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Introduction. Risk of suicidal ideation and suicidal behaviors greatly increases during adolescence, and rates have risen
dramatically over the past two decades. However, few risk factors or biomarkers predictive of suicidal ideation or attempted
suicide have been identified in adolescents. Neuroimaging correlates hold potential for early identification of adolescents at
increased risk of suicidality and risk stratification for those at high risk of suicide attempt. Methods. In this systematic review,
we evaluated neural regions and networks associated with suicidal ideation and suicide attempt in adolescents derived from
magnetic resonance imaging (MRI) studies. A total of 28 articles were included in this review. Results. After descriptively
synthesizing the literature, we propose the Emotional paiN and social Disconnect (END) model of adolescent suicidality and
present two key neural circuits: (1) the emotional/mental pain circuit and (2) the social disconnect/distortion circuit. In the
END model, the emotional pain circuit—consisting of the cerebellum, amygdala, and hippocampus—shows similar aberrations
in adolescents with suicidal ideation as in those with a history of a suicide attempt (but to a smaller degree). The social
disconnect circuit is unique to adolescent suicide attempters and includes the lateral orbitofrontal cortex (OFC), the temporal
gyri, and the connections between them. Conclusion. Our proposed END brain model of suicidal behavior in youth, if
confirmed by future prospective studies, can have implications for clinical goals of early detection, risk stratification, and
intervention development. Treatments that target emotional pain and social disconnect may be ideal interventions for reducing
suicidality in adolescents.

1. Introduction

Alarmingly, rates of death by suicide have risen dramatically
over the past two decades. The Centers for Disease Control
and Prevention (CDC) reported a 30% increase in suicides
in the United States from 2000 to 2016, with rates increasing
among all age groups. Adolescents and young adults are at
particularly high risk, concomitant with increased social

media use, anxiety disorders, major depression, and self-
inflicted injuries [1]. Between 2007 and 2017, the suicide rate
in the U.S. nearly tripled for persons ages 10-14, increased
by 76% for persons ages 15-19, and increased by 36% for
persons ages 20-24 [2]. According to the most recent data
from 2020, suicide is the second leading cause of death in
persons aged 10-14 and 20-24 (surpassing homicide and sec-
ond only to accidents) and the third leading cause of death
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in teens 15-19 years (with the rates of homicide being some-
what higher than those of suicide) [3].

Extensive research has identified risk factors for suicidal
behavior, including chronic mental and physical illness, alco-
hol or drug abuse, acute emotional distress, and exposure to
violence [4]. However, the predictive value of these factors
remains limited, and reliable biomarkers for suicide risk have
yet to be identified [5]. In order to develop targeted suicide
prevention strategies and monitor patients’ clinical response,
objective biomarkers of suicide risk are urgently needed to
address this escalating and important public health crisis.

Interest in the structural and functional neuroimaging
correlates of suicidality as potential biomarkers has also
grown over the past decade, though the majority of this
research has focused on adult subjects. In adults, the most
commonly reported findings center on the ventral and dor-
sal prefrontal cortices (vPFC and dPFC), the inferior frontal
gyrus, the insula, and the mesial temporal, striatal, and pos-
terior connections among these regions [6]. However, much
less is known about the underlying neurobiology of suicidal
ideation and attempts in adolescents [6]. Moreover,
although some of this literature does focus on adolescents
and young adult subjects, few authors have situated these
neuroimaging findings in the context of the substantial neu-
rodevelopmental changes that differentiate this population
from adults [7]. Specifically, adolescence is the critical time
of unique developmental sensitivity to social interactions
[8]. Identifying biomarkers for screening and early detection
among adolescents and preadolescents is critical, as these
groups are particularly vulnerable to suicidal thoughts and
behaviors, likely due to both psychosocial stressors that
accompany the transition from childhood to young adult-
hood as well as underlying neurodevelopmental changes that
occur during this period [9, 10]. Furthermore, treatments for
major depressive disorder (such as agents targeting abnormal
serotonergic signaling) have shown less efficacy for the treat-
ment and prevention of suicidal ideation and suicide attempts,
and treatments for acute suicidality (such as esketamine) are
still in the early stages of investigation and appear to have a
very limited duration of effect [11, 12]. Importantly, treat-
ments for suicidality in adolescents significantly lag behind
adults. Thus, there is an urgent need to fill the current gap in
our neurobiological understanding of adolescent suicidal
behavior in order to facilitate the development of effective
acute and preventative clinical interventions.

