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Abstract in English  

This thesis presents a series of studies exploring the neurocognitive aspects of suicidal vulnerability using 

neuroimaging in both suicide attempters and first degree biological relatives of suicide completers. Through a 

systematic literature review, we demonstrated the association between suicidal acts and structural and functional 

alterations in several brain regions. We then examined structural neuroimaging measures in the prefrontal cortex 

of a large sample of suicide attempters and highlighted significant alterations in the left ventrolateral prefrontal 

cortex, independently from mood disorders. Moreover, we showed that the volume of the nucleus accumbens was 

negatively correlated with the lethality of previous suicidal acts, which suggests that this region may modulate 

the way suicidal acts are completed. We then used functional neuroimaging and the classical Go-NoGo task to 

examine cognitive inhibition among suicide attempters. Our results suggest that cognitive control deficits within 

suicide attempters, associated with the activation of the inferior frontal gyrus, thalamus, orbitofrontal cortex and 

parietal cortex, are more likely to be state-related than traits. Moreover, we examined relatives of suicide 

completers using a battery of cognitive measures and neuroimaging. We found decision-making deficits, but no 

cognitive control deficits, in suicide relatives who themselves never attempted suicide compared to patient 

relatives with no family history of suicidal acts and to healthy controls. These results suggest that risky decision-

making could be a transmitted trait within families while normal cognitive control could be protective against 

suicide in these individuals. Furthermore, we showed that risky decision-making in sucide relatives was 

associated with significant reduction in ventromedial prefrontal cortex activity during decision-making and 

increased activity in precuneus during choice processing. Finally, both outcome processing during decision-

making and angry faces processing (a proxy for social threat) were associated with altered activity in the 

cerebellum among suicide relatives. Overall, our findings strongly support a significant role for the ventral (both 

medial and lateral) prefrontal cortex, but they also highlight a network of brains regions beyond the prefrontal 

cortex. Moreover, they underline the importance and potential heritability of risky decision-making in suicidal 

vulnerability and the possibility that some cognitive deficits may be states while others are traits. These new 

findings expand our knowledge and allow us to propose an updated neurocognitive model of suicide.  
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Abstract in French  

Cette thèse présente une série d'études explorant les aspects neurocognitifs de la vulnérabilité suicidaire grâce à 

l'imagerie cérébrale ches des suicidants et des apparentés au premier degré biologique de suicidés. Une revue 

systématique de la littérature nous a permis de montrer une association entre les actes suicidaires et des 

modifications structurelles et fonctionnelles dans plusieurs régions du cerveau. Nous avons ensuite examiné 

plusieurs mesures de neuroimagerie structurelle dans le cortex préfrontal d'un large échantillon de suicidants, et 

mis en évidence des modifications dans la cortex préfrontal ventrolatéral gauche, indépendamment des troubles 

de l'humeur. En outre, nous avons montré que le volume du nucleus accumbens était corrélé négativement avec 

la létalité des actes suicidaires antérieurs, suggèrant que cette région pourrait moduler la façon dont les actes 

suicidaires sont exécutés. Nous avons ensuite utilisé la neuroimagerie fonctionnelle et la tâche classique de Go-

NoGo afin d'examiner l'inhibition cognitive chez les suicidants. Nos résultats suggèrent que les déficits de 

contrôle cognitif chez les suicidants, associés à l'activation du gyrus frontal inférieur, du thalamus, du cortex 

orbitofrontal et du cortex pariétal, sont susceptibles d'être des traits plus que liés à l'état. Par ailleurs, nous avons 

exploré des apparentés de suicidés en utilisant une batterie de mesures cognitives et la neuroimagerie. Nous avons 

trouv® des d®ficits de prise de d®cision, mais pas des d®ficits de contr¹le cognitif, chez ces personnes nôayant 

jamais tenté elles-même de se suicider, en comparaison dôapparent®s de patients sans ant®c®dents familiaux 

d'actes suicidaires et de témoins sains. Ces résultats suggèrent que la prise de décision risquée pourrait être un 

trait transmis au sein des familles tandis que le contrôle cognitif normal pourrait avoir un effet protecteur contre 

le suicide chez ces individus. En outre, nous avons montré que la prise de décision risquée chez les apparentés de 

suicidés était associée à une réduction significative de l'activité du cortex préfrontal ventromédian au cours de la 

prise de décision, et une augmentation de l'activité du precuneus pendant le traitement des choix. Enfin, le 

traitement des résultats des choix lors de la prise de décision ainsi que le traitement des visages en colère (un 

proxy pour la menace sociale) ont été associés à une activité modifiée dans le cervelet chez les apparentés de 

suicidés. Au total, nos résultats soutiennent un rôle important pour le cortex préfrontal ventral (à la fois médial et 

latéral), mais mettent également en évidence un réseau de régions cérébrales au-delà du cortex préfrontal. Ils 
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soulignent également l'importance et l'héritabilité potentielle de la prise de décision risquée pour la vulnérabilité 

suicidaire, et la possibilité que certains déficits cognitifs pourraient être des états alors que d'autres sont des traits. 

Ces nouveaux résultats élargissent nos connaissances et nous permettent de proposer une mise à jour de notre 

modèle neurocognitif du suicide. 
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Chapter 1  Introduction  

In this introduction, I will give a brief overview of the main findings underlying the hypothesis and methods 

used in our research. 

1.1 Definition  

Suicidal behaviour encompasses a number of complex acts, whose definition may differ from one study or one 

research group to another. According to the revised nomenclature of Self-Injurious Thoughts and Behaviours 

(Silverman, Berman et al. 2007), we will use the following definitions in the present thesis: suicide or suicide 

completion is defined as any act carried out with some degree of suicidal intent and with fatal outcome; suicide 

attempt refers to any act carried out with some degree of suicidal intent and without fatal outcome, suicide 

ideation or suicidal ideas include thoughts with some level of suicidal intent but without any acting out; self-

harm is often used to define acts carried out with and without suicidal intent, and it therefore includes non-

suicidal self injuries.  

Suicidal behaviour within the context of this thesis will include attempted and completed suicide but not self-

harmðsince suicidal behaviours are clearly delineated from self-harm behaviours by the intentional 

component of ending oneôs life (Silverman, Berman et al. 2007)ðor suicidal ideas without acting out. 

1.2 Scope of the Problem  

According to the Centers for Disease Control and Prevention (CDC) in 2005, suicide has a far-reaching impact. 

Suicide is among the ten leading causes of deaths worldwide (!!! INVALID CITATION !!! (Hawton and van 

Heeringen 2009)), accounting for almost one million victims annually (Varnik 2012) and an estimated loss of 

20.8 to 36.7 million disability-adjusted life years annually (Murray and Lopez 2013; Wolfram|Alpha 2013). 

According to the CDC 2010 Cost of Injury Report,1 the overall financial cost per suicide has been estimated at 

                                                      
1 Centers for Disease Control and Prevention, National Center for Injury Prevention and Control. Web-based 

Injury Statistics Query and Reporting System (WISQARS). 

http://www.cdc.gov/injury/wisqars
http://www.cdc.gov/injury/wisqars
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$1,164,499 US dollars, and the annual combined cost for cumulative lost years of productivity from suicide is 

approximately $44.6 billion US dollars in the United States alone, a substantial increase over the 5 to 8 billion 

dollars estimated previously (Wyatt and Henter 1995; Greenberg, Kessler et al. 2003). Suicide not only leads 

to individual suffering, with families and friends left with grief and unbearable questions, but it also represents 

a significant financial burden to society.  

Unfortunately, we currently lack effective prediction and prevention strategies (Mann, Currier et al. 2006). 

Suicide risk currently relies on the sole assessment of multiple socio-demographic and clinical risk factors, a 

method with relatively poor predictive power (Pokorny 1983; Goldstein, Black et al. 1991; Mann and Currier 

2007). Improving our understanding of this preventable yet complex behaviour is therefore important. The 

identification of neurobiological markers and improved models for suicidal behaviour may provide more 

precise predictive markers and enable us to develop more efficient preventative interventions.  

