statistic (df) p-value

Age (years) 16.26 ± 1.33 (13.67–18.39) 15.96 ± 1.06 (13.59–17.51) t(68) = 0.915 0.363

Sex (M/F) 15 / 34 9 / 12 χ2(1) = 0.510 0.475

Race (% White) 49 43 χ2(1) = 0.044 0.835

Medication status (%) 47 0 χ2(1) = 12.630 0.0004***

CDRS-R t-scores (past 2 weeks) 67.7 ± 7.93 (51–86) 32.41 ± 4.14 (30–42) U = 1320 <2 × 10−12****

SIQ-JR scores (past month) 24.55 ± 17 (3–76) 2.05 ± 3.25 (0–15) U = 3894.5 2 × 10−16****

Session intervals (days) 11.02 ± 6.14 (1–29) 11.19 ± 5.89 (1–23) t(68) = −0.1075 0.915

Motion (mm) 0.05 ± 0.02 (0.02–0.09) 0.06 ± 0.02 (0.03–0.11) t(68) = −2.098 0.040*

Variable SI+ (n = 28) SI− (n = 21) Statistic (df) p-value

Age (years) 16.44 ± 1.29 (13.67–18.39) 16.03 ± 1.38 (13.95–18.23) t(47) = 1.055 0.297

Sex (M/F) 7/21 8/13 χ2(1) = 0.450 0.502

Race (% White) 43 57 χ2(1) = 0.492 0.483

Medication Status (%) 50 43 χ2(1) = 0.043 0.836

CDRS-R t-scores (past two weeks) 68.15 ± 8.87 (51–86) 67.10 ± 6.65 (58–81.5) U = 312 0.724

SIQ-JR scores 32.11 ± 17.03 (14–76) 14.48 ± 10.73 (3–47) t(47) = 4.159 0.00013***

Session intervals (days) 11.5 ± 6.65 (1–29) 10.38 ± 5.48 (1–24) t(47) = 0.628 0.533

Motion (mm) 0.04 ± 0.01 (0.02–0.08) 0.05 ± 0.02 (0.02 - 0.09) t(47) = −1.970 0.055

History of suicide attempt (%) 57 0 χ2(1) = 15.314 9×10−5***

History of NSSI (%) 71 43 χ2(1) = 2.959 0.085

NSSI frequency (past month) 5.41 ± 17.97 (0–90) [1] 2.10 ± 4.69 (0–16) U = 310 0.527

Variable NSSI+ (n = 29) NSSI− (n = 20) Statistic (df) p-value

Age (years) 16.34 ± 1.37 (13.67–18.39) 16.15 ± 1.29 (13.95–18.23) t(47) = 0.472 0.639

Sex (M/F) 9/20 6/14 χ2(1) = 0 1

Race (% White) 52 45 χ2(1) = 0.030 0.863

Medication Status (%) 48 45 χ2(1) = 0 1

CDRS-R t-scores (past two weeks) 68.13 ± 7.96 (58–85) 67.08 ± 8.05 (51–86) U = 317 0.618

SIQ-JR scores 25.79 ± 16.81 (3–76) 22.75 ± 17.53 (4–74) t(47) = 0.612 0.544

Session intervals (days) 10.55 ± 6.03 (2–29) 11.7 ± 6.39 (1–24) t(47) = 0.640 0.526

Motion (mm) 0.05 ± 0.02 (0.03–0.09) 0.05 ± 0.02 (0.02–0.09) t(47) = 0.249 0.805

History of suicidal ideation (%) 69 40 χ2(1) = 2.959 0.085

History of suicide attempt (%) 38 25 χ2(1) = 0.408 0.523

NSSI frequency (past month) 6.79 ± 17.67 (0–90) [1] 0 ± 0 (0–0) U = 450 3 × 10−5***