A meaningful effort has been undertaken to develop a
brain-centric model of suicidal behavior, one of the most
comprehensive being the Mann and Rizk stress-diathesis
model of suicidal behavior [13] (an update of the earlier neu-
robiological models of suicide presented in [14, 15]). The
authors define diathesis as “a set of suicide-related traits that
moderates the likelihood of suicidal behavior in response to
stressors” [13]. The authors propose a model centered on
four of such suicide-related and risk-moderating traits: (1)
excessive subjective distress when depressed and attentional
bias toward negative stimuli; (2) altered decision making
with less delayed discounting and less executive control
resulting in impulsive-aggressive tendencies and favoring
acting on emotions; (3) neuropsychological abnormalities

such as learning difficulties, cognitive rigidity, and memory
problems; and (4) social distortions [13]. The authors sug-
gest that the neurobiological correlates of these traits—such
as neuroimaging signatures, peripheral inflammatory
markers, cerebrospinal fluid (CSF) serotonin metabolite
concentration, and cortisol levels—may serve as biomarkers
for suicide risk [13]. Importantly, the identification of a neu-
roimaging signature of suicidal ideation could be a bio-
marker for suicide risk even when suicidal ideation (or
related trait) is denied or unrecognized, since the biomarker
is measured objectively. Moreover, such biomarker can be
distinct from biomarkers of cooccurring psychiatric disor-
ders [13]. Here, we build on this brain-centric model with
a specific focus on adolescent neurocircuitry as described
below.

In the present review, we summarize research on the
neuroimaging correlates of suicidality in adolescents and
young adults across structural and functional neuroimaging
modalities. We summarize findings of 28 such studies.
Because suicide is a transdiagnostic behavior, we put partic-
ular emphasis on convergent findings across studies and
diagnostic groups. We also focus on findings in suicide
attempters as they are the most clinically crucial category
of patients for suicide prevention. To disentangle neural sub-
strates of the mental disorder and suicidality, we focus on
studies that compare the presence and absence of suicidal
ideation and behavior within each diagnostic group. We
then synthesize the findings and explore the functionality
of the implicated brain regions and circuits. Finally, we pro-
pose a novel, neurodevelopmental model of suicidality in
youth that borrows elements of Mann and Rizk stress-
diathesis model of suicidal behavior and links them to the
neuroimaging findings in adolescents.

2. Methods

To perform a systematic review of magnetic resonance imag-
ing (MRI) literature that investigates neuroimaging correlates
of suicidal ideation and behavior in adolescents, the electronic
database PubMed was searched inMarch 2019 and updated in
June 2021 using the following Boolean search term, applied to
titles and abstracts: ((“MRI” [Title/Abstract] OR “DTI” [Title/
Abstract] OR “magnetic resonance” [Title/Abstract]) AND
(“suicidality” [Title/Abstract] OR “suicidal” [Title/Abstract]
OR “suicide” [Title/Abstract]) AND (“adolescent” [Title/
Abstract] OR “youth” [Title/Abstract])).

An additional updated search was conducted inMay 2023,
after the data synthesis had been performed and the brain
model of suicidal behavior in youth had been built. The find-
ings of this additional search are discussed in Discussion.

2.1. Data Synthesis. A high heterogeneity was expected
among the studies with respect to the study population, type,
and duration of training; studied brain regions; and, impor-
tantly, the specific MRI methodology. Therefore, a descrip-
tive, narrative synthesis was chosen instead of a meta-
analysis, as meta-analysis is not recommended for diverse
study types [16]. The end goal of the synthesis was to sum-
marize current research findings and derive a brain model
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of suicidal behavior in youth. Thus, we began with the sys-
tematic literature search first, then performed a narrative
synthesis, and finally proposed a model.

3. Results

The initial search resulted in 49 entries (Figure 1). Eleven addi-
tional articles meeting the eligibility criteria were identified
through other sources (citations in articles meeting the eligi-
bility criteria). The updated search in June 2021 resulted in
16 additional records. After excluding articles that (a) were
published in languages other than English (1 article), (b) were
non-full-text articles (3), (c) were review articles (9), (d) were
clinical case studies (4), (e) did not report neuroimaging find-
ings (MRI, functional MRI (fMRI), or diffusion tensor imag-
ing (DTI)) (13), (f) did not pertain to suicidal behavior or
pertain to suicidal ideation or nonsuicidal self-injury alone
(32), and (g) did not include adolescents in the study popula-
tion (5), the total number of articles included in qualitative
synthesis was 28. The search results and main findings of the
included articles are summarized in Table 1.

Of the 28 included articles, all investigated neuroimaging
correlates of suicidality in clinical populations. Twelve of the
articles investigated subjects with unipolar depression and
healthy controls; nine articles studied clinically mixed popula-

tions containing subjects with bipolar disorder, unipolar
depression, and other psychiatric diagnoses (proportions
reported under “subject clinical status” in Table 1 for these
studies); five articles studied only subjects with unipolar
depression, one of which studied only subjects with
treatment-resistant unipolar depression; one article studied
subjects with bipolar disorder and healthy controls; and one
article studied only subjects with bipolar disorder (Table 1).