1.3 The Stress -Diathesis Model of Suicidal Behaviour  

Suicide is commonly thought of as the tragic end of a severe mental disorder. This is supported by 

epidemiological studies revealing significantly increased likelihood of suicide among many psychiatric 

disorders, including but not limited to major depression, bipolar disorder, schizophrenia, substance abuse, and 

Cluster B personality disorder (Arsenault-Lapierre, Kim et al. 2004; Dumais, Lesage et al. 2005; McGirr, Paris 

et al. 2007; Hawton and van Heeringen 2009). Moreover, psychological autopsies, through proxy-based 

interviews and medical file assessment, reported the existence of mental disorders in more than 90% of cases 

of suicide (Isometsa 2001). However, it has also been shown that more than 90% of individuals with mental 

disorders will never commit suicide (Bostwick and Pankratz 2000), suggesting that a mental disorder alone is 

not a sufficient condition for suicide. Additional factors are necessary and suicidal behaviour is inherently 

multifactorial.  
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Over the past decade, a stress-diathesis model (Mann JJ 2003), similar to other fields of medicine (Hankin and 

Abela 2005) has been proposed to explain suicidal behaviour. This model postulates the existence of a 

vulnerability to suicidal acts with genetic and early developmental components (notably childhood abuse) 

interacting with proximal stressful eventsðe.g. negative social events like marital conflict or job loss, 

depression and other acute states of a mental disorder or alcohol abuse (Mann 2003)ðto increase the risk of 

suicide. At the clinical level, this vulnerability is revealed in an increased suicidal risk in individuals with 

personality traits like impulsive-aggressiveness in adolescents and young adults, or in the propensity toward 

hopelessness and pessimism (Turecki 2005). Another argument is the demonstration that a past personal history 

of a suicidal act is significantly associated with an increased risk of future suicide completion (Horwitz, Czyz 

et al. 2015). 

The earliest and most replicated known biological risk factor associated with suicidal acts is low 5-

Hydroxyindoleacetic acid (5HIAA) levels, the main metabolite of serotonin, in cerebrospinal fluid (Asberg, 

Traskman et al. 1976; Nordstrom, Samuelsson et al. 1994). In addition, 5HIAA levels are relatively stable at 

adult age (Higley, King et al. 1996), which supports the idea of persistent, trait-like alterations. Another 

important biological alteration is the hyper-reactivity of the Hypothalamo-Pituitary Axis (HPA), one of the 

main systems supporting stress responses (Mann and Currier 2007). Studies have shown a lack of response 

suppression after dexamethasone intake in patients who ultimately died from suicide. Both low 5HIAA and 

poor response to the dexamethasone suppression test have been associated with a 4.5 times greater risk of death 

from suicide among individuals with mood disorders (Mann and Currier 2007). The vulnerability to suicidal 

acts would therefore be underlied by 1) a deficient modulation of the serotonergic system, a system implicated 

in homeostasis and various cognitive processes, and 2) a hypersensitivity of the HPA stress axis.  

Subsequent studies have explored the biological aspects of suicidal diathesis using a variety of approaches. For 

instance, post-mortem brain bank tissue extracts from suicide completers vs. non-clinical populations have 

revealed cellular alterations including astrocytic hypertrophy (Torres-Platas, Hercher et al. 2011) and glial cell 
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density alterations in the anterior cingulate cortex of suicide completers with alcohol dependence (Hercher, 

Parent et al. 2009), genetic and epigenetic alterations (Guipponi, Deutsch et al. 2009), or spermine synthase 

and oxidase (Fiori and Turecki 2010), among other factors. Detailing these findings would go beyond the scope 

of this thesis. However, these findings point toward brain deficits associated with the risk of suicide, some of 

which support the concept of a specific suicidal vulnerability. 

1.4 A Neurocognitive Perspectiv e on Suicidal Acts  

Over the last 10 years, several groups have investigated the neurocognitive basis of the vulnerability to suicidal 

acts in suicide attempters (Jollant, Lawrence et al. 2011). Neuro-cognition lies at the interface between 

psychological and biological mechanisms. There has been increasing interest in understanding suicidal 

behaviour in terms of cognitive processes using neuropsychology and neuroimaging. We will summarize below 

some of the most important findings. 

1) Risky decision-making, assessed using economic tasks like the Iowa Gambling Task or the Cambridge 

Gamble Task, has been found in suicide attempters (Jollant, Bellivier et al. 2005; Clark, Dombrovski et al. 

2011), notably those who used violent suicidal means (Jollant, Bellivier et al. 2005). This finding was recently 

confirmed by a meta-analysis of nine studies using the Iowa Gambling Task (Richard-Devantoy, Berlim et al. 

2013). Importantly, risky decision-making has been found in euthymic (i.e. no longer depressed) suicide 

attempters, which suggests trait-like features (Jollant, Bellivier et al. 2005). Impaired decision-making has been 

related to genetic variants associated with the serotonergic system (Jollant, Buresi et al. 2007). Moreover, 

disadvantageous decision-making has been correlated with interpersonal difficulties, suggesting that this may 

also contribute to classical triggers of suicidal crisis (Jollant, Lawrence et al. 2008). Also, there is no clear 

argument for a link between risky decision-making and a clinical impulsivity-trait (as measured with 

questionnaires) in suicide attempters (Jollant, Guillaume et al. 2007), which suggests that disadvantageous 

decision-making is not directly related to impulsive choices in this population. Risky decision-making in 

suicide attempters has also been related to a decreased response of the ventrolateral prefrontal cortex during 
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risky options (Jollant, Lawrence et al. 2010) and to a decreased response of the ventromedial prefontal cortex 

during reward prediction (Dombrovski, Szanto et al. 2013). This suggests a major role for deficient valuation 

processing. Recently, social decision-making has started to be investigated with the Ultimatum Game (Szanto, 

Clark et al. 2014), which has demonstrated an inability of high-lethality attempters to modulate their decisions 

in an unfair context. 

2) Deficits in cognitive control have also been reported in suicide attempters (Richard-Devantoy, Jollant et 

al. 2012), notably in terms of higher sensitivity to interference (Richard-Devantoy, Berlim et al. 2013) and 

in the context of verbal fluency. Among retrospective psychological autopsy study of suicide completers, most 

studies suggest such deficit may be more prominent in certain age or gender groups(Richard-Devantoy, Jollant 

et al. 2012). Our preliminary results have not been able to cognitive control deficits among healthy first degree 

relative of suicide completers (Hoehne, Richard-Devantoy et al. 2015) suggesting this may be a more proximal 

and state like risk factor to suicidal behaviour. More explorations of deficient cognitive control are needed in 

the context of suicidal behaviour, and we will later present the first neuroimaging study of cognitive inhibition 

in suicide attempters and an assessment of cognitive inhibition in relatives of suicide completers. 

3) Suicide attempters tend to show more memory deficits, from working memory to long-term memory and 

more general autobiographical memory. This was confirmed by a recent meta-analysis conducted by our group 

(Richard-Devantoy, Berlim et al. 2015). These various deficits may underlie distinct disturbances. For instance, 

working memory is an important component of cognitive control, enabling one to maintain online information 

needed to execute a task (Richard-Devantoy, Olié et al. 2013). Reduced autobiographical and long-term 

memory may particularly impact the ability to solve problems as past experience is usually important for 

complex problems. 

4) Finally, euthymic suicide attempters showed altered brain responses to angry faces in the orbitofrontal cortex 

and cerebellum (Jollant, Lawrence et al. 2008; Olie, Ding et al. 2015). Suicide attempters may therefore present 

a particular sensitivity to signals of social threat. 
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We are far from understanding the pathways linking neurocognitive deficits and the risk of suicidal acts. 

However, our current neurocognitive and neuroimaging analytical approach is an attempt to go beyond limited 

clinical observations and patientsô introspections. Data presented in this thesis relies on this approach and 

contributes to the identification or validation of particular neurocognitive impairments in individuals at-risk of 

suicide. We focused in particular on two populations: 1) suicide attempters, as they are at increased risk of 

suicide completion and can be distinguished from patients with no personal history of suicidal act, and 2) 

relatives of suicide completers, for reasons explained below. 

1.5 Heritability of Suicide Diathesis and the Concept of Endophenotype  

The heritability of suicidal behaviour has been established through family, twin and adoption studies (Brent 

and Mann 2005). It is estimated that the heritability of suicide reaches 20% when accounting for comorbid 

disorders. Importantly, transmission of these behaviours seems to correlate more with personality traits than 

with mental disorders. Beyond personality traits, it has been suggested that biological traits could be 

transmitted within families, which brings up the notion of endophenotypes (Courtet, Gottesman et al. 2011). 

The endophenotype concept is useful for identifying and quantifying genetically-influenced biological traits. 

Practically, in the context of suicide, endophenotypes are defined as state-independent, heritable traits that 

highly co-segregate with suicidal behaviour and that are found in elevated proportion among non-affected 

members within families of suicide completers. Endophenotypes may shed light on important biological traits 

of vulnerability, and therefore improve our understanding of the mechanisms of suicidal behaviour genesis. 