Continuous variables are reported as mean ± SD (min–max). Numbers in [] indicate number of missing participants. See Tables 1B and 1 C for descriptive statistics for
SI+ versus SI− and NSSI+ versus NSSI−, respectively.
CDRS-R Children’s Depressive Rating Scale-Revised, MDD Major Depressive Disorder or Dysthymia, SIQ-JR Suicidal Ideation Questionnaire-Junior.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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adjusting for covariates. NSSI+ had significantly lower
network coherence in the DMN-A (p= 0.030, uncor-
rected), DMN-V (p= 0.017), and SN-Ins (p= 0.001,
uncorrected) compared to NSSI−, and significantly lower
network coherence in the DMN-A (p= 0.0007, uncor-
rected), DMN-V (p= 0.026, uncorrected), and SN-Ins (p
= 0.0006, uncorrected) compared to CTL; NSSI− did not
differ significantly from CTL in coherence of these net-
works (all ps > 0.147). NSSI+ participants had sig-
nificantly lower network coherence in DMN-P compared
to CTL (p= 0.002, uncorrected) but did not differ from
NSSI− (p= 0.297); NSSI− also exhibited significantly
lower network coherence in the DMN-P compared to
CTL (p= 0.034, uncorrected). See Table 3 for more
details (including all FDR-corrected p-values) and Fig. 3.
SI+ and NSSI+ did not differ significantly in network
coherence in CEN-L, CEN-R, and SN-ACC from their
clinical counterparts or healthy controls (all ps > 0.155).

Between-network connectivity results
To complement our primary investigation examining

network coherence (i.e., within-network connectivity), we
tested whether groups differed in between-network

connectivity of the CEN and SN-ACC with the three
subdivisions of the DMN, which were the networks we
did not find significant group differences in network
coherence (see previous section). We found that SI+ did
not differ from the other two groups in between-network
connectivity. In contrast, NSSI+ had significantly higher
connectivity between the CEN networks and DMN-P
compared to both NSSI− and CTL, as well as significantly
higher connectivity between CEN-L and DMN-V com-
pared to NSSI− (all ps < 0.030, uncorrected). The NSSI−
group did not differ from CTL in any CEN–DMN con-
nectivity (all ps > 0.119). See Fig. 4 and “Between-Network
Connectivity Results” in the Supplement for more details.

Correlations between network coherence and behavior
Among the depressed adolescents, higher SIQ and

SITBI scores were significantly associated with lower
coherence in the DMN-A, DMN-P, DMN-V, and SN-Ins
(all ps < 0.001, uncorrected; see Supplementary Figs. S2
and S3). No other behavioral correlations we examined
were significant. See “Correlations Between Network
Coherence and Behavior” in the Supplement for more
details.

Table 2 Results of statistical models with a significant overall effect of group (SI+, SI−, CTL) on network coherence with
planned linear contrast tests (SI+ versus SI− and SI+ versus CTL).

Model Statistic p (corrected) p (uncorrected or posthoc) B±SE Δ R2

DMN-A Coherence

Group F(2,63) = 3.674 0.067 0.031* 0.104

SI+ versus SI− t(63) = −1.089 0.280 −0.180 ± 0.165

SI+ versus CTL t(63) = −2.710 0.009** −0.505 ± 0.186

DMN-P Coherence

Group F(2,63) = 3.440 0.067 0.038* 0.098

SI+ versus SI− t(63) = −0.413 0.681 −0.096 ± 0.233

SI+ versus CTL t(63) = −2.519 0.014* −0.661 ± 0.263

SI− versus CTL t(63) = −2.121 0.038* −0.565 ± 0.267

DMN-V Coherence

Group F(2,63) = 3.479 0.067 0.037* 0.099

SI+ versus SI− t(63) = −2.064 0.043* −0.393 ± 0.190

SI+ versus CTL t(63) = −2.365 0.021* −0.507 ± 0.214

SN-Ins Coherence

Group F(2,63) = 4.035 0.067 0.022* 0.114

SI+ versus SI− t(63) = −0.926 0.358 −0.219 ± 0.236

SI+ versus CTL t(63) = −2.824 0.006** −0.753 ± 0.267

Posthoc linear contrast tests (SI− versus CTL), motion, and medication use as covariates (see Table S1 for more details). See Fig. 2 for more details. FDR-corrected p-
values are reported for the main effect of group only.
SI suicidal ideation, CTL healthy control, DMN-A Anterior Default Mode Network, DMN-P Posterior Default Mode Network, DMN-V Ventral Default Mode Network, SN-Ins
Salience Network-Insula.
*p < 0.05, **p < 0.01.
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Discussion
The present investigation is the largest resting-state

