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Suicide is a leading cause of death in the United  States. Historically, scientific 
inquiry has focused on psychological theory. However, more recent studies have 
started to shed light on complex biosignatures using MRI techniques, including 
task-based and resting-state functional MRI, brain morphometry, and diffusion 
tensor imaging. Here, we  review recent research across these modalities, with 
a focus on participants with depression and Suicidal Thoughts and Behavior 
(STB). A PubMed search identified 149 articles specific to our population of 
study, and this was further refined to rule out more diffuse pathologies such 
as psychotic disorders and organic brain injury and illness. This left 69 articles 
which are reviewed in the current study. The collated articles reviewed point to 
a complex impairment showing atypical functional activation in areas associated 
with perception of reward, social/affective stimuli, top-down control, and 
reward-based learning. This is broadly supported by the atypical morphometric 
and diffusion-weighted alterations and, most significantly, in the network-based 
resting-state functional connectivity data that extrapolates network functions from 
well validated psychological paradigms using functional MRI analysis. We see an 
emerging picture of cognitive dysfunction evident in task-based and resting state 
fMRI and network neuroscience studies, likely preceded by structural changes 
best demonstrated in morphometric and diffusion-weighted studies. We propose 
a clinically-oriented chronology of the diathesis-stress model of suicide and 
link other areas of research that may be useful to the practicing clinician, while 
helping to advance the translational study of the neurobiology of suicide.
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1. Introduction

The World Health Organization (WHO) reports that suicide is the second leading cause 
of death among individuals aged 15–29 years (1) with an estimate of approximately 800,000 
people dying from suicide each year - a global mortality rate of one person every 40 s. In the 
United States, the Center for Disease Control and Prevention (CDC) reports Suicide is the 
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12th leading cause of death for both Hispanic and non-Hispanic 
people of all races (2). In 2020, suicide was the second leading cause 
of death for children (age 10–14 years, accounting for 581 deaths) 
and third leading cause of death for young individuals (age 
15–24 years, accounting for 6,062 deaths) (3). Suicide research has 
been very important in developing clinical suicide risk assessments 
(4). However, recent neuroimaging work with suicidal patients holds 
significant promise for the clinician to directly access information 
without it being filtered through the situation, suspicion or in fact 
impaired processes a suicidal individual may use to disclose the risk 
assessment information. This has been accelerated by parallel 
theories in neurobiology and cognitive neuroscience (5–7) and a 
clinical focus from the likes of McGirr (8) and Turecki (9). Recent 
reviews (10, 11) have also contributed to bridging this translational 
gap. In spite of this, there still is not a clinically-accessible link 
between witnessed patient histories, symptoms, and deficits and 
what is rapidly being discovered in the fields of functional, network, 
and morphometric neurobiology.

Multiple general theories have been developed in an attempt to 
understand the risk factors, thoughts, distortions, cognitive/
behavioral differences, atypical brain structures, systems and 
functions that distinguish suicidal individuals from those without 
past attempts, or a high risk. As clearly laid out in Van Heeringen’s 
book “the Neuroscience of Suicidal Behavior,” (6) five main 
neurobiological theories precede the recent work of Schmaal, 
Auerbach, and others. These include the “Cry of Pain” model (12), 
the Interpersonal model (7), the Integrated Motivational model 
(13), the Clinical Stress-Diathesis model (8, 14), and Jollant’s 
Neurocognitive model (5). The most relevant to this paper is Van 
Heeringen’s Neurobiological model (6). This model synthesizes 
Molecular, Morphological, Cognitive, and Functional evidence into 
a theory based on predictive coding, also known as computational 
psychology. This model suggests that the main difference between 
suicidal individuals and those that are not suicidal, have an 
impaired system of evaluating old beliefs, evaluating the importance 
and certainty (precision) of new information, and appropriately 
changing current beliefs and strategies accordingly. Author states 
that learning is directly affected, proposing that humans are 
generally biased toward positive valenced stimuli and predictions. 
However, those with abnormal serotonin systems, which play a role 
in learning and extinction of behaviors that lead to aversive events, 
may be biased toward learning more negatively valenced behaviors 
(called Pavlovian instrumental transfer). Author further proposes 
that belief updating (modifying old beliefs based on new sensory 
information) is dependent on the right inferior frontal gyrus (IFG) 
and bilateral superior frontal gyrus (SFG) for positive valenced 
information, and on the left IFG and right inferior parietal lobule 
(IPL) for negative information. Lastly, as with disrupted serotonin 
and NMDA systems, blunted cortisol reactivity to stress creates a 
founding diathesis and may account for the higher rates of 
suicidality amongst individuals with trauma and adverse 
childhood events.

Our goal is to consider the current body of neuroimaging research 
on STBs (defined here as suicidal ideation and attempts) among those 
with Major Depressive Disorder (MDD) (15). Our goal is to clarify 
relevant concepts for the clinicians working with these patients and to 
propose the framework of a testable timeline of the suicidal brain in 
this population that may be developed into a clinical tool.

2. Methods

A search on functional, structural, and diffusion-weighted MRI 
studies of the suicidal brain was performed in the search engine 
‘PubMed’ for both original and review research articles that were 
published before December 2021. The literature search was conducted 
using the following terms in the title:

((BOLD[Title]) OR (fMRI[Title]) OR (functional MRI[Title]) OR 
(functional magnetic resonance imaging[Title]) OR 
(morphometry[Title]) OR (thickness[Title]) OR (surface area[Title]) OR 
(volume[Title]) OR (gyrification[Title]) OR (folding[Title]) OR 
(MRI[Title]) OR (DTI[Title]) OR (magnetic resonance imaging[Title]) 
OR (diffusion tensor imaging[Title]) OR (brain connectivity[Title]) OR 
(connectivity[Title]) OR (brain activation[Title]) OR (neural 
activation[Title]) OR (neuroimaging[Title]) OR (spectroscopy[Title]) OR 
(white-matter[Title]) OR (gray-matter[Title]) OR (neural 
correlates[Title]) OR (neural representations[Title])) AND 
((suicide[Title]) OR (suicidal[Title]) OR (suicidality[Title]) OR (suicide 
risk[Title]) OR (self-harm[Title]) OR (suicidal ideation[Title])) NOT 
((Inflammation[Title]) OR (Inflammatory[Title]) OR (Plasma[Title]) 
OR (Tumor[Title]) OR (Immunity[Title]) OR (habenula[Title]) OR 
(mRNA[Title]) OR (RNA[Title]) OR (DNA[Title]) OR (Gene[Title]) OR 
(Genetics[Title]) OR (Glucose[Title]) OR (Brain expression[Title]) OR 
(Pain[Title])). The search was performed without a time limit. This 
resulted in a total of 149 articles. The articles were further filtered 
through an inspection of the abstracts. A total of 80 articles that 
included studies focusing on patients with clinical conditions other 
than MDD, studies focusing on non-suicidal self-injury, and studies 
relating to neuroimaging modalities other than MRI (i.e., MEG, PET) 
were excluded.

3. Results

A total of 69 research articles, focusing on STBs associated with 
depression, were identified, and reviewed in the current study 
(Tables 1–4).

3.1. Functional MRI (fMRI)

3.1.1. Task-based fMRI
The task-based fMRI research in STBs depends on the ability of a 

participant to complete a task in real time, and thus, may be a more 
proximally clinically important difference amongst patients. Task-
based fMRI studies of the suicidal brain have focused on six primary 
tasks according to Dr. Van Heeringen: (1) Decision Making/Reward-
Based Learning; (2) Emotional Pain and Affect Regulation; (3) 
Sensitivity to Social Stressors; (4) Cognitive Control/Response 
Inhibition; (5) Hopelessness; and (6) Impulsivity and Aggression. 
Unfortunately, within these 6 domains, only the first 4 have functional 
neuroimaging data consistent with our focused limitations.

3.1.1.1. Decision making/reward-based learning
Examining the fMRI activation differences during a learning task 

which requires participants to maximize rewards earned through a 
sequence of lever pulls (the Three-Armed Bandit Task), Brown et al. 
found that while non-suicidal participants showed decreased 
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impulsivity with increasing connectivity between the ventromedial 
prefrontal cortex (vmPFC) and parietal cortex, suicidal participants 
had increasing impulsivity with increased connectivity between these 
regions (16).

Suicide attempts have been found to be associated with greater 
activation in the right lateral orbitofrontal cortex (OFC) and decreased 

activation in the right superior frontal gyrus (SFG) while performing 
decision-making tasks in response to prototypical angry versus 
neutral faces (17).

In a recent meta-analyses that included work on decision making/
reward-based learning, Li et al. concluded that brain activation in 
suicide attempters increased in the left insula but decreased in the 

TABLE 1 Task-based fMRI (TBfMRI) studies.