Some of the aforementioned neurocognitive traits could potentially qualify as endophenotypes. This is 

particularly the case for impaired decision-making and sensitivity to social threat, both found in euthymic 

suicide attempters. This will be the focus of studies run in close biological relatives of suicide completers and 

that will be presented in the following chapters. 
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1.6 Hypotheses and Objectives  

Suicide is a complex phenomenon that requires multi-disciplinary approaches. The focus of this PhD thesis is 

to apply an in vivo neuroimaging approach to improve our understanding of the neurocognitive deficits 

associated with suicidal behaviour. To this end, we have investigated both suicide attempters and first-degree 

biological relatives of suicide completers, which is a relatively new approach in the neurocognitive domain. 

To reach this general objective, we have examined the structural and functional alterations, as measured by 

neuroimaging, that may exist among relatives of suicide completers and among suicide attempters. We have 

had the chance to access data from five different studies conducted by Dr. F. Jollant in Montreal (Canada), 

London (UK) and Montpellier (France), and to run structural and functional analyses. 

One specific objective will be to validate impaired decision-making as an endophenotype of suicidal behaviour. 

Our specific hypotheses postulate that healthy suicide relatives, who themselves never attempted suicide, 

exhibit riskier decision-making compared to both patient relatives and healthy controls. These behavioural 

impairments will be associated with abnormal functional brain activation during the decision-making task, 

notably in the ventral prefrontal cortex. In the same population, we will also assess responses to emotional 

faces previously described in suicide attempters. We hypothesize that this population will show a similar 

sensitivity to social threat. We will therefore have a large perspective on cognitive and emotional traits that 

may be heritable, which will allow us to identify potentially protective traits and confirm vulnerability traits. 

Moreover, we will also validate in a large sample of suicide attempters structural brain alterations previously 

found in the prefrontal cortex, and we will examine subcortical structures. Finally, in an attempt to continue 

the dissection of the neurocognitive components of suicidal behaviour, we have participated in the analyses of 

a neuroimaging study investigating cognitive inhibition in suicide attempters.  

Each chapter within the thesis is dedicated to one article investigating specific aspects of suicide-related 

neuroimaging and neurocognitive alterations. First, we conducted a comprehensive review of neuroimaging 

literature related to suicidal behaviour (Chapter 2) to highlight the current understanding of the neurocognitive 
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and neuroanatomical bases of suicidal behaviour. This also allowed us to develop an online and free review 

database (http://bdsuicide.disten.com) that contains the latest breakdown of neuroimaging studies in suicide 

behaviour. Next, using data already collected in two European samples, we explored potential prefrontal 

structural alterations as potential markers of suicidal vulnerability in mood disorders using multiple analytical 

approaches that have never been done before (Chapter 3). We have also contributed to a study that investigated 

subcortical alterations in the same sample (7.2.1) and the brain response to cognitive control in depressed 

suicide attempters recruited in Montreal (7.2.3). Lastly, we will present findings from the first ever functional 

neuroimaging study in healthy first-degree relatives of suicide completers with respect to their behavioural 

performance (7.2.2), brain response during decision-making (Chapter 4), and during the social challenge 

(Chapter 5). 
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Chapter 2  Review of Literature: Neurocognitive Basis of Suicidal 

Behaviour  

2.1 Introduction: A Stress -Diathesis Model of Suicidal Be haviour  

Suicide is among the ten leading causes of death worldwide (2009) accounting for almost one million victims 

annually and a significant loss of life-years at the societal level (Murray and Lopez 2013). The current 

assessment of suicide risk primarily relies on assessments of multiple socio-demographic and clinical variables 

with relatively poor predictive power. Improving our understanding of this preventable yet complex behaviour 

is necessary.  

Suicide is especially elevated among those with mental disorders. Epidemiological studies have revealed 

significantly increased likelihood of suicide among many psychiatric disorders, including but not limited to 

major depression, bipolar disorder, schizophrenia and borderline personality disorder (Skodol, Gunderson et 

al. 2002; Arsenault-Lapierre, Kim et al. 2004; Hawton and van Heeringen 2009). Moreover, post-mortem 

studies reported the existence of mental disorders in more than 90% of cases of suicide (Isometsa 2001). 

However, more than 90% of individuals with mental disorders will never commit suicide (Bostwick and 

Pankratz 2000), which suggests that a mental disorder is not a sufficient condition for suicide. Additional 

factors must be in play. At the clinical level, personality traits, most notably impulsive aggressive traits in 

younger adults, have been associated with an increased risk of suicide (Dumais, Lesage et al. 2005). 

Interestingly, family, twin and adoption studies have established that suicidal behaviour is heritable (Brent and 

Mann 2005), but transmission of these behaviours seems to correlate more with personality traits than with 

mental disorders. 

These data and others support a stress-diathesis model, which postulates a vulnerability to suicidal acts with 

genetic and early developmental components (including childhood abuse) interacting with proximal stressful 

events, such as negative social events like marital conflict or job loss, depression or alcohol abuse (Mann 2003). 
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This lower ability to respond adequately to stress is also underlined by numerous studies showing deficient 

cognitive functioning, notably disadvantageous decision-making (Jollant, Bellivier et al. 2005; Richard-

Devantoy, Berlim et al. 2013) or reduced cognitive inhibition (Richard-Devantoy, Gorwood et al. 2012). 

Decision-making deficits have been found in normothymic patients at a distance from their suicidal act in 

comparison to patient controls (i.e. patients without suicidal behaviour but share the same comorbidity pattern), 

which suggests this represents a cognitive marker of suicide vulnerability. 

Over the past decades, a variety of studies have been conducted to support the concept of vulnerability at the 

neurobiological level, ranging from biochemical (Mann and Currier 2007) to genetic/epigenetic (Brent and 

Mann 2005; Fiori and Turecki 2010) and cell morphological studies (Hercher, Parent et al. 2009; Hercher, 

Turecki et al. 2009; Torres-Platas, Hercher et al. 2011). The earliest and most replicated known biological risk 

factor associated with suicidal acts is low 5-Hydroxyindoleacetic acid (5HIAA) levels, the main metabolite of 

serotonin, in cerebro-spinal fluid (Nordstrom, Samuelsson et al. 1994). Subsequent studies in this area have 

also investigated serotonergic alterations in post-mortem studies (Mann, Huang et al. 2000) and the genetics 

of serotonin synthesis mechanisms (e.g. tryptophan hydroxylase) and transportation (e.g. serotonin transporter) 

(Courtet, Picot et al. 2004; Courtet, Jollant et al. 2005) (see below for pharmacological neuroimaging studies). 

The general hypothesis derived from these findings is a deficient modulation of the prefrontal cortex and other 

brain regions by the serotonergic system, an alteration that may possess some trait-like characteristics including 

long-term stability and could underlie clinical and cognitive traits including a higher propensity for impulsivity 

(Booij, Swenne et al. 2006) or risky decision-making (Jollant, Buresi et al. 2007). 

Hypothalamic-Pituitary-Adrenal (HPA) axis sensitivity has also been implicated in suicidal behaviour 

(Dwivedi and Coryell 2012). Recent data suggests that the HPA response is also increased during an inhibition 

task in relatives of suicide completers (McGirr, Diaconu et al. 2010) revealing another heritable biological 

trait. Serotonergic and HPA systems may synergistically contribute to suicidal behaviour (Caspi, Sugden et al. 

2003).  
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Finally, a dynamic field of current research aims at investigating how life events may modulate genetic 

expression through epigenetic mechanisms (Turecki, Ernst et al. 2012). Early findings suggest that childhood 

abuse may have long-term brain effects in suicide victims, particularly alterations of the expression of receptors 

of the glucocorticoid system in the hippocampus (McGowan, Sasaki et al. 2009).  

Post-mortem studies examining the brains of suicide completers and neuropsychological and neuroimaging 

studies of suicide attempters are currently the focal point of studies that are increasing our understanding of 

suicidal vulnerability. Neurobiological research generally suggests a model of vulnerability to suicidal 

behaviour that includes a defective emotional and cognitive processes associated with a sensitive stress system 

(e.g. HPA axis) that may partly result from the long-term effects of childhood abuse (at least in younger 

individuals) and genetic factors. In the next chapters, we will review the neuroimaging literature and examine 

how these studies shed light on the mechanisms of suicidal vulnerability. 

2.2 Review of Neuroimaging Studies  of Suicidal Behaviour  

2.3 Search Process  

Neuroimaging studies related to suicidal behaviour up to November 2013 have been included in this review. 