fMRI study examining the neural correlates of SI and
NSSI in adolescents. One major strength of our study is
that we included clinical controls in our design rather
than simply comparing those with SI or NSSI to healthy
controls (as has been typically done in the literature; for a
review, see ref. 11). Importantly, although our sample of
adolescents with SI and NSSI overlapped substantially,
those with suicidal ideation (SI+) did not differ from
those without suicidal ideation (SI−) in history or fre-
quency of NSSI, medication status, or depression severity;
similarly, adolescents with NSSI (NSSI+) did not differ
from those without NSSI (NSSI−) in history of suicide
attempt, history of SI, severity of SI, medication status, or
depression severity. An additional strength of our study is
our use of a multivariate data-driven approach to char-
acterize intrinsic networks in order to resolve subnet-
works of the DMN and SN, which are the two primary
networks for which investigators have reported incon-
sistent patterns of resting-state functional alterations
associated with SI and NSSI in adolescents (for a review,
see 11). Finally, we complemented our within-network

connectivity analyses with between-network connectivity
analyses. We found that: (1) SI+ differed significantly
from SI− and CTL in network coherence in the DMN-P;
(2) NSSI+ differed significantly from NSSI− and CTL in
network coherence in the DMN-A, DMN-V, and SN-Ins;
(3) NSSI+ exhibited greater CEN connectivity with
DMN-P compared to NSSI−. In this study we have
identified within- and between-network patterns of con-
nectivity associated with SI and NSSI in depressed ado-
lescents. While replication in larger samples is needed,
our findings offer insight concerning which intrinsic
functional networks underlie SI and NSSI in depressed
adolescents that may inform future research seeking to
understand the etiology and treatment of these co-
occurring behaviors.
We found that SI+ had lower DMN-V coherence than

did both SI− and healthy controls, whereas both SI+ and
SI− each had lower network coherence in DMN-P than
did healthy controls (SI+ and SI− did not differ in DMN-
P coherence). Similarly, we found that NSSI+ had lower
DMN-V coherence than did both NSSI- and healthy
controls, whereas both NSSI+ and NSSI− had lower
network coherence in DMN-P than did healthy controls

Fig. 2 Network coherence patterns associated with suicidal ideation. SI+ exhibited significantly lower network coherence in DMN-A (a), DMN-P
(b), DMN-V (c), SN-Ins (d) compared to CTL. SI+ exhibited significantly lower network coherence in DMN-V compared to SI− (c). SI− exhibited
significantly lower network coherence in DMN-P compared to CTL (b). For the purposes of visualization, all box plots depict raw data without
adjustment of covariates. See Table 2 and S1 for more details. DMN-A anterior default mode network, DMN-P posterior default mode network, DMN-V
ventral default mode network, SI suicidal ideation, CTL healthy controls, SN-Ins Salience Network-Insula. *p < 0.05, **p < 0.01 (uncorrected).
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(NSSI+ and NSSI− did not differ in DMN-P coherence).
NSSI+ also had higher CEN–DMN-P connectivity com-
pared to NSSI−. Given our limited sample size and that
our findings related to SI did not survive stringent FDR-
correction, our results require replication in larger sam-
ples. Nevertheless, our findings are consistent with the
formulation that lower coherence of the DMN-P may be a
more general marker of depression while lower DMN-V
coherence is specifically related to thoughts and actions of
harming one’s self. Indeed, several studies with both
depressed adolescents and adults have reported altered
DMN-P connectivity compared to healthy controls54–56.
Other studies have also demonstrated that the DMN-P is
involved in self-referential processing, particularly self-
relevant affective information30,57.
In contrast, the DMN-V (which in our sample was

centered in the middle temporal lobe, hippocampus, and
parahippocampal region) has been shown in studies of
healthy young adults to be a distinct subsystem of the
DMN that is specifically involved in mnemonic scene
construction and imagining one’s future30,58,59. Interest-
ingly, activation in the middle temporal lobe specifically
during reflection of death- and life-related concepts has