To better categorize the included studies, we created a
2 × 2 table (Table 2) that separates the study findings by
diagnosis (major depressive disorder (MDD) vs. other con-
ditions or heterogeneous groups) and suicidal ideation (SI)
vs. suicide attempt (SA). We defined suicidal ideation as
thinking about, considering, or planning suicide [17]. Study
results relevant to individuals who fit that definition, as
stated by study authors, were delineated into the category
of SI. We defined suicide attempt as a potentially self-
injurious act committed with at least some wish to die
[18]. Study results relevant to individuals who fit that defini-
tion, as stated by study authors, were delineated into the cat-
egory of SA. This resulted in the following four categories:
MDD+SI, MDD+SA, heterogeneous+SI, and heterogeneous
+SA (Table 2). In this descriptive approach, we indicate next
to each brain region the frequency with which this region was
reported as a finding.While a very large number of regions are
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Figure 1: Literature search flow using PRISMA guidelines.
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listed in Table 2, we focused on convergent findings across
studies and diagnostic groups, since suicide is a transdiagnos-
tic behavior, and on findings in attempters specifically as the
most crucial category of patients for suicide prevention (cate-
gories MDD+SA and heterogeneous+SA in Table 2). At the
same time, within each study, we focused on comparisons of
the presence and absence of suicidal ideation and behavior
within a diagnostic group, to disentangle neural substrates of
the mental disorder and suicidality.

Given the described focus, the most common transdiag-
nostic findings in suicide-attempting patients compared to
nonattempting or healthy controls included abnormalities of
the cerebellum, hippocampus, amygdala, lateral orbitofrontal
cortex (OFC), temporal gyrus, and connections between the
latter two (Table 2). Details of the findings related to these
brain regions are provided below.

3.1. Cerebellum Findings. Four of the reviewed studies identi-
fied abnormalities of the cerebellum in subjects with a history
of suicide attempt. Adolescents with bipolar disorder and a
history of suicide attempt showed reduced graymatter volume
of the bilateral cerebellum and reduced white matter fractional
anisotropy (FA) in the right cerebellum compared to those
without a history of suicide attempt [19]. In a facial recogni-
tion task, adolescents with high suicidality (often attempters)
and MDD demonstrated increased activation in the left ante-
rior lobe of the cerebellum [20]. Observed abnormalities in
resting-state functional connectivity included increased
resting-state functional connectivity (rs-fc) between the right
precuneus and bilateral cerebellum and decreased rs-fc
between the left cerebellum and the left posterior cingulate
cortex, lateral occipital cortex, and temporal-occipital fusiform
gyrus [21] and increased rs-fc in the left cerebellum [22].

Table 2: Brain regions reported in the reviewed studies, organized by diagnosis (major depressive disorder (MDD) vs. other conditions or
heterogeneous groups) and by suicidal ideation (SI) vs. attempt (SA). This resulted in the following four categories: MDD+SI, MDD+SA,
heterogeneous+SI, and heterogeneous+SA. In this descriptive approach, we indicate next to each brain region the frequency with which
this region was reported as a finding.

Diagnosis Suicidal ideation Suicidal attempt

MDD

(i) Amygdala (2)
(ii) Anterior cingulate (1)
(iii) Cerebellum (3)
(iv) Cuneus (1)
(v) Dorsolateral prefrontal cortex (2)
(vi) Fusiform gyrus (1)
(vii) Hippocampus (3)
(viii) Inferior frontal gyri (2)
(ix) Insula (2)
(x) Medial prefrontal cortex (3)
(xi) Middle frontal gyri (2)
(xii) Midline cortical structure (1)
(xiii) Occipital gyrus (2)
(xiv) Postcentral gyri (2)
(xv) Posterior cingulate cortex (2)
(xvi) Posterior parietal cortex (1)
(xvii) Precentral gyrus (3)
(xviii) Precuneus (3)
(xix) Superior frontal gyri (2)
(xx) Superior parietal lobe (1)
(xxi) Thalamus (1)

(i) Amygdala (2)
(ii) Anterior cingulate (3)
(iii) Cerebellum (3)
(iv) Dorsolateral prefrontal cortex (2)
(v) Fusiform (2)
(vi) Hippocampus (1)
(vii) Insula (1)
(viii) Lateral orbitofrontal cortex (1)
(ix) Medial prefrontal cortex (2)
(x) Medial orbitofrontal (1)
(xi) Middle temporal gyrus (2)
(xii) Occipital gyrus (2)
(xiii) Periventricular white matter (1)
(xiv) Postcentral gyri (1)
(xv) Posterior cingulate (2)
(xvi) Precuneus (2)
(xvii) Superior frontal gyrus (1)
(xviii) Superior temporal gyrus, incl. temporal pole (3)
(xix) Uncinate fasciculus (frontotemporal white matter) (1)

Heterogeneous

(i) Caudate (1)
(ii) Cerebellum (1)
(iii) Dorsolateral prefrontal cortex (2)
(iv) Frontoparietal (1)
(v) Insula (1)
(vi) Occipital lobe (1)
(vii) Orbitofrontal cortex (1)
(viii) Pallidum (1)
(ix) Precentral gyrus (1)
(x) Putamen (1)
(xi) Superior temporal sulcus left bank (1)
(xii) Temporal pole (1)
(xiii) Temporoparietal junction (1)
(xiv) Thalamus (1)
(xv) Ventral diencephalon (1)