An OvidMedline portal search with the Medical Subject Heading (MeSH) keywords ñsuicideò and 

ñneuroimagingò yielded 66 articles. Of these, 13 original articles related to suicide research were retained. A 

Scopus portal search with the same keywords yielded 256 articles, of which 32 original articles related to 

suicide research were retained. Additional articles identified from article references and from our own publicly 

accessible online database (http://www.bdsuicide.disten.com) were added. Single case reports, duplicated 

reference entries, commentaries, editorials, conference abstracts, unpublished studies, and reviews were not 

included. We only evaluated articles written in English or Chinese. We selected studies involving at least one 

of the following groups: suicide ideators (SI), who have seriously thought about suicide but never carried out 

any act; suicide attempters (SA), who have actually carried out an act with ñsomeò intent to die; suicide 

completers (SC), who eventually committed the act of suicide and died. Of all selected studies, most focused 
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on either SA or mixed SA/SI with two studies examining only SC before their eventual suicide. Non-suicidal 

self-injury (i.e. self-harm) was not included in this review unless the article showed a significant number of SI 

or SA. Articles were reviewed by all the authors.  

In the end, 69 studies were retained. We broke down the major categories of the neuroimaging studies that 

explored patients with suicidal behaviour in the following way: functional studies (Table 1), pharmacological 

studies (Table 2) and structural studies (Table 3). Thirty-eight studies investigated structural changes 

(including eight studies examining whole brain volumetry and morphometry, 15 studies examining region of 

interest volumetry and morphometry, white matter lesions in eight studies or white matter connectivity in five 

studies, and two studies using very novel methodologies). Functional alterations (using MRI, PET or SPECT) 

utilizing various tasks were assessed in 21 studies and pharmacological binding in 13 studies. The majority of 

studies were conducted in young and middle-aged adults (n=53) and only eight were conducted in 

adolescents/children and eight in the elderly. 

2.4 Limitations  

Some common limitations that apply to these studies have to be mentioned. A series of studies investigated the 

same population, resulting in a potential overall literature bias from a single dataset. Second, as it is frequently 

the case in neuroscience (Button, Ioannidis et al. 2013), many studies are underpowered and should 

consequently be carefully interpreted considering both Type 1 (with a risk of excessive effect size) and Type 

2 (with the risk of false lack of association) errors. In addition, some results may largely rely on analysis 

methods used (Focke, Helms et al. 2011) or choice of various (often lenient) threshold. Very few studies 

applied multi-modal approaches. Third, few studies used the exact same methods and thus cannot be considered 

true replications. Fourth, definitions of suicidal behaviour vary, a classical issue in the suicide field. Fifth, not 

all groups included psychiatric comorbidity controls without any history of suicidal acts to control for the effect 

of related co-morbid disorders. Also, some studies did not clearly delineate a life time history of psychiatric 

disorders or current psychiatric disorders, or the delay since last suicidal act. Finally, few studies only 
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investigated one gender while most included both males and females with the classical difficulty to detect 

gender specific differences in secondary analyses.  

2.5 Results  

2.5.1 Pharmacological neuroimaging: linking brain and biochemistry in vivo  

Three independent studies examined the receptor 5HT2A binding with various results. Relative to healthy 

controls, Soloff et al (2007) suggested increased binding in hippocampus, medial temporal cortex, occipital 

cortex, and lateral orbitofrontal cortex (OFC) in SA with borderline personality disorder. However, Audenaert  

(2001) and Van Heeringen et al. (2003) suggest decreased binding potential in dorsolateral prefrontal cortex 

(DLPFC) in SA with major depression. Meyer et al. (2003) did not report any significant differences. Only one 

study included patient controls (PC) (Soloff, Price et al. 2007), and no differences between SA and PC were 

reported. 

Six independent studies investigated serotonin transporter binding potential (5HTT BP) with most positive 

findings implicating either the midbrain or anterior cingulate cortex (ACC). Although the latest results (Nye, 

Purselle et al. 2013) suggested an increase in 5HTT BP in midbrain/pons and putamen area in SA relative to 

HC, previous results showed conflicting findings. Parsey et al. (2006) reported a conflicting decrease in 5HTT 

BP in SA vs. HC in midbrain and amygdala among depressed patients, while Nye et al. (2013) and Cannon et 

al. (2006) both observed a 5HTT BP reduction in midbrain in SA relative to both PC and HC. As for ACC, 

two studies conducted by Cannon et al. (2006; 2007) found increased binding in anterior cingulate cortex 

(ACC) in SA, mostly compared to PC. However, Oquendo et al. (2007), Lindstrom et al. (2004) and Ryding 

et al. (2006) did not find any significant differences in SA relative to mostly HC control groups. Lastly, several 

studies (Cannon, Ichise et al. 2007; Oquendo, Hastings et al. 2007; Bah, Lindström et al. 2008) examined 

serotonin transporter polymorphisms and suggested an association between specific alleles (e.g. S allele of 5-

HTTLPR and 12 repeat allele of STin2) and lower 5HTT BP in multiple brain regions in a subset of SA reported 

previously (Lindström, Ryding et al. 2004; Ryding, Ahnlide et al. 2006).  
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Finally, only one study (Leyton, Paquette et al. 2006) evaluated serotonin synthesis by examining radioligand 

trapping in serotonin synthesis pathways. The study found decreased serotonin synthesis in the medial OFC 

and increased synthesis in the right paracentral lobule, left thalamus, left middle occipital cortex, and left 

hippocampal gyrus. Again, without PC, it is difficult to discern the precise impact of depression comorbidity 

and suicide unique alterations. Taken together, reduction in midbrain and ACC 5HTT BP might be the most 

prominently suggested results based on the existing studies. However, this effect is not perfectly replicated or 

delineated, so it may be more attributable to the effect of depression, as suggested by Parsey et al. (2006), with 

elevated differences between SA and HC. Overall, the support for a deficient serotonergic system in suicidal 

vulnerability in pharmacological neuroimaging studies is relatively weaker compare to HIAA studies. 

However, this could largely be related to limitations in the design and power of the studies and the different 

ligands used in each studies.  

2.5.2 Functional neuroimaging: linking brain, cognition and behaviour  

According to the latest meta-analyses and review, a series of replicated neuropsychological deficits has been 

demonstrated in patients with suicidal behaviour compared to controls (Richard-Devantoy, Berlim et al. 2013). 

Notable deficits include disadvantageous decision-making (mainly measured by the Iowa Gambling Task) and 

reduced verbal fluency and cognitive control. The evidence of cognitive inflexibility (as tested by the 

Wisconsin Card Sorting Test) among first degree euthymic relatives of suicide completers (McGirr, Jollant et 

al. 2013) further strengthens the plausibility of some cognitive deficits being heritable. Moreover, it has been 

reported that decision-making deficits and deficient cognitive control do not show a strong correlation 

(Richard-Devantoy, Olié et al. 2013), which suggests that they may synergistically, yet independently, 

contribute to suicidal behaviour.  

The advent of wider applications of MRI within the past two decades has complemented earlier PET/SPECT 

functional studies by providing enhanced temporal and spatial localizations (Huettel, Song et al. 2009) of 

specific functional alterations that may be associated with aforementioned suicidal vulnerabilities.  
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2.5.2.1 Impaired decision -making  

Impaired decision-making is one of the most replicated deficits observed among SA from adolescents (Bridge, 

McBee-Strayer et al. 2012) and adults (Jollant, Bellivier et al. 2005) to the elderly (Clark, Dombrovski et al. 

2011). Two recent studies specifically examined decision-making processes in SA using the identical fMRI-

modified Iowa Gambling Task (Lawrence, Jollant et al. 2009). Jollant et al. (2010) observed a net score 

difference between SA and both control groups. Using a region of interest (ROI) approach, the studies showed 

a reduced activation in the left lateral OFC and occipital cortex in SA compared to PC in the contrast between 

risky and safe choices. This contrast was correlated with final performance suggesting a significant role of risk 

encoding in the OFC in modulating choices in this population. This result has been partly replicated (with a 

more medial part of the OFC) in an independent study (Olie, Ding et al. 2015). Overall, the OFC seems to play 

a major role in disadvantageous decision-making in SA, possibly through a deficient ability to valuate abstract 

risk. 

A study in adolescent SA was not able to show the same effect, most likely because most adolescent 

participants were unable to finish the latter portion of the task. A different contrast was examined that looked 

at risky choices or safe choices alone and their respective activation differences across adolescent groups. The 

authors reported reduced activation in the right thalamus of SA in risk choices compared to PC and increased 

activity in the left caudate compared to HC. However, the lack of data regarding the last part of the task when 

preferences are formed limits the interpretation of these findings. 