also been previously identified as one of the most highly
discriminative brain patterns between young adults with
suicidal ideation and healthy controls when using
machine learning60. While we were unable to explicitly
relate DMN-V coherence with instructions to reflect on
one’s future self, our findings are consistent with the
formulation that suicidal ideation and non-suicidal self-
injury are, in part, characterized by difficulties in ima-
gining and planning for one’s future. Future work with
large samples is needed to determine more conclusively
the magnitude of these associations, and to test the
effectiveness of psychosocial therapies that target repre-
sentations of the self and that engage the DMN-V in
treating adolescents who are experiencing SI and
NSSI13,27.
We also found that NSSI+ exhibited lower DMN-A and

SN-Ins coherence compared to both NSSI− and healthy
controls; SI+ and SI− adolescents did not differ sig-
nificantly in coherence of these networks, suggesting that
these patterns are specific to NSSI. Several studies of
adults with Borderline Personality Disorder and NSSI
have shown altered DMN and SN connectivity in relation
to pain processing (61,62; for reviews, see 12,63). It is notable

Table 3 Results of statistical models with a significant overall effect of group (NSSI+, NSSI−, CTL) on network coherence
with planned linear contrast tests (NSSI+ versus NSSI− and NSSI+ versus CTL).

Model Statistic p (corrected) p (uncorrected or posthoc) B±SE Δ R2

DMN-A Coherence

Group F(2,63)= 6.835 0.007 0.002** 0.178

NSSI+ versus NSSI− t(63)=−2.223 0.030* −0.348 ± 0.157

NSSI+ versus CTL t(63)=−3.568 0.0007*** −0.622 ± 0.174

DMN-P Coherence

Group F(2,63)= 5.333 0.016 0.007** 0.145

NSSI+ versus NSSI− t(63)=−1.052 0.297 −0.236 ± 0.225

NSSI+ versus CTL t(63)=−3.261 0.002** −0.814 ± 0.250

NSSI− versus CTL t(63)=−2.165 0.034* −0.578 ± 0.267

DMN-V Coherence

Group F(2,63)= 4.102 0.037 0.021* 0.115

NSSI+ versus NSSI− t(63)=−2.456 0.017* −0.459 ± 0.187

NSSI+ versus CTL t(63)=−2.279 0.026* −0.473 ± 0.207

SN-Ins Coherence

Group F(2,63)= 8.833 0.003 0.0004*** 0.219

NSSI+ versus NSSI− t(63)=−3.329 0.001** −0.731 ± 0.220

NSSI+ versus CTL t(63)=−3.618 0.0006*** −0.883 ± 0.244

Posthoc linear contrast tests (NSSI- versus CTL) with significant results are also reported. All results shown include age, sex, motion, and medication use as covariates
(see Table S2 for more details). See Fig. 3 for more details. FDR-corrected p-values are reported for the main effect of group only.
NSSI non-suicidal self-injury, CTL healthy control, DMN-A Anterior Default Mode Network, DMN-P Posterior Default Mode Network, DMN-V Ventral Default Mode
Network, SN-Ins Salience Network-Insula.
*p < 0.05, **p < 0.01, ***p < 0.001.
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that several fMRI studies have also identified altered
connectivity of the DMN-P in patients with NSSI, but
they did not include clinical controls; thus, it is possible
that altered DMN-P connectivity is a depression-general
marker, not a marker specific to NSSI. The DMN-A and,
specifically, the medial PFC, and its role in self-evaluative
processes, particularly of the present self, may potentially
represent an important neurobiological target for effective
treatment of NSSI in adolescents. However, future
research is needed to test these possibilities.
Our finding of NSSI+ exhibiting lower SN-Ins coher-

ence relative to both NSSI− and healthy controls is highly
consistent with previous studies of transdiagnostic sam-
ples of adolescents with NSSI that have identified lower
insula-based resting-state functional connectivity27. The
SN-Ins network derived in our sample was centered pri-
marily in the insula, striatum, and somatosensory regions.
Both the insula and somatosensory cortex have been
implicated in the processing of painful stimuli in studies
of adults with BPD and/or NSSI64,65. Converging lines of
evidence have pointed to the critical role of the insula,
particularly in the posterior and mid-insular regions, in
interoceptive awareness66,67, whereas the anterior insula