Author Mode Task Findings Population

Brown et al. (2020) TBfMRI Decision Making

↓ BOLD in vmPFC activity in SUIATT and 

impulsivity not correlated to vmPFC-FP 

connectivity ➔ compared to HC

Adults with and without STB (past 

attempts, ideation only) vs. HC

Li et al. (2020) TBfMRI

Iowa Gambling Task (IGT), Tower 

of London Task, Go/No-Go task, 

Faces and Shapes fMRI task, and 

Emotion-Processing Task

↓ BOLD in fusiform gyrus but ↑ in left insula 

activation in SUIATT

Adolescent and adult MDD + SUIATT 

vs. MDD alone

Olié et al. (2017) TBfMRI Cyberball Game/Task
↓ BOLD in left insula and SMG in SUIATT vs. both 

controls

36 Women with MDD + STB vs. 41 with 

history of MDD vs. 28 HCs

Cáceda et al. (2020) TBfMRI Cyberball Game/Task

No group differences in activation, but with social 

exclusion: 1. Suicide risk correlated with BOLD in 

superior insula 2. Depression severity and 

psychological pain correlated with BOLD in 

superior insula 3. BOLD in dACC correlated with 

physical pain severity

Adults with MDD and SUIATT vs. 

MDD + SI vs. MDD vs. HCs

Miller et al. (2018) TBfMRI

Facial Affective Task requiring 

regulation of response before 

stimuli presentation

↑ BOLD in dlPFC among SUI vs. HCs Adolescents with SI vs. HCs

Davis et al. (2014) TBfMRI Emotion Regulation-Reappraisal ↑ BOLD in amygdala vs. controls

Adults with STB (no distinction) vs. 

Adults with Depression and Anxiety 

without STB vs. HCs

Jollant et al. (2008)

TBfMRI 

– Passive 

Task

Visual Affective Valence Task

↑ BOLD in lateral OFC and ↓ BOLD in SFG during 

angry stimuli, ↑ BOLD ACC to happy stimuli, and ↑ 

BOLD in cerebellum to mild angry stimuli in the 

MDD + STB group

Adult men with MDD + STB vs. MDD 

vs. HCs

Richard-Devantoy 

et al. (2016)
TBfMRI Go/No-Go Response Inhibition

No difference between SUIATT and controls; No 

association between SUIATT and BOLD

Adults with MDD + SUIATT vs. MDD 

vs. HCs

Pan et al. (2013) TBfMRI
Emotionally Valenced Gender 

Discrimination Task

SUIATT ↑ BOLD in right ACC, bilateral primary 

sensory cortex, left dlPFC, and right MTG during 

angry faces; SUIATT ↓ BOLD in left fusiform gyrus 

during neutral faces compared to MDD. ↑ BOLD in 

primary sensory cortex during angry compared to 

HCs

Adolescents with SUIATT + MDD vs. 

MDD vs. HCs

Ai et al. (2018) TBfMRI
Emotionally Valenced Gender 

Discrimination Task

SUIATT ↓ BOLD in fusiform gyrus across all 

emotional valences vs. controls

Adults with SUIATT + MDD vs. 

SI + MDD vs. MDD

Alarcón et al. 

(2019)
TBfMRI/FC

Emotional Self-Face Recognition 

Task

↑ FC between amygdala and dlPFC, dmPFC, and 

precuneus in SUIATT + MDD vs. HCs

Adolescents with SUIATT + MDD vs. 

high SI + MDD vs. low SI + MDD vs. 

HCs

Malhi et al. (2019) TBfMRI/FC Emotional Face-Word Stroop Task

↑ BOLD in PFC, frontopolar cortex, ACC, and 

posterior parietal cortex; and ↑ activity among basal 

ganglia structures with increasing suicide risk

Adults with STB (both SI and 

SUIATT) + Mood Disorder vs. HCs

Just et al. (2017)

TBfMRI 

Machine 

Learning

Neurosemantic (Presentation of 

words associated with life and 

death)

Areas found to be significantly associated with 

suicidal ideation = medial superior frontal, inferior 

parietal, medial temporal, anterior cingulate, and 

inferior frontal cortices

SUI vs. HCs
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TABLE 2 Resting-state fMRI studies.

Author Mode Findings System interactions Population

Qiu et al. (2020) RSFC ↑ SI = ↓ RSFC between pregenual ACC and SFG
↑ SI = ↓ betweenM-CIN/SN andM-FPN/

DMN

Adults with MDD + SUIATT vs. 

MDD

Du et al. (2017) RSFC
↓ RSFC between ACC (M-CIN/SIN) and orbito-

medial PFC (M-FPN/DMN) in MDD + SI

↓ RSFC betweenM-CIN/SN andM-FPN/

DMN

Adults with MDD + SI vs. MDD 

vs. HCs

Yang et al. 

(2020)

RSFC/

Morphometric

↓ RSFC in right inferior Orbitofrontal gyrus; ↓ 

GMV in right IFOG and left caudate

↓RSFC betweenM-FPN/DMN andM-CIN/

SN

Adults with MDD + SUIATT vs. 

MDD

Stange et al. 

(2019)
RSFC

↓ RSFC in rMFG/SFG andM-FPN/DMN; ↓ 

RSFC between precuneus andM-CIN/SN

↓ RSFC betweenL-FPN andM-CIN/SN, ↓ 

RSFC betweenL-FPN/CCN andM-FPN/

DMN

Adults with Mood Disorders + 

SUIATT vs. Mood Disorders vs. 

HCs

Cao et al. (2016)

RSFC/Low 

Frequency 

Resting 

Activation

↑ fALFF in right STG, left MTG, and left MOG *N/A

Adolescents and young adults 

with MDD + SUIATT vs. MDD 

vs. HCs

Cao et al. (2021) RSFC ↓ RSFC between left MFG and left SPG
↓ RSFC betweenL-FPN/CCN and leftD-

FPN/AN

Young adults with 

MDD + SUIATT vs. MDD vs. 

HC

Zhang et al. 

(2020)
RSFC

↑ RSFC between bilateral amygdala and bilateral 

paracentral lobule/precuneus in SUIATT and SI 

vs. HCs

↑ RSFC betweenM-FPN/DMN andM-

CIN/SIN in STB groups vs. HCs

Adolescents and young adults 

with Mood Disorders + SUIATT 

vs. Mood Disorders + SI vs. 

Mood Disorders vs. HCs

Kang et al. 

(2017)
RSFC

↑ RSFC from left amygdala to the right insula 

and left superior OFC and increased FC of the 

right amygdala with the left middle temporal 

area

↑ RSFC betweenM-CIN/SN toM-CIN/SN 

andM-FPN/DMN

Adults with MDD + SUIATT vs. 

MDD

Wei et al. (2018) RSFC
↑ RSFC amygdala to precuneus/cuneus 

compared to non-suicidal and HCs

↑ RSFC betweenM-CIN/SN toM-FPN/

DMN

Adults with MDD + SI vs. MDD 

vs. HCs

Cao et al. (2020) RSFC

↓ RSFC between (superior frontal gyrus and 

medial frontal gyrus) and (bilateral anterior 

insular and anterior cingulate cortices, and the 

temporal–parietal junction area); ↑ RSFC 

between (bilateral anterior insular and anterior 

cingulate cortices and the temporal–parietal 

junction area) and (precuneus, inferior parietal 

lobule, middle frontal gyrus, and superior 

parietal lobule)

↓ RSFC betweenM-FPN/DMN andL-FPN/

CCN, ↑ RSFC betweenL-FPN/CCN → 

M-CIN/SN

Adolescents and young adults 

with MDD + SUIATT vs. MDD 

vs. HCs

Shu et al. (2020) RSfALFF

↑ fALFF in posterior cerebellum, right ACC, left 

caudate and left SFC; ↑ fALFF in left middle 

occipital cortex and left precuneus after 

treatment vs. HCs

↑ fALFF within M-FPN/DMN, L-FPN/

CCN, and M-CIN/SN in SUIATT; ↑ fALFF 

in L-FPN/CCN after treatment

Adults with SUIATT + MDD vs. 

HCs

Zhang et al. 

(2016)
RSFC

↑ RSFC in cerebellum; ↑ between frontal and 

parietal lobes within M-FPN/DMN

↑ RSFC between areas within M-FPN/

DMN but ↓ RSFC between others within 

M-FPN/DMN

Adolescents and adults with 

MDD + SUIATT/SI vs. HCs

Chen et al. 

(2021)

RSFC, 

Correlation 

analysis, fALFF, 

ReHO

In MDD + SI vs. MDD: ↑ RSFC in right and left 

hippocampus; ↓ fALFF in left cuneus; ↑ fALFF in 

right MTP; ↓ ReHO in right cuneus; ↑ ReHO in 

left MTG. In MDD vs. HC: ↓ in right and left 

thalamus and both right and left MC

↑ RSFC between regions within 

M-FPHN/DMN

Adults with MDD + SI vs. MDD 

vs. HCs

Barredo et al. 