2.5.2.2 Reduced cognitive control/ inhibition  

Dombrovski et al. (Dombrovski, Szanto et al. 2013) evaluated reversal learning in an elderly population. They 

observed a lack of response to expected reward in the medial OFC. Matthews et al. (2012) utilized a stop signal 

task to demonstrate elevated activity among suicide ideators in the bilateral DLPFC and supramarginal gyrus 

during error trial, in addition to the left ACC, precentral, and superior temporal regions. In an adolescent 

population, Pan et al. (2011) observed a reduced activation in the right ACC in SA relative to PC during the 
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classical Go-NoGo inhibition task. Willeumieur et al. (2011) and Amen et al. (2009) retrospectively examined 

motor inhibition in individuals who later committed suicide using the continuous performance task. They 

observed global perfusion reduction in SC relative to HC with a much smaller reduction in SC relative to PC, 

which suggests mainly a decreased activation in the left DLPFC, right temporal, parietal regions and a potential 

increase only in the right ACC, cerebellar and occipital regions in SC.  

The most commonly implicated regions, therefore, involve both the DLPFC and ACC. A plausible but 

preliminary explanation based on an earlier experiment examining cognitive control in HC suggests that the 

DLPFC may be more implicated in the implementation of control neural networks, while the ACC may be 

more involved with error detection and resolution related brain circuit (MacDonald, Cohen et al. 2000). It is 

vital to mindful of the limitation with regard to the imaging paradigms and the findings does not preclude these 

regions from being part of other neural networks underlying other cognitive facilities. Findings may be more 

indicative of key common vulnerable nodes underlying multiple cognitive processes.   

2.5.2.3 Higher sensitivity to social rejection and mental pain 

Previous models of suicide have underscored the central role of mental pain in the suicidal process (Olie, 

Guillaume et al. 2010). In addition, a higher sensitivity to social rejection is suspected from the high frequency 

of personality disorders among suicide victims. Reisch et al. (2010) explored the neural basis of mental pain 

in female SA using individualized suicide related scripts. They observed reduced activity in the medial 

prefrontal cortex (PFC) in suicide and mental pain scripts and increased activation in the parahippocampal 

gyrus, occipital, temporal regions and cerebellum. Jollant et al. (2008) conducted a simple gender identification 

task based on Ekman faces and noted an increased activation in angry (but not happy) vs. neutral faces in SA 

relative to PC in the right lateral OFC, cerebellum and a decrease in the right frontal gyrus. Pan et al. (2013) 

used the same task in adolescents and reported stronger activation in the right ACC and temporal regions in 

response to less intense angry faces in SA vs. PC and reduced connectivity to insular regions compared to both 

control groups.   
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Of note, both studies using Ekmanôs faces found increased activations in regions that have been implicated in 

value attribution (OFC) and conflict monitoring (ACC) and, more generally, in social rejection (Eisenberger, 

Lieberman et al. 2003). Mental pain may also be related to dorsomedial PFC processing. 

2.5.2.4 Reduced verbal fluency  

Two studies (Audenaert, Goethals et al. 2002; Oquendo, Placidi et al. 2003) looked at verbal fluency in SA, 

with Oquendo et al. comparing high vs. low lethality attempters at rest, while Audenaert et al. compared SA 

to HC during performance of the verbal fluency task. Even though both studies did not use the same 

methodology, they suggest similar findings of decreased regional perfusion in DLPFC and ACC regions. 

Oquendo et al. found a greater decrease among higher lethality SA, with the activity of these regions positively 

correlated to task performance. Audenaert et al. noted that ACC activity was decreased in SA compared to HC 

during both categorical and letter fluency task.  

2.5.2.5 Correlation with suicidal lethality and intent  

Oquendo et al. (2003), in a resting state PET study, found activity in dorsomedial and dorsolateral PFC regions 

to be correlated with suicidal intent and lethality. This was partially replicated by Sublette et al. (2013) from 

the same group that showed a negative correlation between the right medial OFC, DLPFC with suicide intent. 

Interestingly, analyses showed that lethality was mediated by both impulsivity (negatively) and intent 

(positively). In addition, both studies suggest that reduced activity in SA was exacerbated by fenfluramine 

challenge, suggesting a role for serotonin modulation. Overall, while replication is needed, it is suggested that 

dorsal PFC plays a role in forming suicidal intent and processing action. 

2.5.2.6 Other functional neuroimaging studies  

One research group has replicated studies using an identical motor activation task in mood disordered patients 

(Marchand, Lee et al. 2011; Marchand, Lee et al. 2012; Marchand, Lee et al. 2013; Marchand, Lee et al. 2013). 

Given the application of an identical task paradigm and similar study designs, they replicated findings in 



35 
 

suicidal behaviour associated with putamen activities, and implication of altered functional connectivity of 

precentral gyrus to globus pallidus, DLPFC and posterior cingulate cortex (PCC). 

Divergent findings have been reported using multiple modalities to evaluate resting state activity and perfusion. 

Foutoulakis et al. (2004) noted no differences with PC in the elderly, while Amen at al. (2009) observed 

widespread reduction in perfusion rates during resting state. Soloff et al. (2000) also noted reduced perfusion 

in multiple regions including temporal, frontal and insular regions. Sublett et al. (2013) replicated the previous 

findings of Oquendo et al.(2003) that showed an exacerbated response in the DLPFC and reduced 

hyperperfusion in the left vmPFC, ACC when comparing SA with PC after fenfluramine challenge. Fan et al 

(2013) revealed the amplitude of low-frequency fluctuation in ventromedial PFC uniquely reduced in SA 

compared to PC.  

Very few studies have explored effective connectivity between anatomical regions. The only study that has 

achieved that in the context of suicidal neuroimaging studies is Zhang et al. (2013) which revealed altered 

connectivity between medial PFC and PCC. This area of research exploring network properties of the brain 

regions is expected to reveal more interpretable findings as we shift our paradigm from regional specialization 

to network performance. 

2.5.3 Structural neuroimaging: ñsimpleò markers of  suicid al behaviour?  

Another major area in neuroimaging exploration is structural neuroimaging. Although functional neuroimaging 

may be very informative, these studies often utilize complicated tasks to predict the risk of suicide in a given 

patient, although these tasks may not be easily implemented in future clinical practice. Structural MRI offers 

a potentially interesting alternative tool to detect predictive markers in addition to revealing brain regions 

associated with suicidal acts.  

2.5.3.1 Volumetric / surface  
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A number of studies have explored volume differences, frequently after accounting for global brain sizes (e.g. 

via modulation in VBM or co-varying for brain size). The OFC has shown relatively consistent gray matter 

volume reduction in several studies and different populations compared to control groups. In five of the eight 

whole brain volumetric and morphometric neuroimaging studies, reduced OFC gray matter (GM) volume in 

SA was found in schizoaffective (Giakoumatos, Tandon et al. 2013), depressed (Wagner, Koch et al. 2011; 

Wagner, Schultz et al. 2012), schizophrenic (Aguilar, Garcia-Marti et al. 2008) and bipolar (Benedetti, Radaelli 

et al. 2011) patients. Also, for every study that included the OFC as a region of interest in their ROI analysis, 

it was possible to show a significant difference between SA and PC: from high-lethality attempters (Soloff, 

Pruitt et al. 2012), current SI (Caplan, Siddarth et al. 2010), to depressed SA (Monkul, Hatch et al. 2007). Only 

one study (Rüsch, Spoletini et al. 2008), which evaluated white matter (WM), observed elevated bilateral 

posterior OFC volume. 

Another key region that has been consistently replicated is the DLPFC, whose volume has been frequently 

reported to be reduced in SA compared to PC (Benedetti, Radaelli et al. 2011; Wagner, Schultz et al. 2012; 

Giakoumatos, Tandon et al. 2013). However, the only ROI analyses that involved DLPFC did not report 

significant differences between SI and PC (Caplan, Siddarth et al. 2010). This could potentially suggest that 

DLPFC is a more reliable indicator of suicide attempt than suicide ideation. 

Three of the whole brain studies also reported ACC alterations (Benedetti, Radaelli et al. 2011; Wagner, Koch 

et al. 2011; Wagner, Schultz et al. 2012). However, of the three ROI studies that examined the ACC (Matsuo, 

Nielsen et al. 2010; Goodman, Hazlett et al. 2011; Soloff, Pruitt et al. 2012), only Goodman et al. reported 

reduced GM volume between a mixed group of SA and patients who self-harmed and HC.   

Finally, temporal regions, although more broadly and less clearly defined (potentially bordering superior 

temporal and supramarginal temporal junctions) have been implicated in several whole brain studies (Hwang, 

Lee et al. 2010; Benedetti, Radaelli et al. 2011; Wagner, Schultz et al. 2012; Giakoumatos, Tandon et al. 2013), 
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which showed reduced volume compared to PC. Caplan et al. (2010) is the only ROI study that examined 

temporal regions and showed elevated GM volume in the temporal lobe of patients with epilepsy. 