(which in our sample was a core region of the SN-ACC)
appears to be implicated more strongly in emotional
awareness and in the integration of affect in decision-
making, particularly with negatively valenced stimuli68,69.
The insula is also strongly connected with sensorimotor
and somatosensory regions; reduced connectivity among
these regions may therefore reflect lower pain sensitivity
and altered pain perception in adolescents with NSSI12,63.
Together, our findings highlight an important direction
for future research focused on understanding connectivity
between the insula and somatosensory regions in ado-
lescents with NSSI.
Contrary to our hypotheses, which were guided by

previously published literature, we did not find group
differences with respect to SI history in network coher-
ence or between-network connectivity of the CEN or SN-
ACC. Previous work from our group using similar ana-
lytical approaches (i.e., group ICA combined with dual
regression) in an independent sample of depressed ado-
lescents24,25 found that lower CEN, DMN-A, and SN-
ACC coherence levels were associated with greater
intensity of the most severe experience of SI in the life-
time24, and that longitudinal changes in SN-ACC

Fig. 3 Network coherence patterns associated with non-suicidal self-injury. NSSI+ exhibited significantly lower network coherence in DMN-A
(a), DMN-P (b), DMN-V (c), SN-Ins (d) compared to CTL. NSSI+ exhibited significantly lower network coherence in DMN-A (a), DMN-V (c), and SN-Ins
(d) compared to NSSI−. NSSI− exhibited significantly lower network coherence in DMN-P (b) compared to CTL. For the purposes of visualization, all
box plots depict raw data without adjustment of covariates. See Table 3 and S2 for more details. DMN-A anterior default mode network, DMN-P
posterior default mode network, DMN-V ventral default mode network, NSSI non-suicidal self-injury, CTL healthy controls, SN-Ins Salience Network-
Insula. *p < 0.05, **p < 0.01, ***p < 0.001 (uncorrected).
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coherence were associated with changes in SI severity25.
Another study also reported that compared to healthy
controls, young adults (who were primarily diagnosed
with depression) with SI had lower dorsal ACC low fre-
quency BOLD activity and relative connectivity (with
dorsal versus ventral PCC26). However, in our group’s
previous investigations24,25, we had not recruited a psy-
chiatrically healthy comparison group; moreover, all three
of these studies did not include clinical controls. Hyper-
connectivity between the CEN and DMN-P (the DMN
most strongly associated with rumination) may reflect
inadequate engagement of cognitive control due to the
dominance of negative self-evaluative thinking55,56,70.
Given the extensive literature documenting differences in
seed-based connectivity in regions of the CEN and SN-
ACC in depressed adolescents and adults54,56 our results
suggest that brain connectivity patterns associated with
suicidal ideation may be specific to the DMN. Consistent
with this formulation is the fact that we found that higher
severity of suicidal ideation in the past month was sig-
nificantly associated with lower coherence in all
three DMNs.

While we did not find group differences with respect to
NSSI history in network coherence of the CEN or SN-
ACC, we did find that depressed adolescents with NSSI
exhibited higher connectivity between the CEN and
DMN-P compared to both those without history of NSSI
and healthy controls. Previous resting-state fMRI studies
have only compared transdiagnostic samples of adoles-
cents with NSSI to healthy controls (or have conducted
within-individual analyses in the context of a treatment
study); in these studies, adolescents with NSSI were
characterized by lower connectivity of the SN, as well as
the DMN27–29. Our study therefore clarifies the role of
DMN connectivity in NSSI specifically by demonstrating
that both within- and between-network connectivity of
the DMN is compromised in adolescents with NSSI.
Because our primary aims were to examine differences

in network coherence between SI+ and NSSI+ compared
to both clinical and healthy controls, to ensure compar-
ability across participants, and to increase generalizability
of our findings while reliably estimating individual-level
metrics of network coherence, we elected to conduct
group-ICA followed by dual regression. For resting-state