(2019)

RSFC and 

Morphometric 

(cortical 

thickness)

↑ RSFC in pars orbitalis, striatum, and 

thalamus = ↑ cortical thickness = ↑ self-reported 

suicidality

↑ RSFC between regions within 

M-FPN/DMN correlates with cortical 

thickness

Adults with PTSD with scale of 

varying depression scores vs. 

HCs

(Continued)
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bilateral fusiform gyrus compared to non-attempters across multiple 
learning-based fMRI tasks (18).

3.1.1.2. Emotional pain, affect regulation
As a proximal and distal risk factor for suicide, social exclusion is 

of immediate importance to the suicidal patient. This is consistent 
with the concepts of “thwarted belongingness” in Joiner/Van Orden’s 
interpersonal theory of suicide, shining light on the vital importance 
of social support amongst persons at high risk for suicide.

Two fMRI studies (19, 20) have used the Cyberball task (where the 
participant is progressively excluded from a game) to examine social 
exclusion in suicidal populations. Both found a decreased activation 
in the anterior cingulate cortex (ACC) in their higher suicide risk 
groups. Specifically, Olie et al. found that suicide attempters displayed 
decreased activation in the left insula (as well as supramarginal gyrus) 
when compared to patients without any history of suicide attempt and 
healthy controls (19). Caceda et al. (20) found that the activation of 
the anterior insula during inclusion trials in suicide attempters was 
significantly decreased compared to depressed patients with and 
without suicidal ideation.

Emotion regulation is clinically relevant to multiple conditions, 
from self-injurious behavior to PTSD. Supportive of the clinical 
impression that emotion regulation is important in STBs, Miller et al. 
found that adolescents with suicidal ideation (SUI) showed increased 
activation in the dorsolateral prefrontal cortex (dlPFC) compared to 
healthy controls (21).

3.1.1.3. Sensitivity to social stressors
Many studies have tried to examine the connection between the 

structures involved in affective processing and regions of interest in 
the suicidal brain. Clinically, this may be consistent with the concept 
of a cognitive distortion and related to such possible risks as low self-
esteem, isolation, and unwillingness to seek help, though a comparison 
of the neurobiological changes associated with Cognitive Therapy is 
beyond the scope of this review.

In a study by Pan et al. participants made a gender selection for 
images of faces with or without affective valences (22). Consistent with 
the idea of a sensitivity to social stressors, adolescents with past suicide 
attempts showed an increased activation in ACC, dlPFC, sensory 
cortex, and temporal cortex during angry trials but a decreased 
activation in the same areas during neutral or happy face trials.

Ai et  al. similarly utilized a gender discrimination task with 
individuals with past suicide attempts. Authors found that they had 
lower activation within the fusiform gyrus during emotional face 
processing across all stimulus types: happy, angry, sad, and scared (23).

Two major studies mixed resting state data with task-based 
functional tasks. Alarcon et al. found that depressed participants who 
had attempted suicide or had high suicidal ideation showed greater 
functional connectivity between the amygdala, dlPFC, dorsomedial 
prefrontal cortex (dmPFC), and precuneus compared to controls 
completing an emotional self-face recognition task where they 
considered if the faces looked like them, with valence varying between 
happy, sad, and neutral (24). Malhi et  al. examined resting state 

TABLE 2 (Continued)

Author Mode Findings System interactions Population

Lee et al. (2019) RSFC
↑ RSFC between anterior right parahippocampal 

gyrus to posterior parahippocampal gyrus

↑ RSFC within M-FPN/DMN in 

MDD + SUIATT vs. HCs

Adults with MDD + SUIATT vs. 

HCs

Schreiner et al. 

(2019)
RSFC

↑ RSFC between right precuneus and right IFG 

and cerebellum and between left PCC, left 

cerebellum, and cingulate gyrus

↑ RSFC between components of M-FPN/

DMN

Adolescents with MDD with vs. 

without medication treatment

Kim et al. (2017) RSFC

↓ RSFC in SFG, pars orbitalis, left thalamus, and 

right thalamus compared to the whole brain 

among MDD + SI vs. HCs

↓ RSFC in M-FPN/DMN to whole brain in 

MDD + SI vs. HCs

Adults with MDD + SI vs. MDD 

vs. HCs

Gosnell et al. 

(2019)
ML RSFC

↓ RSFC between rSFG and insula; ↑ RSFC 

between left habenula and right 

parahippocampus; ↑ RSFC between left MFOG 

and left Rolandic operculum; ↑ RSFC between 

left putamen and cerebellar vermis; ↓ RSFC 

between amygdala and MTP

↓ RSFC in M-FPN/DMN and M-CIN/SN; 

↑ RSFC between M-CIN/SN and M-FPN/

DMN; ↑ RSFC between M-FPN/DMN and 

L-FPN/CCN; ↑ RSFC between left 

putamen and cerebellar vermis; ↓ RSFC 

between M-CIN/SN and D-FPN/AN

Adult inpatient psychiatric 

patients with SI and/or SUIATT 

vs. without

Dai et al. (2020) ML RSFC

Significant areas distinguishing high suicide 

risk = right inferior temporal gyrus, left inferior 

frontal gyrus, right anterior angular gyrus, left 

inferior parietal cortex, left Rolandic operculum, 

and right dorsolateral superior frontal gyrus

Significant areas were found in L-FPN/

CCN, M-FPN/DMN primarily

Adults with MDD + SUIATT/SI 

vs. MDD

Stumps et al. 

(2020)
ML RSFC

Right amygdala and right MTG specifically 

correlated to high suicide risk group

M-CIN(SN), cognitive-control (L-FPN), 

M-FPN, and visual networks

Adults with trauma with 

SUIATT vs. Clinical vs. Trauma-

exposed

Chase et al. 

(2017)
RSFC ↑ RSFC between dorsal PCC and MTG

↑ RSFC betweenM-FPN/DMN andD-

FPN/Attn
Adults with MDD + SI vs. HCs

Serafini et al. 

(2016)
RSFC Review

Activity mixed among networks, no distinction 

between pathologies

Activity mixed among networks, no 

distinction between pathologies
Review
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TABLE 3 Morphometric studies.

Author Mode Findings Population

Hwang et al. 

(2010)
Cortical Thickness Cortical thinning in the left dlPFC, vlPFC, and ACC in MDD + SUIATT Adults with MDD + SUIATT vs. MDD

Wagner et al. 

(2012)
Cortical Thickness

Cortical thinning in the left dorsolateral, ventrolateral prefrontal, and ACC 

in MDD + STBs

Adults with MDD + high risk vs. MDD without high 

risk for suicide

Huber et al. 

(2021)

Cortical thickness 

and volume, RSFC

Cortical thickness of the anterior cingulate/paracingulate cortex was shown 

to predict the functional connectivity between the lateral pars orbitalis and 

anterior cingulate/paracingulate

Adult veterans with SUIATT vs. SI

Wang et al. 

(2020)
GMV

Reduced GMV in left and right MFG among MD + SAs compared to other 

groups

Adolescents and adults with MDD/BD + SUIATT vs. 

MDD/BD + SI vs. MDD vs. HCs

Ding et al. 

(2015)
GMV ↓ GMV in left vlPFC in suicide attempters

Adults with Mood Disorders + STB vs. Mood 

Disorders vs. HCs

Fan et al. 

(2019)

Morphometric and 

DTI

↓ GMV in left vlPFC and left dlPFC; ↑ GMV in the left vlPFC compared to 

depressed but non-suicide attempters

Adolescents and adults with MDD + SUIATT vs. 

BD + SUIATT vs.

Lippard 

et al. (2019)
Morphometric

Lower baseline ventral and rostral prefrontal GMV compared to those who 

did not attempt

Adolescents and adults with Mood Disorders + 

SUIATT vs. Mood Disorders + future SUIATT vs. 

Mood Disorders

Segreti et al. 

(2019)
Morphometric

↓ GMV in left MFG; ↓ Cortical thickness within the posterior frontal lobe 

including the bilateral precentral gyrus
Adults with SI vs. HCs

Bajaj et al. 

(2019)
Morphometric ↓ Cortical surface area and volume within the left dlPFG with ↑ SI Non-clinical adults

Kang et al. 

(2020)
Morphometric

↑ CSA in left postcentral and left lateral occipital areas and ↑ CV in left 

postcentral and left lateral OFC, but ↓ CSA in left SFG among 

MDD + SUIATT

Adults with MDD + SUIATT vs. MDD

Harenski 

et al. (2020)
Morphometric

SUIATT ↓ GMV in PCC/precuneus, IPC, dorsal prefrontal cortex, amygdala, 

insula, superior occipital gyrus, cuneus, and cerebellum

Adult criminal offenders with SUIATT vs. no 

SUIATT vs. HCs

Kang et al. 