Overall, findings in OFC, DLPFC and ACC seem the most robust with a transnosographic feature.  

2.5.3.2 Diffusion tensor imaging  

Jia et al. (2010; 2013) noted significant regional differences in WM in the anterior limb of the internal capsule 

and subsequently linked this alteration to reduced projection to both the thalamus and OFC. This corresponds 

well with Mahon et al.ôs report of reduced diffusivity in the OFC of SA (2012) and Lopez-Larson et al.ôs report 

of increased thalamic volume and increased diffusivity alteration (2013). However, the different directions in 

diffusivity are not well understood. Yurgelun-Todd et al. (2011) focused on L genu and cingulum ROIs and 

observed a reduction of fractional anisotropy in SI compare to HC. 

2.5.3.3 Lesion studies  

White matter lesion (WML) studies have shown elevated frequencies of lesions in SA vs. PC. These lesions 

were even found to predict future suicidal acts in elderly depressed patients (Sachs-Ericsson, Hames et al. 

2013). The hyperintensities found on T2 sequences mainly concern periventricular (Ehrlich, Noam et al. 2003; 

Ehrlich, Noam et al. 2004) and deep white matter hyperintensities (Lopez, Becker et al. 1997; Ehrlich, Breeze 

et al. 2005). The exact role of these lesions is not clear, although connectivity alterations are suspected.  

2.6 Discussion  

2.6.1 A synthesis of current findings  

In this review, we highlighted a variety of changes found in patients with histories of suicidal behaviour across 

diverse comorbidities (yet mainly mood disorders), neuroimaging modalities, and paradigms. These studies 

globally support the stress-diathesis model described in the introduction by highlight numerous anatomical, 

functional and pharmacological findings suggesting trait/diathesis like alterations uniquely exhibited among 

suicidal populations. This adds interesting new directions for the understanding of these complex behaviours. 
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Several cognitive domains were found to exhibit potential deficits in preliminary functional neuroimaging 

studies, namely decision-making, cognitive control, social rejection sensitivity and verbal fluency. Brain 

regions implicated were mainly the OFC, DLPFC and ACC (and several other regions including the temporal 

cortex and sub-cortical nuclei).  

The OFC has been associated with serotonin alterations both in terms of synthesis (Leyton, Paquette et al. 

2006) and receptor binding (Soloff, Price et al. 2007) in in vivo pharmacological neuroimaging studies. In 

addition, several structural neuroimaging studies have shown gray matter impairments (Monkul, Hatch et al. 

2007; Aguilar, Garcia-Marti et al. 2008; Benedetti, Radaelli et al. 2011; Soloff, Pruitt et al. 2012; Wagner, 

Schultz et al. 2012; Giakoumatos, Tandon et al. 2013) with arguments for transnosographic features. Some 

studies also revealed white matter alterations in both regional and diffusion approaches (Caplan, Siddarth et 

al. 2010; Mahon, Burdick et al. 2012; Jia, Wang et al. 2013). There is also a preliminary report of resting state 

differences (Fan, Wu et al. 2013). Finally, functional imaging has linked this region to risky decision-making 

(Jollant, Bellivier et al. 2005; Jollant, Lawrence et al. 2010) and deficits in processing negative social feedback 

(Jollant, Lawrence et al. 2008; Richard-Devantoy, Guillaume et al. 2013), further reinforcing our earlier 

assumption (Jollant, Lawrence et al. 2011) about a role for this region in deficit of value attribution to social 

feedback and risk in SA.  

As for DLPFC, its decreased serotonin receptor binding (Audenaert, Van Laere et al. 2001; Van Heeringen, 

Audenaert et al. 2003) is supported by multiple structural neuroimaging studies (Benedetti, Radaelli et al. 2011; 

Wagner, Schultz et al. 2012; Giakoumatos, Tandon et al. 2013). Functional studies further suggest that DLPFC 

plays a significant role in cognitive control and verbal fluency. The decoupling of cognitive inhibition and 

decision-making (Richard-Devantoy, Olié et al. 2013) suggests their independent (and potentially synergistic) 

contribution to suicidal risk, and this is congruent with the observation that the ventral and dorsal PFC serve 

different functions, notably value-based decision-making and cognitive control (Glascher, Adolphs et al. 2012).  
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Lastly, we also observed serotonin transporter alterations in the ACC as well as gray matter alterations 

(Cannon, Ichise et al. 2006; Cannon, Ichise et al. 2007; Benedetti, Radaelli et al. 2011; Wagner, Koch et al. 

2011; Wagner, Schultz et al. 2012). The ACC has traditionally been associated with error monitoring 

(MacDonald, Cohen et al. 2000). Its alteration in cognitive control tasks, verbal fluency tasks and social 

emotional processing suggests it may play a role in higher order process monitoring. The ACC may integrate 

and resolve conflicts (Bush, Vogt et al. 2002) from multiple inputs including both the OFC (where social and 

risk emotional weighting are applied to stimuli) and DLPFC (where inhibitory signals mainly come from). One 

possible role of the OFC could be to provide a very raw unfiltered stimuli weighting and the DLPFC could 

offer a ñrationalò inhibitory input. The OFC deficit in value attribution (from excessive inputs in social signals 

of rejection to insufficient inputs in abstract risk) may have great contirbution on the final suicidal behaviour 

outcome. In addition, the OFC makes the link with social life, a major component of triggering of suicide crisis 

(Foster 2011). 

We would like to stress that suicidal behaviour most likely results from a distributed multifactorial complex 

deficit that cannot be grossly simplified to just a handful of brain regions. What we have presented here 

represents the most commonly replicated and discovered findings in suicide research to date, but, given the 

heterogeneity of suicidal behaviour, this proposal and our interpretation has limited applicability and requires 

much more in-depth testing and development.  

2.6.2 Future directions  

More neurocognitive investigations are necessary. Future studies should comprehensively evaluate both 

structural and functional deficits to improve our ability to model suicidal behaviour. Distinguishing sub-groups 

of patients on the basis of their neurocognitive profiles will be necessary to promote more efficient 

interventions. In addition, cross-modal validation (Mahon, Burdick et al. 2012) or analytical replication (Jia, 

Huang et al. 2010; Wagner, Schultz et al. 2012; Jia, Wang et al. 2013) promises to improve the internal validity 

of study findings and to ensure consistent findings. Longitudinal studies (Amen, Prunella et al. 2009; 
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Willeumier, Taylor et al. 2011; Sachs-Ericsson, Hames et al. 2013) will offer glimpses into the true predictive 

power of neuroimaging, although the cost of such studies for a rare event like suicide may be prohibitive. 

Finally, future studies should investigate how these findings may be used in intervention aimed at preventing 

suicide, which is the ultimate goal of suicide research. 
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2.7 Tables 2 

Table 2.1. Functional Neuroimaging Studies 

                                                      
2 5HT: serotonin 

DA: dopamine 

BOLD: blood oxygenation level dependent 

MRI: magnetic resonance imaging  

T: tesla  

CT: computed tomography  

ROI: region of interest  

SPECT: single-photon emission computed tomography  

DTI: diffusion tensor imaging  

SC: suicide completers   

SA: suicide attempters  

SI: suicide ideators  

PC: patient controls  

HC: healthy controls  

MDD: major depressive disorder  

TBI: traumatic brain injury  

ADHD: attention deficit / hyperactivity disorder  

PTSD: post-traumatic stress disorder  

MADRS: Montgomery-Åsberg depression rating scale  

MCC:  multiple comparison correction  

HAMD / HDRS: Hamilton depression rating scale  

BDI: Beckôs depression inventory  

YMRS:  Youngôs mania rating scale  

PANNS: positive and negative syndrome scale  

R: right  

L: left  

BA: Brodmannôs area 

vmPFC: ventromedial prefrontal cortex  

DLPFC: dorsolateral prefrontal cortex  

ACC: anterior cingulate cortex  
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Study Method Population Main results Comment / Limitation 

Task Based Functional Studies: Inhibition 

Dombrovski et al. 2013 - 3T MRI 

- probabilistic reversal learning task 

- ROI approach (vmPFC) + whole 
brain analyses.  

- 20 HC, 18 PC, 15 SA 

- medicated, most participants during major 

depressive episode (HDRS > 7) 
- elderly males and females (41.5% female; SA age: 

65.9 ± 6.3) 

- SA: no paralimbic response to high expected reward.  

- SA < PC: response to expected reward in vmPFC. 