(i) Amygdala (1)
(ii) Cerebellum (1)
(iii) Hippocampus (1)
(iv) Lateral orbitofrontal cortex (2)
(v) Posterior parietal lobe deep white matter (1)
(vi) Rostral prefrontal cortex (1)
(vii) Uncinate fasciculus (frontotemporal white matter) (2)
(viii) Ventral prefrontal cortex (3)

Bold: convergent findings in attempters across studies and diagnostic groups, since suicide is a transdiagnostic behavior, and attempters are the most crucial
category of patients for suicide prevention (categories MDD+SA and heterogeneous+SA).
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3.2. Hippocampus Findings. Two of the reviewed studies
identified abnormalities of the hippocampus in subjects with
a history of suicide attempt. Among adolescents with bipolar
disorder, Johnston et al. reported reduced right hippocampal
gray matter volume in those with a history of suicide attempt
compared to those without [19]. Among adolescents with
major depressive disorder, Quevedo et al. reported reduced
activity of the left and right hippocampi during an emotional
facial self-recognition task in those with high suicidality
compared to those without [20].

3.3. Amygdala Findings. Three of the reviewed studies identi-
fied functional abnormalities of the amygdala in adolescents
with a history of suicide attempt, each of which examined clin-
ical populations using task-based fMRI. In a study comparing
subjects with MDD with prior suicide attempts, subjects with
MDD and suicidal ideation symptoms but no prior suicide
attempts, and healthy controls during a facial emotion pro-
cessing task, Alarcón et al. found that those with prior suicide
attempts had greater connectivity between the amygdala and
the dlPFC, dmPFC, precuneus, and ACC than low-
suicidality depressed subjects, as well greater connectivity
between the left amygdala and the rostral anterior cingulate
cortex (rACC) than all other groups [23]. In a study using a
similar facial emotion processing task limited to subjects with
bipolar disorder, Johnston et al. report reduced amygdala
functional connectivity to the left ventral PFC and right rostral
PFC in subjects with a history of a suicide attempt compared
to those without prior attempts [19]. In another study of sub-
jects with unipolar depression, Quevedo et al. found reduced
activity in the amygdala in response to happy faces during a
facial self-recognition task [20].

3.4. Lateral OFC Findings. Three of the reviewed studies
identified abnormalities of the lateral OFC in subjects with
a history of suicide attempt. In a study of subjects with
MDD, those with a history of suicide attempt demonstrated
reductions in the right and left lateral OFC thickness and
pars orbitalis thickness relative to the non-suicide-
attempting subjects [24]. Additionally, subjects with bipolar
disorder and a history of suicide attempt showed reduced
left and right lateral OFC thickness relative to those without
a history of suicide attempt [25]. Similarly, Johnston et al.
[19] report reduced right lateral OFC volume in subjects
with a history of bipolar disorder and suicide attempt com-
pared to peers without a history of suicide attempt.

3.5. Temporal Gyrus Findings. Middle temporal gyrus: two of
the reviewed studies identified abnormalities of the middle
temporal gyrus (MTG) in subjects with MDD and a history
of suicide attempt, specifically increased activity in the right
MTG in response to angry faces in a facial emotion process-
ing task [26] and increased resting-state amplitude of low-
frequency fluctuations in the left MTG [27]. Superior tempo-
ral gyrus: three of the reviewed studies identified abnormal-
ities of the superior temporal gyrus (STG) in subjects with
MDD and a history of suicide attempt, including reduced
temporal pole volume [24], reduced right STG volume

[28], and increased resting-state amplitude of low-
frequency fluctuations in the right STG [27].

3.6. Connections between Lateral OFC and Temporal Gyrus.
Two of the reviewed studies identified abnormalities of the
uncinate fasciculus in the heterogeneous group with a his-
tory of suicide attempt, including reduced fractional anisot-
ropy in the left frontotemporal white matter, including the
uncinate fasciculus [29], and reduced fractional anisotropy
in the uncinate fasciculus and the left uncinate-vPFC region
[19]. Fan et al. additionally identified reduced fractional
anisotropy in the uncinate fasciculus in subjects with MDD
and a history of suicide attempt [29]. Since the uncinate fas-
ciculus is a white matter association tract that connects the
temporal pole with the OFC, we consider the findings of
reduced temporal pole [24] and OFC volume [24] in MDD
subjects and a history of suicide attempt to be an additional
indication of the frontotemporal circuit aberration.

The following list summarizes which cross-diagnostic neu-
ral aberrations listed above were observed in suicide attempters
(compared to nonattempting ideators) and in nonattempting
ideators (compared to nonideators), howmany studies reported
such aberrations, and what type of MRI was utilized.