(2020)
Morphometric

↑ GSA in left postcentral area and left lateral occipital area and a larger CV 

in the left postcentral area and left lateral orbitofrontal area among SUIATT; 

↓ CSA in left superior frontal area than suicide non-attempters

Adults with MDD + SUIATT vs. MDD

Gosnell et al. 

(2016)
Morphometric ↓ Volume of the right hippocampus Adults with MDD + SUIATT vs. MD

Chen et al. 

(2020)

Morphometric and 

Cell Type Analysis
↑ Neuron number in CA2/3 subregions of the hippocampus gyrus

Post-mortem MDD + suicide vs. MDD vs. 

Schizophrenia + suicide vs. Schizophrenia vs. HCs

Jollant et al. 

(2018)
Morphometric

Association between family history of suicide and ↓ volume within the 

bilateral temporal regions, right dlPFC, and left putamen, as well as between 

violent method of attempt and increased bilateral caudate and left putamen 

volumes

Adults with SUIATT vs. Patient Controls vs. HCs

Ho et al. 

(2018)
Morphometric

↓ GMV in the dorsal striatal structures, particularly bilateral putamen and 

caudate, were associated with greater implicit SI observed from suicide-

related outcomes from the death version of the Implicit Association Test

Adolescent Clinical vs. HCs

Ho et al. 

(2021)
Morphometric

↓ GMV in the dorsal striatal structures, particularly bilateral putamen and 

caudate, were associated with greater implicit SI observed from suicide-

related outcomes from the death version of the Implicit Association Test

Adolescent Clinical vs. HCs

Pan et al. 

(2015)
Morphometric ↓ GMV in right STG Adolescents with MDD + SUIATT vs. MDD

Vidal-Ribas 

et al. (2021)
Morphometric ↓ GMV in superior temporal sulcus in children aged between 9 and 10 years Children with no previous diagnosis or STB

McLellan 

et al. (2018)
Morphometric ↓ of the right STG in adolescents with MDD

Adolescents and adults with MDD(TRD) + SUIATT 

vs. MDD(TRD) vs. HCs

Peng et al. 

(2014)
Morphometric

MDD + SUIATT showed ↓ GMV within the right MTG and ↑ GMV within 

the right parietal lobe vs. HCs
Adults with MDD + SUIATT vs. MDD vs. HCs

(Continued)
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functional connectivity (RSFC) in suicidal adults using an emotional 
face-word stroop paradigm in which congruent and incongruent 
images were flanked by the word “happy” or “sad.” During negative 
valenced incongruent trials, depressed participants (with and without 
suicidal thoughts and behaviors) had increased activity relative to 
healthy controls in the prefrontal cortex, frontopolar cortex, ACC, and 
posterior parietal cortex. At the same time, participants with STB’s 
showed increased activity among basal ganglia structures but 
decreased activity among the Medial Frontoparietal Network/Default 
Mode Network (M-FPN/DMN) structures with increasing suicide risk 
on measures, including the Columbia-Suicide Severity Rating Scale 
(C-SSRS) (25).

A recent machine learning study by Just et  al. supported the 
involvement of structures important to all these processes among 
participants with suicidal ideation. When presented with affectively 
valenced verbal stimuli, specifically the words death, cruelty, trouble, 
carefree, good, and praise, group differences in activation in the 
medial superior frontal cortex, inferior parietal, medial temporal, 
ACC, and inferior frontal gyrus (IFG) were found (26).

3.1.1.4. Cognitive control/response inhibition
Impairments in top-down cognitive control and response 

inhibition have clear clinical relevance to suicide but have been 
studied very little in task-based fMRI research in this population. 
However, Richard-Devantoy et al. used a Go-No-Go task and found 
that deficits in cognitive inhibition (in relation to the IFG, thalamus, 
OFC, and parietal cortex) were related to the depressive, but not 
specifically, STB vulnerability risk (27). In contrast, the meta-analysis 
involving neuroimaging studies using the monetary incentive delay 
task and the stop signal task with over 5,000 participants aged 9–11 
could not delineate between those with suicidal ideation from those 
with suicidal behaviors (28). Although our belief is that there is a 
difference in this domain between those with suicidal ideation and 
those who attempt, evidence is scant and will depend on future work 
of our own and others.

3.1.2. Resting-state fMRI
While performance on fMRI tasks and task-based connectivity 

studies can show abnormal/atypical recruitment of structures 
theorized to be essential in relevant cognitive tasks, resting-state fMRI 
(rsfMRI) studies allow a view of default self-referential thought 
processes while the participant is not engaged in a specific task. It, 
therefore, is used to analyze which relevant systems have robust or 
weakened ‘default’ connections or communications (29–31) within 

and between networks, defined as the level of increased, decreased, or 
mixed functional connectivity between them, or RSFC. Each defined 
network is organized based on theoretical common functions. In the 
interest of clarity, we will use Uddin et al.’s (32) definitions of major 
networks as a reference for the resting-state studies in our review, as 
they clarify the involved neuroanatomy and are analogous to 
established networks familiar in the research domain.

Uddin proposes the following six main networks and their 
primary functions: (1) the Lateral Fronto-Parietal Network/Cognitive 
Control Network (L-FPN/CCN) = functions include executive 
functions, such as goal-oriented cognition, working-memory, inhibition, 
and task switching; (2) the Pericentral/Somatomotor Network (PN/
Somatomotor) = functions include involvement in motor processes and 
somatosensory processing; (3) Occipital Network/Visual Network (ON/
VN) = functions include visual processing; (4) Dorsal Frontoparietal 
Network/Attention Network (D-FPN/AN) = plays a broad role in 
visuospatial attention. The functions of this system are to prepare and 
apply top-down selection for stimuli and responses; (5) The Midcingulo-
insular Network/Salience Network (M-CIN/SN) = has a broad role in 
identifying important, or salient, information. Salience processing 
involves the detection of behaviorally-relevant environmental stimuli 
and may include internally-generated (i.e., remembered) information; 
and the (6) M-FPN/DMN = functions likely involve formation, 
temporal binding, and dynamic reconfiguration of associative 
representations based on current goal-states, detecting the associative 
relevance of internal and external stimuli, and providing value coding 
and elaboration to perceived events. Other accounts suggest M-FPN 
function accommodates predictive coding, semantic associations, and 
plays a role continuously monitoring the environment.

Though abnormal RSFC can be complicated, ranging from nodal 
(i.e., region to region) to whole brain (as it sounds) analysis and 
involving established networks or networks defined within each 
individual study, it may become increasingly relevant to clinical 
practice. One limitation may be  the inherent assumption of the 
specific functions of each interconnected area. We  present RSFC 
studies grouped according to main findings. The most consistent 
findings among suicidal participants seem to occur between the 
M-FPN (default network/DMN) and the M-CIN (salience network/
SN). Many studies showed decreased RSFC between M-FPN/DMN 
and M-CIN/SN. When we talk about connections between networks, 
we  clearly mean connections between the regions or nodes that 
comprise networks. In other words, resting state or intrinsic brain 
networks in fMRI are best thought of as a collection of regions that 
show correlations in terms of their fluctuating activity.

TABLE 3 (Continued)

Author Mode Findings Population

Lee et al. 

(2016)
Morphometric

↓ GMV in the left anterolateral region of the parietal lobe as well as in the 

right cerebellum in MDD + SUIATT
Adults with MDD + SUIATT vs. MDD

Campos 

et al. (2021)
Morphometric

↓ GMV of thalamus and right pallidum significantly smaller in 

MDD + SUIATT vs. MDD and HCs; ↓ CSA of the left cuneus, left inferior 

parietal, left rostral middle frontal, and right pericalcarine cortex in 

MDD + SUIATT vs. HCs; MDD + SUIATT ↓ Cortical thickness in left rostral 

middle frontal cortex

Adults Enigma Metanalysis MDD + SUIATT vs. 

MDD vs. HCs

Sarkinaite 

et al. (2021)
Morphometric

↓ Thickness of temporal cortex in inferior middle and temporal cortex as 

number of SUIATT ↑

Hospitalized adults with first SUIATT vs. > 1 

SUIATT vs. HCs
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Qiu et al. (33) looked at depressed participants with a history of 
suicide attempts compared to those without and found that in both 
groups, as suicidal ideation increased, functional connectivity 
decreased between the pregenual anterior cingulate cortex (pgACC 
part of M-CIN/SN) and the superior frontal gyrus (M-FPN/DMN). 
Among depressed suicidal adults, Du et al. (34) found that the SUI 
group exhibited decreased functional connectivity between the right 
ACC (M-CIN/SN), the orbito-medial prefrontal cortex (M-FPN/
DMN), and the right middle temporal pole (within the D-FPN/AN) 
compared to non-suicidal depressed and control groups. Yang et al. 
(35) found that between depressed participants with past attempts and 
those without attempts, those with past attempts showed decreased 
RSFC (decreased positive correlation) in the right inferior front orbital 
gyrus (within the M-FPN/DMN) to the left inferior parietal lobule 
(within the M-CIN/SN). They also found that compared with 
non-attempters, those with past attempts had decreased gray matter 
volume (GMV) in the right inferior frontal orbital gyrus (IFOG) and 
left caudate (CAU) but increased GMV in the left calcarine fissure.