Fig. 4 Between network connectivity associated with non-suicidal self-injury. NSSI+ exhibited significantly higher connectivity between the left
(a) and right (b) CEN and DMN-P compared to NSSI− and CTL. NSSI+ exhibited significantly higher connected between the left CEN and DMN-V (c)
compared to NSSI− but not CTL. CEN central executive network, DMN-P posterior default mode network, DMN-V Ventral Default Mode Network, NSSI
non-suicidal self-injury, CTL healthy controls. *p < 0.05, **p < 0.01 (uncorrected).
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fMRI scans to have clinical utility, however, individual-
level networks must ultimately be generated. While the
consensus in the field is that longer scan times yield more
reliable estimates of individual-level networks71,72,
resting-state fMRI scans that are 5–7min represent a
pragmatic tradeoff between scan acquisition length and
robustness of intrinsic functional networks, particularly in
pediatric samples73,74. Nevertheless, previous studies have
demonstrated that subsets of individuals may exhibit
network components that are not found in group-levels
maps (e.g., portions of medial PFC in the SN rather than
the DMN75,76). Thus, future work will benefit from
examining individualized intrinsic networks derived from
longer scans.
Future research is also needed to address the limitations

of our current investigation. The SI and NSSI groups were
highly overlapping in our sample of depressed adoles-
cents; these rates, however, matched those typically seen
in clinical populations6,7, thereby increasing the general-
izability of our findings. Importantly, the depressed ado-
lescents with and without history of SI did not differ
significantly in history or frequency of NSSI. Similarly, the
depressed adolescents with and without history of NSSI
did not differ significantly in history of suicide attempt or
in history or severity of SI. Thus, our study design was
able to identify dissociable brain network patterns specific
to SI+ and NSSI+ relative to SI− and NSSI− compar-
isons, respectively. Nevertheless, it will be important for
future research to continue to work to dissociate the
neural correlates of SI and NSSI by recruiting at least 4
independent groups presenting with all possible combi-
nations of these behaviors to examine their shared and
unique neurobiological substrates.
In addition, our investigation is limited by the exclusive

focus on depressed adolescents. While studying a sample
of adolescents with depressive disorders reduces clinical
heterogeneity, the neural patterns identified in the current
study may not be representative of the neural circuits
underpinning SI and NSSI in adolescents more broadly;
thus, it will be important in future studies to examine SI
and NSSI transdiagnostically. Longitudinal studies with
larger samples are also needed to clarify which brain
markers are associated with past history, current indica-
tors of SI and NSSI, and risk for the subsequent devel-
opment of these behaviors. We will continue to follow this
sample to determine whether network coherence (or
between-network connectivity) predicts subsequent SI
and NSSI. Another important limitation of our study is
that we did not assess constructs related to self-referential
thinking (e.g., imagining one’s future self, rumination) or
interoceptive awareness and were thus unable to relate
these constructs with their purported neural under-
pinnings in the intrinsic networks we assessed. Finally, the
neurobiological interpretation of many network-based

analyses, including ICA, remains unknown. Other
network-based approaches, including graph theory, may
be useful in providing complementary information about
the organizational properties of specific brain regions in
the context of large-scale networks; indeed, graph metrics
have high test re-test reliability77 and contain organiza-
tional properties (e.g., number and strength of connec-
tions among brain regions) that can augment our current
understanding of network-based disruptions associated
with SI and NSSI. However, parcellation decisions remain
a challenge for the application of graph theory to neu-
roimaging data78; ICA may represent a helpful first step
for narrowing the parameter space for investigations
computing graph metrics. Ultimately, targeted investiga-
tions that probe and characterize activation and con-
nectivity of specific brain regions using multimodal
approaches will be needed to enhance our understanding
of network-based neural patterns that underlie SI and
NSSI in adolescents.
In summary, we present new evidence that SI and NSSI

are both characterized by lower connectivity in the ventral
DMN, suggestive of difficulties in self-referential proces-
sing in the context of imagining and planning for the
future, and that NSSI specifically is characterized by lower
connectivity in the anterior DMN and in the insula and
somatosensory network, suggestive of disruptions in self-
evaluative processing, perception of sensory stimuli, and
integration of interoceptive awareness and bodily signals.
Our findings can guide future research seeking to
understand the neurobiological underpinnings of SI and
NSSI in adolescents.
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