(i) Cerebellum findings

(a) Suicidal ideation was associated with decreased
cerebellum activity (2 studies) and inconsistent
changes in resting-state functional connectivity
with other regions (2 studies)

(b) Suicide attempt was associated with reduced
cerebellum gray matter volume (1) and
increased connectivity between the cerebellum
and the left lingual gyrus (1)

(ii) Hippocampus findings

(a) Suicidal ideation was associated with reduced
hippocampus activity (2)

(b) Suicide attempt was associated with reduced
hippocampus volume (1)

(iii) Amygdala findings

(a) Suicidal ideation was associated with reduced
activity in the amygdala (1) and greater connec-
tivity between the amygdala and dlPFC (1) and
the amygdala and rACC (1)

(b) Suicide attempt was associated with greater con-
nectivity between the amygdala and dlPFC (1)
and the amygdala and rACC (1) and reduced
amygdala connectivity to the ventral PFC (1)

(iv) Lateral OFC findings

(a) Suicide attempt was associated with decreased
lateral OFC thickness (5) and decreased OFC
volume (1)
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(v) Temporal gyrus findings

(a) Suicide attempt was associated with decreased
temporal pole volume (1), decreased right supe-
rior temporal gyrus volume (1), increased tem-
poral gyrus activity (3), and reduced fractional
anisotropy in temporal regions (3)

(vi) Connections between lateral OFC and temporal
gyrus

(a) Suicide attempt was associated with reduced frac-
tional anisotropy in the uncinate fasciculus (3)

3.7. Summary of the Main Findings. The most common
transdiagnostic abnormalities in suicide-attempting adoles-
cent patients compared to nonattempting or healthy con-
trols were found in cerebellum, hippocampus, amygdala,
lateral orbitofrontal cortex (OFC), temporal gyrus, and con-
nections between the latter two, whereas abnormalities in
the cerebellum, hippocampus, and amygdala were also pres-
ent in nonattempting ideators (probably to a lesser degree);
lateral OFC and temporal circuitry abnormalities appear to
be unique to adolescent suicide attempters.

We suggest that abnormalities in the cerebellum, hippo-
campus, and amygdala may be present in nonattempting
ideators to a lesser degree compared to attempters based
on the following consideration. If a brain region appears in
both columns of Table 2, it means that this brain region
showed different properties in comparison between ideators
and nonideators, as well as between suicide-attempting sub-
jects compared to nonattempting subjects from the same
clinical group (and thus likely ideators). Assuming a mono-
tonic property, we therefore hypothesize that the most likely
explanation is that while the aberration in this brain region
is present both in ideators and in attempters, it is monoton-
ically stronger in attempters (otherwise, there would have
been no findings in the comparison between suicide-
attempting subjects and nonattempting subjects from the
same clinical group).

4. Discussion

Our systematic review highlighted several brain regions/con-
nections that may be associated with adolescent suicide
attempts across psychiatric diagnoses. We suggest that these
findings can be subdivided into two circuits that roughly
correspond to traits 1 and 4 in the Mann and Rizk stress-
diathesis model of suicidal behavior described in the intro-
duction [13]: (1) “emotional pain” circuit and (2) “social dis-
connect” circuit (Figure 2). The proposed emotional pain
circuit includes the cerebellum, hippocampus, and amyg-
dala, whereas the social disconnect circuit includes the lat-
eral OFC and temporal gyrus, as well as connections
between the two. Below, we discuss these findings and pro-
pose a new brain model of suicidal behavior in youth based
on the synthesis of these findings: Emotional paiN and social
Disconnect (END) model (Figure 2).

4.1. Emotional Pain. Emotional pain, also referred to as
mental pain, psychological pain, or subjective distress, is
thought to be a key component in understanding suicidal
thoughts and behaviors [30]. Higher levels of emotional pain
are associated with a higher risk for suicide [31]. Specifically,
those with suicidal thoughts report higher levels of emo-
tional pain than those without these thoughts, and those
with a history of suicidal behavior report higher levels of
emotional pain than those who do not have a history of sui-
cidal behavior [31]. Furthermore, these results persist when
analyzed among groups with similar levels of depression,
suggesting that the association between emotional pain and
suicidality is independent of depressive symptoms [32].
Emotional pain tolerance may be an even better indicator
for suicidal behavior [33].

The relationship between emotional pain and suicidality
provides an important insight because it suggests that sui-
cidal thoughts are utilized as a way to cope with such pain.
When one experiences distress, and subsequently emotional
pain, suicide may be considered as a way to escape this feel-
ing. In the early 1990s, Shneidman et al. proposed a theory
of suicide in which emotional pain, for this reason, was a
necessary phenomenon in the etiological development of
suicidal thoughts [30]. This idea was then corroborated by
the escape theory of suicide, which hypothesized the same
idea that suicidal thoughts are utilized in order to escape
mental anguish [34]. More recently, suicidologists have built
on this idea. Kleiman et al. [35] found that some individuals
may experience improved mood as a result of suicidal
thoughts. This finding suggested that suicidal thoughts
may act as a reinforcing mechanism, increasing their pres-
ence and frequency in response to subjective distress.