In a study by Stange et  al. (36), suicidal participants showed 
decreased connectivity between the right middle frontal gyrus/SFG 
(L-FPN/CCN) and the M-FPN/DMN and decreased connectivity 

between the precuneus (L-FPN/CCN or M-FPN/DMN) and the 
Salience Network (SN). The difference in RSFC within areas of 
M-FPN/DMN was greater than that between M-FPN/DMN to 
M-CIN or to L-FPN/CCN.

Cao et  al. (37) analyzed low frequency RSFC and found 
participants with STB’s had increased connectivity in the right 
superior temporal gyrus (STG) (M-FPN/DMN), left MTG (M-FPN/
DMN), and left middle occipital gyrus (ON/VN) but decreased 
connectivity in the left SFG (M-FPN/DMN) and left MFG (M-FPN/
DMN), at least compared to non-suicidal clinical participants. 
Another study by this group (38) found that participants with past 
attempts had decreased RSFC between the left MFG (L-FPN/CCN) 
and the left SPG (D-FPN/AN) compared to the non-attempt group 
and decreased RSFC between the left superior frontal gyrus (M-FPN/
DMN) and the right ACC (M-CIN/SN).

Several studies showed an increase in connectivity between the 
M-FPN/DMN and M-CIN/SN. Zhang et al. (39) specifically focused 
on RSFC between the bilateral amygdala and whole-brain activation 
and found increased connectivity between the right amygdala 
(M-CIN/SN) and bilateral paracentral lobule/precuneus (part of 
M-FPN/DMN) in a suicidal behavior (suicidal ideation and/or past 

TABLE 4 Diffusion tensor imaging (DTI) studies.

Author Mode Findings Population

Jia et al. (2010) DTI
↓ FA in left anterior limb of the internal capsule (ALIC) among MDD + SUIATT; ↓ FA in right 

frontal lobe vs. HCs, and ↓ FA in right lentiform nucleus (putamen) vs. MDD

Adults with MDD + SUIATT vs. 

MDD vs. HCs

Jia et al. (2014) DTI
MDD + SUIATT showed ↓ MPF from the ALIC to the left medial frontal cortex, left OFC, and 

left thalamus.

Adults with MDD + SUIATT vs. 

MDD vs. HCs

Kim et al. (2015) DTI

↑ FA among PD + SA vs. PD in retrolenticular part of the internal capsule, splenium of the 

corpus callosum, superior and posterior corona radiata, posterior thalamic radiations, sagittal 

stratum (including the inferior longitudinal fasciculus and inferior fronto-occipital 

fasciculus), and superior longitudinal fasciculus

Adults with PD + SUIATT vs. PD vs. 

HCs

Myung et al. (2016) DTI

MDD + SI had ↓ SC/EW across cortical (i.e., rostral middle frontal cortex, superior parietal 

cortex, subdivisions of the inferior frontal cortex [pars triangularis and pars orbitalis, frontal 

pole, and lateral occipital cortex]) and subcortical (i.e., pallidum, thalamus, putamen, and 

caudate) regions in the left hemisphere

Adults with MDD + SI vs. MDD vs. 

HCs

Olvet et al. (2014) DTI

↓ FA among MDD + SUIATT vs. MDD vs. HCs in right dmPFC and white-matter bundles in 

several regions including the bilateral inferior fronto-occipital fasciculus, bilateral uncinate 

fasciculus, body of corpus callosum, right anterior limb of internal capsule, right external 

capsule, left posterior thalamic radiation, and bilateral posterior corona radiata

Adults MDD + SUIATT vs. MDD 

vs. HCs

Wei et al. (2020) DTI

↓ FA among MDD + SUIATT compared to non-attempters with MDD and healthy controls in 

right dmPFC and bilateral inferior fronto-occipital fasciculus, bilateral uncinate fasciculus, 

body of corpus callosum, right anterior limb of internal capsule, right external capsule, left 

posterior thalamic radiation, and bilateral posterior corona radiata

Adults with MDD + SUIATT vs. 

BD + SUIATT vs. MDD vs. BD vs. 

HCs

Bijttebier et al. (2015) DTI

↓ Structural connectivity between left olfactory cortex and left anterior cingulate gyrus; ↓ 

connectivity between the right medial orbital, SFG and the right rectal gyrus, and between the 

right calcarine fissure and both the left superior and middle occipital gyrus

Adults with MDD + SUIATT vs. 

MDD vs. HCs

Hwang et al. (2018) DTI
↑ Edge weight in the left PCC and ↑ structural connectivity of local connections among 

MDD + SUIATT vs. MDD + SUI
Adult veterans with SUIATT vs. SUI

Chen et al. (2021) DTI

↓ White matter integrity in MDD + SUI, specifically in the corpus callosum and the anterior 

cingulate cortex compared to MDD and HCs. On network-based analysis, ↓ connections 

within subnetworks of the frontal lobe among MDD + SUI vs. HCs

Adults with MDD + SUI vs. MDD 

vs. HCs

Chen et al. (2021) DTI
Significantly ↓ white matter compactness and integrity in the corpus callosum, cingulate 

gyrus, and caudate among MDD + SUIATT vs. both the depressed non-attempt and HCs

Adults with MDD + SUIATT vs. 

MDD vs. HCs
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suicide attempt) group relative to non-suicidal and healthy-
control groups.

Kang et  al. (40) found mixed results, with suicide attempters 
displaying significantly increased functional connectivity of the left 
amygdala (within the M-CIN/SN) with the right insula (within the 
M-CIN/SN) and the left superior orbitofrontal area (within the DMN) 
and increased functional connectivity of the right amygdala (within 
the M-CIN/SN) with the left middle temporal area (within the 
D-FPN/Attn). Wei et  al.’s (41) study similarly found that suicidal 
patients with depression showed greater amygdala (within the 
M-CIN/SN) to precuneus/cuneus (within the M-FPN/DMN) RSFC 
compared with non-suicidal patients and healthy controls.

Cao et  al. (42) showed that a suicidal (history of an attempt) 
depressed group demonstrated decreased RSFC connectivity between 
the anterior M-FPN/DMN and left L-FPN/CCN but increased 
connectivity between the L-FPN/CCN and M-CIN/SN.

The next most common findings were abnormal RSFCs between 
the M-FPN/DMN and L-FPN (CCN), adding to the findings of 
Stange, Cao and others.

An RSFC analysis of treatment changes by Shu et al. (43) showed 
that prior to treatment, participants showed increased baseline activity 
in the left posterior cerebellar lobe, right ACC (within the M-FPN/
DMN), left caudate (within the L-FPN/CCN) nucleus, and left 
superior frontal cortex (within the M-CIN/SN). After combined 
treatment, patients showed increased activity in the left middle 
occipital cortex and left precuneus (within the L-FPN/CCN).

After this, intra-network abnormalities show up in multiple 
studies, focusing on the M-FPN/DMN.

Zhang et al. (44) used an independent component analysis to 
show that RSFC within the M-FPN/DMN was increased in the left 
cerebellum but decreased in the posterior cingulate cortex (PCC) and 
right precuneus among suicidal (SUI & STBs) versus healthy controls. 
Network analysis by Chen et al. (45) found increased connectivity 
between the frontal (M-FPN/DMN) and parietal lobes in comparison 
to the healthy controls.

Yang’s work (35), mentioned above, also found participants with 
past attempts had increased RSFC between the right IFOG and left 
rectus gyrus (both in M-FPN/DMN).

In a study examining trauma and suicide in adults with PTSD, 
increased functional connectivity between reward and control regions 
(primarily under the M-FPN/DMN of Uddin’s definition) was found 
to be positively correlated with suicidality (46).

Lee et al. (47) found that suicidal patients (past attempts) with 
depression had significantly increased RSFC in tracts from an 
anteriorly defined division of the right parahippocampal gyrus (within 
the M-FPN/DMN) to a posteriorly defined division of the 
left parahippocampus.

Schreiner et al. (48) examined suicidal adolescents and found 
more evidence for involvement of the precuneus/cuneus (within the 
M-FPN/DMN) in the suicidal mind. They showed that in suicidal 
participants, as suicidality increased, RSFC increased between the 
right precuneus (M-FPN/DMN), right IFG (M-FPN/DMN), and 
cerebellum; and between the left PCC (M-FPN/DMN), left 
cerebellum, and cingulate gyrus.

Using whole brain analysis, Kim et al. (49) proposed a subnetwork 
of decreased RSFC among participants with suicidal ideation 
consisting of the “orbitofrontal cortex (within the M-FPN/DMN), 

especially the left SFT (M-FPN/DMN), pars orbitalis, left MFG, and 
right olfactory cortex.”