- SA + PC: weak paramlimbic activity is correlated with: 1) 
ignoring negative feedback after reversal,  2) bet against odds, 3) 

non-planning impulsivity, 4) impulsive/careless problem 

solving,  5) poor attempt planning 

- some clinical data missing 

- sensitivity analyses were conducted 

- correlation analyses not specific to SA 

Matthews et al. 2012 - 3T MRI 
- stop task (error processing, self 

monitoring, inhibition) 

- whole brain analyses 

- 13 PC, 13 SI  
- combat war veterans with at least depression, 

PTSD, mild TBI, mostly medicated and currently 

depressed  
- adult males only; SI age: 29.5 ± 4.7 

- similar between group performance 
- SI > PC during error trials in middle frontal gyrus, 

supramarginal gyrus, L ACC, R precentral, STG 

- well-matched groups 
- no HC group 

- multiple comorbidity 

Pan et al. 2011 - 3T MRI 

- Go/No-Go task (inhibition) 

- whole brain analysis 

- 14 HC, 15 PC, 15 SA 

- mostly medicated and currently depressed 

- adolescent males and females (73% females; SA 
age: 16.2 ± 0.8) 

- PC > SA: R ACC in Go/NoGo vs. Go response blocks  

- PC > HC: L insula  

- no difference between SA and HC 

- circularity in ROI analyses  

- same population as Pan et al. 2013 

Willeumier et al. 2011 

 

- [99m]TC HMPAO SPECT 

- Conner's continuous performance 

test (motor inhibition) 
- whole brain perfusion evaluation 

- suicide completers data extracted 

from a database of over 64 000 cases 

- 27 HC, 36 PC, 21 SC 

- some depressed at time of SPECT (12 SC), most 

medicated 
- adult males and females (23.8% females, SC age 

35.9 ± 14.0) 

- SC < PC: diffuse cluster at frontal, temporal, parietal areas, at 

uncorrected P < 0.01 

- SC < HC: significant differences across the brain; main regions 
from factor analysis were the superior frontal lobes, R 

precuneus, rolandic operculum, postcentral gyrus and left 

caudateïthalamus  
 

- extended population from Amen et al. 

2009 

- only study with completers 
- numerous comorbidities in SC incl. bipolar 

and unipolar disorders head trauma, ADHD, 

drug use  

Amen et al. 2009 - [99m]TC HMPAO SPECT  

- Conner's continuous performance 

test (motor inhibition) 
- whole brain perfusion evaluation 

- suicide completers data extracted 

from a database of over 64 000 cases 

- 12 HC, 12 PC, 12 SC 

- mostly medication free (9 PC, 8 SC) but depressed 

(BDI 27) 
- adults males and females (25% females; SA age: 

33.8 ± 13.6) 

- at rest: SA > PC in R temporal, frontal, cingulate, parietal, 

insular and occipital cortex (strongest at temporal parietal); SA 

< HC all over the cortex in general 
- during task: SA < PC in L frontal, R medial temporal lobe, R 

thalamus; SA > PC in R ACC, L cerebellar pyramid, R occipital 

Lobe 

- population partly overlap with Willeumier 

et al. 2011 

- only study with completers 
- lenient imaging statistic threshold  

- all right-handed 

- mean suicide delay: 9 month after 
- patients matched for disorders; all groups 

matched for age and gender 

Task Based Functional Studies: Verbal Fluency 

                                                      
PCC: posterior cingulate cortex  

STG: superior temporal gyrus  

SMA:  supplementary motor area  

OFC: orbitofrontal cortex  

GM: gray matter  

WM : white matter 

WMH : white matter hyperintensities 

DWMH : deep white matter hyperintensities 

PVH: periventricular hyperintensities 
 



43 

Oquendo et al. 2003 - 18F-FDG PET (rCMRglu) with 
placebo on first session, and 

fenfluramine on second day (single-

blind design);  
- verbal fluency task 

- ROI1 (ACC, BA32; medial frontal 

gyrus BA8) and ROI2 (ACC, BA24;  
and R superior frontal gyrus BA6) 

determined as the clusters with 

highest perfusion signal 

- 16 high-lethality SA, 9 low-lethality SA 
- unipolar depression, medication free (14 days), 

depressed (HAMD 20)  

- adults males and females (62% females; low-
lethality SA age=30.4 ± 8.7, high-lethality SA =42.9 

± 10.4 ) 

- verbal fluency positively correlated with ROI2 
- high-lethality SA < low lethality SA in both ROI1 and ROI2  

- this difference is increased by fenfluramine 

- suicide intent negatively correlated with ROI1; suicide lethality 
negatively correlated with ROI2; lethality suggested to be 

mediated by intent; impulsivity positively correlated with ROI1 

- no HC or PC group 
- circular analyses with regard to ROI choice 

mechanism 

- small group of low lethality SA 
 

Audenaert et al. 2002 - [99m]TC-ECD SPECT 
- verbal fluency task (either category 

fluency or letter fluency) 
- whole brain cerebral perfusion 

analyses  

- 20 HC, 20 recent SA (< 7 days)  
- unipolar depression, medication free (six weeks), 

depressed (HAMD>21) 
- adults males and females (60% females; SA mean 

age: 31.5 ± 7.6)  

- task performance: SA < HC for both  
- category fluency: SA < HC in L inferior frontal gyrus (BA10), 

R inferior parietal gyrus (BA40) and R ACC (BA24/32) 
- letter fluency: SA < HC in medial temporal gyrus (BA37/39), 

R ACC (BA24), R hypothalamic region 

- no PC group  
- random division of 2 x 10 SA subgroups, 

each completing either task 
- figure statistical threshold not consistent 

with text 

Task Based Functional Studies: Decision-making 

Pan et al. 2013 - 3T MRI 

- Iowa Gambling Task (decision-

making) 
- whole brain analyses 

 

- 13 HC, 14 PC, 15 SA 

- some medicated (6 PC, 10 SA) and some 

participants are depressed. 
- adolescent males and females (54.8% females; SA 

age: 16.2 ± 0.8) 

- SA > PC, HC in IGT performance  

- Trial 21-40: PC > HC during safe choices in middle-temporal 

gyrus, hippocampus; PC > HC for risky choices in 
hippocampus; PC > SA for safe choices in hippocampus 

- Trial 41-60: SA < PC for risky choices in R thalamus; SA > 

HC for  safe choice in L caudate; PC > HC for safe choice in L 
hippocampus  

- last 40 trials (60 to 100) not analysed due 

to too many dropouts, limited to decisions 

under uncertainty  
- may be underpowered for IGT 

- SA shows stronger symptom, not well-

matched with PC 
- modified IGT version for fMRI 

- same population as Pan et al. 2011 

Jollant et al. 2010 

 

- 1.5T MRI 

- Iowa Gambling Task (decision-
making) 

- 5 ROIs for risky vs. safe contrast in 

lateral OFC, ACC, occipital cortex; 
13 ROIs for wins vs. losses contrast. 

ROIs defined from contrasts in HC 

- 15 HC, 12 PC, 13 SA 

- mostly medication free (10 SA, 11PC), and all 
euthymic (HDRS < 7) 

- adult males only; SA mean age 38 (28-59) 

- SA < PC, HC: lower IGT net scores 

- SA < PC for risky vs. safe choices in left lateral OFC (BA47) 
and occipital cortex (BA19);  

- no BOLD difference for wins vs. losses 

- no correlation with suicidal variables 
 

- well-matched PC and SA 

- assessed distant from suicidal act  
- PC group includes both with and without 

suicidal ideation 

- all right-handed 
- modified IGT version for fMRI 

- same population as Jollant et al. 2008 

Task Based Functional Studies: Motor Activation Paradigm 

Marchand et al. 2013  - 3T MRI  

- motor activation paradigm (motor 

behaviour and disinhibition) 
- ROI: R posterior cingulate  

 

- 40 SI  

- 14 with bipolar II, 26 with major depressive 

disorder, medication free (3 months), depressed 
(mean MADRS = 25) 

- young adults males and females (12% females; 

MDD SI age: 27.8 ±5.0, BP II SI age: 29.5 ±8.1) 

- R PCC differ between MDD and BPII 

- R PCC connectivity associated with suicide ideation and 

depression severity, only in MDD: 1) with L precentral mid, 
inferior frontal gyri, 2) with R midfrontal gyrus 

- both groups show elevated suicidal 

ideation 

- overlap with population from Marchand et 
al. 2011. 