It is well established that the endocannabinoid system
plays an important modulatory role in processing of both
physical pain [36, 37] and emotional/social pain [38]. We
suggest that the emotional pain associated with adolescent
suicidality is (at least in part) facilitated by three brain
regions derived from our review, in which endocannabinoid
signaling has been shown to play important roles: the hippo-
campus, amygdala, and cerebellum [39]. Indeed, it has been
suggested that the endocannabinoid system, and particularly
the cannabinoid receptors CB1, may be involved in the path-
ogenesis of suicidal behavior in adult patients with different
affective disorders and alcoholism [40, 41]. Out of the three
brain regions, the cerebellum received the greatest and most
consistent support for being associated with emotional pain
[42]. Among the studies reviewed here, aberrant cerebellum
activity during emotion processing tasks has been linked to
adolescent suicidal ideation (e.g., [43]) and attempts
[19–22]. Interestingly, an association between increased
metabolism in the cerebellum and reductions in suicidal ide-
ation has been previously observed following treatment with
ketamine in adults [44]. Although not classically associated
with the experience of emotional pain, the amygdala and
hippocampus appear to play a modulatory role. Whereas
the studies reviewed here link them with adolescent suicidal
ideation and attempts (e.g., [19, 20, 23]), differences in char-
acteristics of these brain regions have been suggested in gen-
eral to predispose subjects to chronic pain and mood
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disorders [45]. Moreover, amygdala circuitry plays a key role
during cannabinoid analgesia in animals [46] and humans
[47], and amygdala connectivity correlates with the disso-
ciative effects of cannabis administration on the reported
intensity and unpleasantness of pain [47]. It is also inter-
esting to note that in adults diagnosed with complicated
grief (i.e., grief strongly associated with emotional pain
and subsequently suicidality [48]), all three regions—the
hippocampus, amygdala, and cerebellum—showed interac-
tive activation differences in response to positive/negative
valence images compared to controls [49]. The interactions
were driven by (1) the greater activation of the amygdalae,
cerebellum, and right hippocampus in the grief group while
viewing death-related pictures and (2) the greater deactiva-
tion of these regions in the same group while viewing positive
valence pictures.

To conclude, the hippocampus-amygdala-cerebellar
network’s aberrations may be associated with the emo-
tional pain experienced by adolescents with suicidal
thoughts and behaviors. The observation of such aberra-
tions both in attempters and ideators (albeit likely to a
lesser degree in the latter) suggests that these aberrations
and the associated emotional pain may be a necessary,
but not sufficient condition, for attempting suicide by the
adolescent.

4.2. Social Disconnect. Social distortion/disconnect, “thwarted
belongingness” (a perceived lack of reciprocally caring rela-
tionships [50]), and communication difficulties have been sug-
gested to increase suicide risk [13]. Some authors have even
suggested that social disconnect is a second necessary compo-
nent, in addition to emotional pain, which leads to suicide
attempts [51]. For example, Levi et al. observed that while
emotional pain predicted the presence of suicidal ideation
and medically nonserious suicidal behavior in adults, “unre-
lieved” emotional pain due to communication difficulties
(e.g., difficulties with self-disclosure and inability to ask for
help) predicted the lethality and seriousness of the suicide
attempts [51].

The most comprehensive description of how social vari-
ables may be impacting suicidality is given by Thomas
Joiner’s interpersonal theory of suicide (IPTS) [50, 52]. The
IPTS proposes that a person’s suicidality is associated with
their perception of their interpersonal relationships. Accord-
ing to the IPTS, the desire to die is the result of two constructs:
thwarted belongingness and perceived burdensomeness.
Thwarted belongingness refers to a feeling of isolation, loneli-
ness, or the lack of reciprocal support by others. Perceived
burdensomeness represents one’s feeling of being a burden
to those around them, or a feeling that others may be better
off without them. The IPTS posits that when these constructs
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Figure 2: Emotional paiN and social Disconnect (END) brain model of suicidal behavior in youth. Emotional/mental pain or subjective
distress can be caused by a combination of predisposition and stressful life events and leads to suicidal ideation in adolescents. If, in
addition, the adolescent is experiencing social disconnect/distortion and communication difficulties, this can lead to a suicide attempt.
According to the END model, the biological driver of suicidal behavior in youth is aberration in two distinct brain circuits: “emotional
pain” circuit and “social disconnect” circuit. The emotional pain circuit includes the cerebellum, hippocampus, and amygdala and shows
similar aberrations in adolescent ideators as in attempters, but to a smaller degree. The social disconnect circuit includes lateral OFC and
temporal gyri, as well as the connections between them (the frontotemporal system), and is unique to adolescent suicide attempters.
Abbreviation: OFC = orbitofrontal cortex.
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appear simultaneously, one is at risk for suicidal thoughts.
Furthermore, when these thoughts occur simultaneously with
the acquired capability of suicide that counteracts the evolu-
tionary fear of death and physical pain, one is at risk for a
lethal suicide attempt [50].