Most promising may be the recent attempts to apply machine 
learning to one or more MRI modalities. Gosnell et al. (50) distilled 
five prominent RSFC patterns amongst participants with suicidal 
ideation or past attempts, including: (1) decreased RSFC between the 
rSFG (M-FPN/DMN) and insula (M-CIN/SN); (2) increased RSFC 
between the left habenula (possibly M-CIN/SN) and right 
parahippocampus (M-FPN/DMN); (3) increased connectivity 
between the left frontal middle orbital gyrus (M-FPN/DMN) and left 
rolandic operculum (L-FPN/CCN); (4) increased connectivity 
between the left putamen (within the FPN) and the cerebellar vermis; 
and (5) decreased connectivity between the amygdala (within the SN) 
and middle temporal pole (within the D-FPN/AN).

Dai et al. (51) used ICA (machine learning) to conclude that the 
relevant structures were the right inferior temporal gyrus (within the 
L-FPN/CCN), left IFG (within the DMN), right angular gyrus (within 
the L-FPN/CCN), left inferior parietal cortex (IPC) (within the 
L-FPN/CCN), left rolandic operculum (within the L-FPN/CCN), and 
right dorsolateral superior frontal gyrus (within the DMN-M-FPN).

Suicide attempt-related altered RSFC was also observed in a 
Graph Analytics analysis (machine learning) by Stumps et al. (52) 
within the M-CIN(SN), cognitive-control (L-FPN), M-FPN, and 
visual networks.

There were a variety of studies showing abnormal connections 
between other networks, including the D-FPN/Attention Network, 
PN/Somatomotor Network, and ON/Visual Network.

In line with the research of Du and Kang above, Chase et al. (53) 
found that patients with SUI (but not necessarily historical attempts) 
had increased connectivity between the dorsal PCC(M-FPN/DMN) 
and MTG (D-FPN/Attn).

Serafini et al. (54) in a review of RSFC work showed a mixed 
increased connectivity/decreased connectivity pattern among 
networks but could not distinguish findings between pathologies.

Along with abnormalities in the M-FPN/DMN above, Lee also 
found increased RSFC in tracks from the temporooccipital part of the 
right inferior temporal gyrus (within the L-FPN/CCN) to the frontal 
eye fields of the Dorsal Attention Network (i.e., within the D-FPN). 
They also found decreased RSFC between the medial frontal cortex 
(within the M-FPN/DMN) and the right supplementary motor cortex 
(within the PN/Somatomotor network).

3.2. Brain morphometry

Another way to examine the suicidal brain is through 
morphometric analysis. Here, we  try to make it more directly 
accessible to the clinician. This modality measures the physical 
makeup of brain structures by examining measures such as cortical 
thickness, cortical surface area, and/or cortical volume of the relevant 
brain areas. The implication is that the neural systems which may 
be hypo/hyperactive during functional processing may have altered 
physical attributes. Many morphometric studies have been done to 
find alterations in those with STBs.

The current review identified such studies which reported 
associations between these morphometric measures and 
suicidal behavior.
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One of the earlier studies addressing the association between 
history of suicidal attempts in elderly, depressed individuals and both 
cortical and sub-cortical abnormalities was attempted by Hwang et al. 
(55). In that study, authors used voxel-based analysis and were able to 
show widespread gray matter volume (GMV) reduction in the frontal 
(i.e., left medial, bilateral superior, right middle, right inferior, and left 
posterior frontal cortices), parietal (i.e., left superior, right inferior, 
and left lateral parietal cortices), occipital gyrus (i.e., left cuneus), left 
STG, and sub-cortical (i.e., bilateral insula, left lentiform nucleus, right 
claustrum, bilateral midbrain, bilateral culmen, and right inferior and 
bilateral superior semilunar lobules) brain regions in late-onset 
geriatric depressed individuals with a history of suicide attempts 
compared to those without previous attempts. Here, volume reduction 
was most prominent within the dmPFC, consistent with impairment 
in reward-based learning and top-down executive control.

Wagner et al. reported cortical thinning in the left dorsolateral, 
ventrolateral prefrontal, and ACC in depressed adults with 
documented suicidal behavior, i.e., high-risk group of suicide as 
compared to depressed adults with a non-high risk for suicide (56).

A study by Huber et al. specifically found white-matter volume 
differences in the left ACC between veterans with a history of 
attempting suicide relative to veterans with a history of SUI (57). 
Along with RSFC data previously mentioned, the work by Barredo 
and colleagues found that cortical thickness of the ACC/PCC was 
shown to predict the functional connectivity between the lateral pars 
orbitalis and anterior cingulate/paracingulate control regions (46).

Wang et al. specifically reported significant differences in GMV in 
the bilateral MFG across patients with mood disorders and suicidal 
behavior, patients with mood disorders without suicidal behavior, and 
healthy controls (58). However, they did not find significant 
differences between participants with SUI and those with a history of 
actual suicide attempts.

Ding et al. used a region-specific approach to study differences 
between suicide attempters with a past history of mood disorders and 
suicidal behavior, participants with a mood disorder but not suicidal 
behavior, and healthy controls with neither (59). Reduced cortical 
volume was observed within the left ventrolateral prefrontal cortex in 
suicide attempters compared to both control groups. In addition, the 
orbitofrontal and dorsal prefrontal cortices (but not medial prefrontal 
cortex) also showed reduced cortical measures in suicide attempters 
compared to healthy controls. This is consistent with task-based and 
resting-state fMRI studies showing generally both reduced top-down 
executive control and impairment in reward-based learning regions 
and networks. Structurally, there were significant GMV decreases 
among suicide attempters across clinical conditions compared to 
non-attempters. Diffusion Tensor Imaging (DTI) findings also showed 
significantly reduced fractional anisotropy among those with past 
attempts versus those without (60). In a study of future suicide 
attempters (i.e., individuals attempting suicide between baseline and 
follow-up assessment) with mood disorders, participants showed 
lower baseline ventral and rostral prefrontal GMV compared to those 
who did not attempt (61). Besides the studies examining participants 
with depression and/or previous suicide attempts, distinct markers 
that included an involvement of frontal regions, particularly reduced 
cortical volume within the left MFG and cortical thinning within the 
posterior frontal lobe including the bilateral precentral gyrus, were 
also found in individuals with current SUI as compared to healthy 
controls without even a family history of psychiatric disorders or 

suicide attempts (62). Interestingly, greater cortical surface area and 
cortical volume within the left dorsolateral prefrontal gyrus were 
reported to be  associated with reduced SUI in a non-clinical 
population with mild levels of stress and perceived lack of social 
support (63). This would be consistent with increasing behavioral 
control and top-down influence on impulsivity with 
decreasing pathology.

In a recent study by Yang et  al. authors found that suicidal 
depressed patients had reduced GMV in the right IFG and left caudate 
but increased GMV in the left calcarine fissure (35), areas associated 
with visual processing not irrelevant to potential affective or 
social stimuli.

A recent study by Kang et al. involving individuals with depression 
with and without a history of suicide attempts showed altered 
morphometry in the lateral parietal and occipital brain regions along 
with frontal areas. In that study, depressed patients with past suicide 
attempts were found to have larger surface area within the left 
postcentral and left lateral occipital areas and large cortical volume 
within the left postcentral and left lateral orbitofrontal areas, whereas 
smaller surface area within the left SFG was found (64). In another 
recent study by Harenski et al. criminal offenders with a history of 
suicide attempts had widespread decreased gray matter within both 
cortical and sub-cortical regions, including the PCC/precuneus, IPC, 
dorsal prefrontal cortex, amygdala, insula, superior occipital gyrus, 
cuneus, and cerebellum (65). Using local shape volume analysis, 
researchers specifically found significant volumetric differences 
between suicidal and non-suicidal depressed individuals in the left 
amygdala, left hippocampus, left putamen, bilateral pallidum, and 
bilateral thalamus (66). In another study however, it was only the 
reduced volume of the right hippocampus that was most prominent 
in participants with a recent history of suicide attempts within the past 
2 months as compared to healthy individuals (67). This may represent 
limited or impaired processing of new information relative to old 
beliefs and memories, consistent with Van Heeringen’s framework. 
Interestingly, in a postmortem study, compared to healthy controls, 
the suicidal depressed participants had an increased neuron number 
in CA2/3 subregions of the hippocampus gyrus (68).

In a study of suicide attempters with a family history of suicide 
and personal history of violent suicide attempts, Jollant et al. found an 
association between family history of suicide and reduced volume 
within the bilateral temporal regions, right dlPFC, and left putamen, 
as well as between violent methods of attempt and increased bilateral 
caudate and left putamen volumes (69). Reduced GMV in the dorsal 
striatal structures, particularly bilateral putamen and caudate, were 
associated with greater implicit SUI observed from suicide-related 
outcomes from the death version of the Implicit Association Test 
(IAT) (70, 71).