While IPTS found preliminary empirical support in ado-
lescents [53], it has been suggested that the interpersonal
factors contributing to suicidal ideation (e.g., thwarted
belongingness and perceived burdensomeness) are consis-
tently enmeshed in adolescence and may be better conceptu-
alized as a single composite construct [53]. For this reason,
and because differentiating social variables on the level of
large-scale brain networks might be especially difficult, we
combine these variables and conceptualize them as “social
disconnect” in our brain model of suicidal behavior in youth
described below. Similarly, Mann and Rizk’s brain-centric
stress-diathesis model of suicidal behavior only includes
“social distortion” as a social risk-moderating trait [13].

According to Mann and Rizk’s model, the social distor-
tion trait is associated with a brain region also found in
our review, the lateral OFC, and its hyperactivity to negative
facial expressions and hypoactivity to positive facial expres-
sions [13]. In our reviewed literature, in a study of subjects
with MDD, those with a history of suicide attempt demon-
strated reductions in right and left lateral OFC thickness
and pars orbitalis thickness relative to the non-suicide-
attempting subjects [24]. Additionally, subjects with bipolar
disorder and a history of suicide attempt showed reduced
left and right lateral OFC thickness relative to those without
a history of suicide attempt [25]. Johnston et al. [19] reported
reduced right lateral OFC volume in adolescent subjects with a
history of bipolar disorder and suicide attempt compared to
peers without a history of suicide attempt. This result is aligned
with adult neuroimaging studies demonstrating associations
between attempt lethality and ventral prefrontal hypometabo-
lism [54]. Interestingly, based on lethality’s association with
highly planned, less impulsive attempts [54] and the lack of
associations between impulsivity and reductions in structural
and functional neural integrity among attempters, Johnston
et al. suggested that “altered ventral prefrontal functioning in
attempt lethality may not, at least for some individuals, be
related to its role in controlling impulses” [19] In addition to
the OFC (and amygdala), the temporal gyrus is known to be
one of the three major components of the “social brain” [55],
and multiple papers reviewed here showed temporal gyrus
aberrations in adolescent subjects with a history of suicide
attempt [24, 26–28]. Finally, perturbations of the uncinate fas-
ciculus that connects the lateral OFC and temporal gyrus may
contribute to adolescent suicidal behavior by causing social-
emotional problems, such as distortion of personal value and
emotional history associated with people, disruption of the
social reward mechanism, lack of social engagement, and
potentially antisocial behavior [56]. Vulnerability to such
social-emotional problems may be especially high during ado-
lescence because the uncinate fasciculus continues to mature
during this important neurodevelopmental period [57].

To conclude, the frontotemporal network aberrations
may be associated with the social disconnect experienced
by adolescents with increased suicidality. The observation

of this network aberrations appears to be unique to adoles-
cents with a history of a suicide attempt, compared to non-
attempting ideators.

4.3. END Model. We synthesize the findings described above
into the Emotional paiN and social Disconnect (END) brain
model of suicidal behavior in youth (Figure 2). In this
model, emotional/mental pain or subjective distress can be
caused by a combination of predisposition and stressful life
events and leads to suicidal ideation in adolescents. If, in
addition, the adolescent is experiencing social disconnect/
distortion and communication difficulties, this combination
can lead to a suicide attempt. According to the END model,
the biological driver of suicidal behavior in youth is aberra-
tions in two distinct brain circuits: the “emotional pain” cir-
cuit and the “social disconnect” circuit. The emotional pain
circuit includes the cerebellum, hippocampus, and amygdala
and shows similar aberrations in adolescents with suicidal
ideation as in those with a history of a suicide attempt, but
to a smaller degree. The social disconnect circuit includes
the lateral OFC and temporal gyri, as well as the connections
between them (i.e., the frontotemporal system), and is
unique to adolescent suicide attempters, compared to nonat-
tempting ideators.

As mentioned in Methods, we conducted an additional
updated search in May 2023, after the data synthesis had
been performed and the brain model of suicidal behavior
in youth had been built. The search resulted in 8 papers
that met the inclusion criteria [58–65]. To preserve the
order of the data synthesis—in which we begin with the
systematic literature search first, without any specific model
in mind, then perform a narrative synthesis, and finally
propose a model—we did not include the 8 additional
papers in the synthesis and instead compared the findings
in these papers to our END model as to whether they sup-
port or contradict it. Given that our END model focused on
cross-diagnostic suicidal behavior, we focused on the stud-
ies that reported nonnegative findings in heterogeneous
adolescent populations with a direct measurement of sui-
cide attempts. The two studies that met this definition
showed a general agreement with the END model, high-
lighting frontotemporal structural and right OFC functional
aberrations in youth with bipolar disorder and self-harm
[60, 61]. The largest study among the 8 additional studies
was the ENIGMA Suicidal Thoughts and Behaviours
(ENIGMA-STB) consortium study (comprised of multiple
samples, including a sample of 577 young people with
mood disorders and a transdiagnostic sample with 253
healthy controls, 432 clinical controls, and 91 young people
with a history of a suicide attempt), which did not show
any morphological findings in the heterogeneous cohort
of young people with a history of suicide attempts but
showed a correlation of suicide attempt history with a
smaller surface area of the frontal pole in the mood disor-
der cohort [65]. Even though the absence of findings in
the heterogeneous cohort makes this study not directly
comparable with the END model, it is worth mentioning
that the frontal pole is adjacent to the lateral OFC, which
may point to compatibility with the model.
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4.4. Comparison with Adult Literature. While the END
model has been derived from adolescent literature, it may,
in principle, also apply to adults. At the same time, there
may be some unique aspects that characterize the adolescent
brain, which we would like to discuss here. Notably, the
adult literature reports impairments in vPFC and dPFC
and decreased top-down inhibition of behavior that is asso-
ciated with suicidal behavior [6]. The literature in youth
reviewed here does not provide strong support for abnor-
malities in PFC regions associated with top-down inhibition
and planning. Rather, we observe a strong support for a
unique role of the lateral OFC, which is unlikely related to
controlling impulses [19]. As mentioned above, Johnston
et al. suggested that aberrations in OFC’s functioning in
attempt lethality may not be related to its role in controlling
impulses [19]. Instead, it is likely that in combination with
the temporal regions, the lateral OFC constitutes a network
that may be associated with social disconnect (Figure 2).
Adolescence is a critical time of unique developmental sensi-
tivity to social interactions [8]; therefore, aberrations in the
underlying circuitry may reflect the lack of the social con-
nectedness that may otherwise reduce the likelihood of a sui-
cide attempt in a person experiencing severe emotional pain.

4.5. Clinical Implications. The convergent findings from the
reviewed literature and our proposed END brain model of
suicidal behavior in youth, if confirmed by future prospec-
tive studies, can have implications for eventual clinical goals
of early detection, risk stratification, and intervention devel-
opment. Our model suggests that future research should
consider therapies such as interpersonal psychotherapy for
depressed adolescents (IPT-A) for reducing suicidality or
new interventions that would address the social disconnect
[66, 67]. An effective intervention for reducing social
disconnect could also open a way to the treatment of emo-
tional pain [51]. For example, “TARA”—an innovative NIH
Research Domain Criteria (RDoC) and neuroscience based
intervention for adolescent depression—targets, among
other brain regions, the hyperactive amygdala and may
serve as an example of neurocircuitry-driven intervention
development [68–70].

4.6. Limitations. There are two main limitations to this
review: a large variability of clinical diagnoses and MRI
methodology in the included studies. The differences in
MRI methodology precluded us from conducting a meta-
analysis; thus, a descriptive assessment of the frequency with
which certain findings are reported was used instead. Since
findings depend on the MRI methodology, our synthesis
may be biased in favor of findings that are easily detected
by the most frequently used MRI methodologies. It is reas-
suring, however, that there was a noticeable convergence of
findings obtained with highly varying methodologies (e.g.,
volumetry vs. task-based fMRI). It is worth noting that
25% of all included papers derived their results from
resting-state functional connectivity. While our END model,
to a large extent, focuses on discrete brain regions, future
work may benefit from network science approaches to neu-
roimaging of suicidality [71]. To address the second issue of

varying clinical diagnoses, we focused (1) only on comparing
findings in attempters vs. nonattempters within the diagnos-
tic category and (2) on the brain circuitry aberration across
all diagnoses when synthesizing the findings. Finally, our
proposed END brain model of suicidal behavior in youth is
simplified in that it focuses only on the most general mech-
anisms supported by the largest number of findings, leaving
out several other implicated brain regions and circuits
(Table 2). While this simplification does not allow us to cap-
ture the full complexity of the phenomenon of suicidality,
the model highlights the mechanisms most likely to be dom-
inant and thus those which may best facilitate the develop-
ment of practical, targeted clinical interventions.

5. Conclusions

In this systematic review, we descriptively synthesized
results from 28 studies on the neural underpinnings of sui-
cidal behavior in adolescents that used various MRI
methods. The brain regions that were the most common
transdiagnostic findings in suicide-attempting patients com-
pared to nonattempting or healthy controls were cerebellum,
hippocampus, amygdala, lateral orbitofrontal cortex (OFC),
temporal gyrus, and connections between the latter two.
We proposed the Emotional paiN and social Disconnect
(END) model of adolescent suicidality, according to which
suicidal behavior is driven by two key neural circuits: (1)
emotional/mental pain circuit and 2) social disconnect/dis-
tortion circuit. In the END model, the emotional pain cir-
cuit, consisting of the cerebellum, amygdala, and
hippocampus, shows similar aberrations in adolescents with
suicidal ideation as in those with a history of a suicide
attempt (but to a smaller degree). The social disconnect cir-
cuit is unique to adolescent suicide attempters and includes
the lateral OFC, the temporal gyri, and the connections
between them. Using the END model, we discussed potential
clinical treatments and suggested that future research should
consider therapies such as IPT-A for reducing suicidality or
new interventions that would address the social disconnect.
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