Several studies also reported cortical alterations within the 
temporal and parietal lobes but not the frontal lobe.

Reduced GMV within the right STG was observed in adolescents 
with MDD and a history of suicide attempts compared to adolescents 
with MDD but without any history of suicide attempts (72), whereas 
care-giver reported STBs were also associated with decreased volume 
at the left bank of the superior temporal sulcus in children (73). In 
another study on adolescents, McLellan et  al. reported reduced 
volume of the right STG in adolescents with treatment-resistant 
depression and a history of suicide attempts as compared to healthy 
adolescents (74). Compared to healthy controls, patients with MDD 
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and a history of suicide attempts in Peng et al.’s work showed decreased 
GMV within the right MTG and increased GMV within the right 
parietal lobe (75). Authors reported decreased GMV in the left limbic 
cingulate gyrus for the depressed suicidal group compared to the 
depressed non-suicidal group. Somewhat contrary to Peng’s work, 
patients with an attempt history have also been shown to have 
decreased GMV in the left anterolateral region of the parietal lobe as 
well as in the right cerebellum (76).

A recent study by the ENIGMA-MDD working group of over 
18,925 participants examined morphometric differences between 
healthy controls, depressed participants, and participants with a 
history of attempted suicide and found multiple differences between 
the groups (77). Regarding volumetric differences, the thalamus and 
right pallidum were significantly smaller in depressed attempters 
compared to depressed and healthy controls. Regarding cortical 
surface area, depressed attempters had smaller cortical surface area of 
the left cuneus, left inferior parietal, left rostral middle frontal, and 
right pericalcarine cortex compared with healthy controls, but only 
the inferior parietal cortex was clinically distinct from depressed 
clinical controls. Lastly, in terms of cortical thickness, although there 
was not a significant difference between depressed attempters and 
clinical controls, attempters did display significantly lower cortical 
thickness in the left rostral middle frontal region. The authors 
concluded that these findings suggested impairment in decision 
making, impulsivity, and planning as well as attention and the concept 
of self (77). However, please note that a significant difference in such 
large studies does not mean the effect size is clinically meaningful. In 
other words, a clinically insignificant volumetric difference could 
be statistically significant due to the large number of subjects studied. 
For example, in this study, for the left pallidum and right nucleus 
accumbens subcortical volumes, the difference between clinical and 
healthy controls did not reach statistical significance after correction 
for multiple comparisons. Therefore, statistically significant differences 
may not necessarily translate to clinical significance, but it can inform 
next steps and build a future-focused plan for translational researchers.

Most recently, Sarkinaite et al. (78) published findings that showed 
volumetric differences between participants with past suicide attempts 
and healthy controls in the frontal and temporal cortex thickness and 
volume of the hippocampus. Notably, with number of attempts as a 
covariate, participants with increasing number of past suicide attempts 
showed decreasing thickness of temporal cortex in the inferior middle 
and temporal cortex.

In Figures 1, 2, we provide an overview of brain regions (Figure 1) 
and networks (Figure 2) that are most commonly found to be involved 
in functional MRI and brain morphometry research of suicidal 
thoughts and behavior. Both the figures are generated through 
FreeSurfer 7.3.2 (82, 83) and Yeo’s 17-network atlas (84).

3.3. Diffusion-weighted MRI

The fourth neurobiological modality that we  included in this 
study was Diffusion Tensor Imaging (DTI). This method analyzes the 
robustness of water diffusion within white-matter structures of the 
brain to find associated differences between patient populations and 
healthy controls or other cohorts. DTI also examines the physical 
“highways” within and between significant structures. While fMRI 
gives information on “in the moment” electrical communication that 

could conceivably indicate functional robustness of structures and 
pathways, DTI is a direct measure of the physical robustness of those 
structures and pathways. To that end, it may be considered as a more 
concrete/persistent measure to estimate the difference between 
healthy controls and the suicidal patients. Again, most of the 
modalities can be accomplished in a relatively short scanning session 
and are more potentially accessible to the working clinician.

Recent advancements in imaging have allowed the scientists to 
study differences in white-matter integrity, compactness, or structural 
connectivity in clinical populations – the “quality of the highways” so 
to speak. These studies use parameters such as apparent diffusion 
coefficient (ADC-speed of water flow regardless of direction), 
fractional anisotropy (FA-diffusion of water molecules in a particular 
direction), and edge-weight (white-matter structural connectivity) to 
measure connections between regions of interest (85, 86). Edge weight 
has been considered a potentially more appropriate parameter to 
measure the strength of structural connectivity because it takes into 
account both the number of white-matter fibers and the size of the 
regions of interest (87). Our focused review identified studies which 
reported associations between these measures and suicidal behavior.

In a study of young adult healthy controls and young adults with 
MDD with and without a history of suicide attempts conducted by Jia 
et al. reduced FA was found in the (a) left anterior limb of the internal 
capsule (ALIC) for suicide attempters compared to non-attempters 
and healthy controls, (b) right frontal lobe (subgyral) for suicide 
attempters compared to healthy controls, and (c) right lentiform 
nucleus (putamen) for suicide attempters compared to non-attempters 
(88). In another similar study by Jia et  al. it was also found that 
compared to healthy controls, depressed suicide attempters had 
significantly lower mean percentage of fibers projecting from the 
ALIC to the left medial frontal cortex, left OFC, and left thalamus. 
Compared to depressed non-suicide attempters, depressed suicide 
attempters had significantly lower mean percentage of fibers projecting 
from the ALIC to the left OFC and left thalamus (89). However, in a 
study involving panic disorder and suicide attempt, several regions, 
including the retrolenticular part of the internal capsule, splenium of 
the corpus callosum, superior and posterior corona radiata, posterior 
thalamic radiations, sagittal stratum (including the inferior 
longitudinal fasciculus and inferior fronto-occipital fasciculus), and 
superior longitudinal fasciculus, showed increased FA in individuals 
with panic disorder and history of suicidal attempt (PD + SA) 
compared to individuals with panic disorder but without any history 
of suicidal attempt (90). For the PD + SA group, Kim et al. also found 
that for two regions (i.e., right retrolenticular part of the internal 
capsule and bilateral posterior thalamic radiations), there was a 
significant positive association between FA and SUI.

In another study, lower baseline FA was found in the left ALIC, 
bilateral dmPFC, and right dorsal cingulum for future suicide 
attempters (i.e., who attempted suicide between the baseline and 
follow-up assessment) compared to non-attempters (61). In that study, 
compared to the non-future suicide attempt group, both future suicide 
attempters with or without a history of suicide attempts had lower FA 
for the left dmPFC, right dlPFC, and left ALIC. Future suicide 
attempters with a history of suicide attempts also showed lower FA in 
the right dmPFC and right dorsal cingulum. Authors found that after 
an exclusion of four participants with alcohol/substance use disorder, 
the left ventral prefrontal cortex also had lower FA for the future 
suicide attempters relative to non-attempters.
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Fan et al. also found lower FA in the dorsal and ventral frontal 
regions that included the uncinate fasciculus for individuals with 
MDD and a history of suicide attempts as compared to non-suicide 
attempters (60).

In terms of structural connectivity parameters, it was determined 
that compared to individuals with MDD without SUI, individuals with 
MDD and SUI had reduced structural connectivity/edge weights 
across cortical (i.e., rostral middle frontal cortex, superior parietal 

FIGURE 1

Overview of brain regions (A–H) that are most commonly found to be involved in functional MRI and brain morphometry research of suicidal thoughts 
and behavior.

FIGURE 2

Overview of brain networks [i.e., Default Mode Network (DMN) (79) and Salience/Ventral Attention Network (SN/VAN) (80)] (81) that are most 
commonly found to be involved in functional MRI and brain morphometry research of suicidal thoughts and behavior.
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cortex), subdivisions of the inferior frontal cortex (i.e., pars 
triangularis and pars orbitalis, frontal pole, and lateral occipital 
cortex), and sub-cortical (i.e., pallidum, thalamus, putamen, and 
caudate) regions in the left hemisphere (91). In terms of FA also, the 
frontal areas, especially right dmPFC and white-matter bundles in 
several regions, including the bilateral inferior fronto-occipital 
fasciculus, bilateral uncinate fasciculus, body of corpus callosum, right 
anterior limb of internal capsule, right external capsule, left posterior 
thalamic radiation, and bilateral posterior corona radiata, showed 
lower FA amongst suicide attempters with MDD compared to 
non-attempters with MDD and healthy controls (92, 93).

Another structural connectivity study showed that compared to 
euthymic non-attempters and healthy controls, there was significantly 
decreased structural connectivity in euthymic suicide attempters in 
the connections between the left olfactory cortex and left anterior 
cingulate gyrus, as well as a clear trend of decreased connectivity 
between the right medial orbital, SFG, and the right rectal gyrus and 
between the right calcarine fissure and both the left superior and 
middle occipital gyrus (94). Hwang et al. reported greater edge weight 
in the left PCC and greater structural connectivity strength of local 
connections amongst participants who were military veterans with 
prior suicide attempts in comparison to those with SUI only and with 
no suicidal behavior (95).

A 2021 study by Chen et  al. evaluated white-matter integrity 
(generalized fractional anisotropy) and white-matter compactness 
(normalized quantitative anisotropy) among depressive patients with 
and without past suicide attempts (96). On a voxel-based (region of 
interest) analysis, participants with past suicide attempts had 
significantly lower white matter compactness and integrity in the 
corpus callosum, cingulate gyrus, and caudate than both the depressed 
non-attempt and the healthy control groups, with differences between 
the attempt group and healthy control group reaching statistical 
significance (96).

The same researchers evaluated white matter density and integrity 
among depressed patients with suicidal ideation but no history of 
attempts (97). In the voxel-based analysis, white matter integrity was 
found to be decreased in the suicidal ideation group, specifically in the 
corpus callosum and the ACC compared to depressed, non-SI, and 
healthy control participants. On RSFC, the suicidal ideation group had 
weaker connections within subnetworks of the frontal lobe compared 
to healthy controls but did not find differences between suicidal 
ideation and depression in suicidal participants.

4. Discussion

The concept of maladaptive thinking in depression is well 
understood by most clinicians (98). The notion that patients may 
develop maladaptive thinking in/or about social interactions is likely not 
surprising. However, to grasp the comprehensive picture of what is 
happening neurobiologically, providers must look to the evolving 
literature in neuroscience and neurobiology. Among our sample we have 
found many indications that functional, structural, RSFC, and diffusion-
weighted MRI studies are beginning to bridge this translational gap well.

Task based fMRI studies show abnormal activation in prefrontal, 
subcortical, and limbic regions. Specifically, areas important for 
emotional processing, reward-based learning (value estimation), 
emotional regulation/social exclusion, relative representation/sensitivity 
to affective stimuli, and cognitive control/response inhibition show 

abnormal activation, though in some cases (18), they contradict other 
studies. It may be that the same regions (e.g., left insula) are increasingly 
active in some cognitive challenges but less activated than controls in 
others, but this would not be contradictory to Van Heeringen’s model. 
Complicating the current growing body of research is the comparison 
of suicidal individuals with past attempts, versus those without, versus 
those with ideation and those without. At this stage it may simply 
be  important to keep the focus on what regions and processes are 
relevant as data grows and models continue to develop.

Among our sample, rsfMRI enriches the functional data by showing 
the major networks with abnormal connectivity among patients with 
MDD and STBs. From machine learning to strictly RSFC studies, the 
most relevant networks are clearly the M-FPN/DMN and M-CIN/SN 
and their communication within and between each other and with 
top-down control areas of the L-FPN/CCN. With the vast and complex 
roles of the M-FPN/DMN and M-CIN/SN, it is clear that even in the 
resting state, areas important for learning, affective and social processing, 
and cognitive control are affected, but this research also lends depth to 
the increased weight of an abnormally functioning “salience judge” at the 
cost of new information coming in from all sides. The mix of participants 
(adults, adults and adolescents, older adults, combat veterans, and 
convicted criminals) and type of STB being studied (standard scale score, 
suicide attempt, or suicidal ideation) of course complicates these already 
complicated findings, but data continues to grow.

Helping to enlighten a picture of abnormal communication 
amongst regions and networks, DTI data among our sample similarly 
supported differences in major tracts such as the ALIC and uncinate 
fasciculus (UF), important in communicating between structures of 
the reward-based learning network, along with differences in edge 
weight and FA among and between structures important for emotional 
processing, reward-based learning (value estimation), emotional 
regulation/social exclusion, relative representation/sensitivity to 
affective stimuli, and cognitive control/response inhibition. The clear 
difference among our DTI sample and the other methodologies, 
however, is that among participants with MDD and STBs, all of these 
measures were found to be decreased in comparison to control groups.

This is further supported in our sample by the morphometric 
studies generally showing that structures involved in both top-down 
and bottom-up emotional processing, visual and language processing, 
impulse control, and affective processing are atypical across the board. 
Decreased GMV/thickness/area were found in frontal systems such as 
the IFG and OFC, ventral-lateral prefrontal cortex, dlPFC and 
temporal regions, and in suicidal individuals, there are clear reductions 
in GMV in subcortical (putamen and caudate) and limbic 
(hippocampus-MFPN/DMN) areas as well. Intuitively, these measured 
differences represent more long-term changes among the relevant 
structures and networks that a patient would depend on as stressors 
and, hence, the risk of STBs accumulate.

Previous literature reviews are generally consistent with our 
results, though many have incorporated different samples with 
different conditions that inhibit direct comparison. Especially relevant 
to our review are the work of Jollant (5), Desmyter (99), Zhang (100), 
Martin (101), Schmaal (10), and Auerbach (11), among others (102–
106). Studies over the last 20 years have increasingly showed a relation 
between emotional pain and physical pain (107–109). Work by Olie 
et  al. has specifically examined the increasing relevance of social 
exclusion to affective pain and suicide and further discussed the 
association between neuroimaging findings of social exclusion and 
suicide risk (110). They found that while the normal response to the 
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affective pain of social exclusion increases activity in the anterior 
insula, ACC, and inferior OFC in normal controls, suicidal individuals 
show a decreased activation in these same regions, even compared 
with non-suicidal patients with a mood disorder.

In short, we are not proposing a grand new theory that is all 
encompassing, for that would take many more variables into account, 
which have their own emerging literature, such as genetic, 
socioeconomic, and cultural factors. Also biochemical, MEG, SPECT, 
and PET scanning and incorporating the rich and ever evolving 
psychometric data would also need to be considered. We are simply 
proposing a framework to begin applying emerging neurobiological 
data in a clinical and chronological way in conjunction with already 
used measures, such as psychometrics and clinical assessments, so that 
as a patient encounters various diatheses and stressors, their clinician 
will be able to look to this framework to address a complex problem 
in comprehensive but clinically feasible way. With genuine and earnest 
collaboration in translational medicine, imaging, and neuroscience, 
combined with machine learning and worldwide research consortiums 
focusing on suicidal thoughts and behaviors, and replication of 
findings, especially in these diverse and complicated modalities, 
collaboration can shrink the time from new discoveries to clinical 
intervention. There are few things more urgent than attempting it.

Our simple framework is this: First, morphometric changes may 
be more observable early on from genetic and environmental stressors 
but also long standing atypical cognitive processing. Second, 
abnormalities in diffusion-weighted projections will become apparent, 
implying increasingly longstanding atypical networks and relevant ROI 
communication, and demonstrable on scanning. Third, abnormalities in 
processing new information, especially negative social and affective 
valenced-relevant stimuli tethered to language and facial processing, will 
be demonstrated on rsfMRI/RSFC analysis, as evident by increased 
communication between networks (M-CIN/SN to L-FPN/CCN), 
implying maladaptive rumination of faulty negative information and 
decreased communication between new, contradicting affective/relevant 
processing areas and value estimation/strategy adjustment networks 
(M-CIN/SN TO M-FPN/DMN). Fourth, the gap between value and risk 
estimation will widen on fMRI tasks immediately prior to the STBs.

Ultimately, we  hope to start to construct a chronological 
framework of early diatheses, developing stressors, whether distal or 
proximal, and correlating their neurobiological fingerprint across MRI 
modalities and behavioral task performance. We will do this through 
continued task/theory-based fMRI and network studies, structural/
morphometric, RSFC, and DTI research. We will continue to develop 
machine learning evaluations through each modality and across them 
first using classification and machine learning techniques to quickly 
determine biosignatures that directly affect suicide risk and improve 
our model. We will then use a regression analysis to analyze level of 
risk and sequence mining to predict proximal neurobiological 
changes. Through this comprehensive and accelerated approach, 
we hope to begin to capture a clinically relevant and useful point-of-
care tool that can accurately and thoroughly assess risk of suicidal 
ideation and attempt. Then, with extensive collaboration, those in the 

field of neurobiological suicide research can shift into evaluating the 
most effective interventions at each specific time that will prevent it. 
Lastly, given that functional connectivity studies and diffusion tensor 
imaging have a particular drawback: neither are in a position to assess 
directed functional or effective connectivity (111). In other words, one 
gets a single number for the connectivity between two regions – as 
opposed to separate estimates of the directed influence of one region 
on another, and the reciprocal influence. This is important when 
talking about the distinction between bottom-up and top-down 
processes in functional brain hierarchies. In consequence, given our 
expertise in cutting-edge directed functional (e.g., Granger causality) 
and effective (e.g., dynamic causal modeling) brain connectivity 
techniques (29–31, 112–117), we  will aim to see how analyses of 
directional connectivity nuance the emerging picture of suicidal 
thoughts and behavior described above. Emerging research in directed 
functional and effective connectivity will surely prove invaluable.
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