Marchand et al. 2013 - 3T Siemens MRI 
- motor activation paradigm (motor 

behaviour and disinhibition) 

- Task used for ROI selection, second 
analysis run for functional 

connectivity analyses: ROI1: L 

middle frontal gyrus 
and ROI2: R precentral gyrus 

- 21 HC, 13 PC, 7 SA 
- status: medication free (3 months), euthymic (mean 

MADRS = 2.2) 

- young adults males only, mean age: 27.5 ± 4.0 

- SA vs. PC: no task performance differences 
- self-harm/suicide attempt associated with greater connectivity 

between ROI2 to L globus pallidus 

- SA+PC < HC: 1) connectivity from ROI1 to L parietal, R 
frontal, B temporal, putamen; 2) connectivity from ROI2 to 

cerebellum, ACC, R frontal, temporal cortex 

 

- self-harm/suicide attempt mixed 
- no clear separation between SA/PC group 

in terms of study design and analyses 

- control for first degree relative with no 
mental disorder 

- corrected for physiological artefacts 
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Marchand et al. 2012 - 3T MRI 
- motor activation paradigm (motor 

behaviour and disinhibition) 

- ROI approach: putamen 
- correlation design 

 

- 17 PC, 5 SA 
- unipolar depression, medication free (3 months), 

depressed (MADRS > 26) 

- adult males only; patient age: 28.1 ± 5.1 

- suicide ideation: L Putamen to anterior CMS, R putamen 
- self-harm: L Putamen to L inferior parietal lobule; R primary 

sensory cortex 

- activation of both putamen correlated with history of self-harm 

- no HC group 
- no group contrast 

- very few SA to run correlation with history 

of self-harm 
- accounted for physiological artefacts from 

heart rate and breathing rate 

 

Marchand et al. 2011 - 3T MRI 
- motor activation paradigm (motor 

behaviour and disinhibition) 

- ROI: Putamen as seed to evaluate 
striatal and cortical midline structure 

functional connectivity 

- 19 HC, 16 bipolar II patients 
- medication free (3 weeks), depressed 

(MADRS=27.5, YMRS=2.8) 

- adult males, SA age: 32.9 ±7.5 

- suicidal ideation negatively correlated with L putamen 
activation, depression severity positively correlated with L 

thalamus, precentral activation 

 

- no report of history of suicide attempt  
- dissociable components of brain activation 

associated with depression severity and SI 

- only right-handed 

Task Based Functional Studies: Rejection, Mental Pain 
Pan et al. 2013 - 3 T MRI  

- Ekman faces task  
- whole brain analyses 

- functional connectivity analyses 

based on R ACC  

- 15 HC, 15 PC,14 SA 

- many medicated (7PC, 9SA), few depressed (1PC, 
3SA, BDI 20) 

- adolescent males and females (56.8% females); SA 

age: 16.2 ± 0.8 

- no task performance differences 

- SA > PC: R ACC, L DLPFC, R mid temporal gyrus, bilateral 
primary sensory cortices (50% angry) 

- SA > HC: L primary sensory cortex 

(50% angry) 
- SA < PC: L fusiform gyrus (neutral) 

- SA < HC: R ACC, L medial frontal cortex (neutral) 

- SA < HC: L primary visual (100% happy)  
- SA < HC, PC: R ACC to B insula functional connectivity 

(50% angry, PPI) 

- same population as that of Pan et al. 2013 

- median time since last attempt: 26.1 
- canonical HRF 

- movement parameter covariated 

- covariated for age 
- psychophysiological interaction 

- LOTS of analyses 

- SA: median time since last attempt: 26.1 
(SD 29.1) months 

Reisch et al. 2010 - 1.5T MRI 

- suicidal script listening (neutral, 
mental pain, suicidal acts) 

- ROIs: L middle frontal gyrus, L 

medial PFC (BOLD change only)  
 

- 8 recent SA (< 30 days) 

- most medicated (7 SA), depressed (BDI = 26.8) 
- adult females only; mean age: 38.5 ± 13.1 

- suicidal < neutral script in medial PFC (BA 6, 10 and 46)  

- suicidal > neutral script in parahippocampal gyrus, cuneus 
(BA19), middle temporal gyrus (BA4) and cerebellum 

- suicidal > mental pain script in medial PFC (BA6), ACC 

(BA32) and hippocampus 

- within four weeks of suicidal act 

- all right-handed 
- small sample size 

- all attempted suicide via overdosing 

Jollant et al. 2008 - 1.5T MRI 

- Ekman faces task (attention to 

gender; neutral, angry and happy 
faces; two intensities: 100 and 50%)  

- whole brain analyses 

 

- 16 HC, 14 PC, 13 SA 

- mostly medication free (13PC, 10 SA) and all 

euthymic (HAMD 7) 
- adult males; mean age = 40.3 ± 11.3 

- 100% angry vs. neutral faces: SA > PC in R lateral OFC 

(BA47) and SA < PC in R superior frontal gyrus (BA6) 

- 50% angry vs. neutral faces: SA > PC in R cerebellum 
- 50% happy vs. neutral faces: SA < PC in R cerebellum and 

SA > PC > HC in R ACC 

- no correlation with suicidal variables 
  

- well-matched PC and SA 

- assessed distant from suicidal act  

- PC group includes both with and without 
suicidal ideation 

- all right-handed 

- no difference in gender recognition and 
reaction time suggesting no attention deficit 

- same population as Jollant et al. 2010 

Resting State / Perfusion / Other Studies 
Sublette et al. 2013 - 18F-FDG-PET 

- perfusion (rCMRglu) 

- resting state with placebo, then 
fenfluramine 
- whole brain analyses 

- 16 PC,13 SA 

- medication free (> 14 days), depressed (HAMD > 

16) 
- adults males and females (65.5% females), SA age: 

36 ± 11.5 

- placebo: SA < PC in R DLPFC; SA > PC in L 

vmPFC/posterior medial OFC), L ACC, caudate, putamen 

- FEN: SA < PC in B DLPFC; 
- R medial OFC, R DLPFC negatively correlated with suicide 

intent 

- mixture of prospective SA, past SA, past 

and prospective SA (+/- 2 years)  
- well controlled groups 

- small sample size 
- no HC 

- overlap with subjects from earlier Oquendo 

et al. 2003 study 
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Fan et al. 2013 - 3T MRI 
- resting state 

- ANOVA derived fMRI ROIs: 

R parahippocampal gyrus, R ventral 
medial frontal gyrus, L ACC, L 

middle occipital gyrus, R STG; L 

angular gyrus. 

- 56 HC, 9 PC, 27 SA 
- medicated (26 SA, 3 PC) and depressed 

(HAMD>17) 

- adult males and females (56.5% females; SA age 
34.4 ± 12.9) 

- Most prominent results in ANOVA is the R vmPFC regions 
with SA, HC < PC  

- ROI Analyses: SA > PC, HC in R superior temporal gyrus; 

SA > HC in L ACC, L angular gyrus; SA, HC < PC in R 
parahippocampal gyrus, R ventral medial frontal cortex, L ACC, 

L angular gyrus; PC, SA < HC in L middle occipital gyrus 

- small PC group. 
- vmPFC changes may be more likely 

related to PC alteration 

- ROI not defined independently from 
groups 

Zhang et al. 2013 - 3T MRI 
- N-back task (working memory): 2 

back vs. baseline used for analyses 

- whole brain analyses 
- suicide risk defined by the 

Schizophrenia Suicide Risk Scale 
- dynamic causal modelling (DCM) 

was used: five models considered 

- 15 HC, 14 high suicide risk, 19 low suicide risk 
- schizophrenia, mostly medicated 

- young adults males and females (50% females, 

mean age: high risk SA= 22.9 ± 4.0, low risk SA: 
12.2 ± 6.8) 

- No difference in task performance  
- HC < high risk: L PCC 

- HC < both groups: L mPFC 

- With DCM: HC > both groups from MPFC to PCC; both 
groups > HC from PCC to mPFC 

- not clear what suicidal risk really includes 
- only study using DCM analyses 

- circular SVC analyses on previously 

already liberal statistical threshold 
- results mainly related to patient status more 

than suicide risk 
 

also Amen et al. 2009  

(detailed above) 

    

Fountoulakis et al. 2004 - [99m]TC HMPAO SPECT  
- ROIs (cerebellum, thalamus, caudate 

nucleus and globus pallidus, B 

frontal, B parietal, B temporal lateral, 
medium, B occipital ROIs). 

- sample size: 50 patients including 13 SA (5 recent 
SA, 7 lifetime SA) 

- medication free (2 weeks), depressed (HAMD > 20) 

- adult males and females (70% females; suicide 
ideator age: 37 ± 15.0 

SA vs. PC: No between-group difference - multimodal approaches with several other 
physiological measurements in addition to 

SPECT imaging. 

- SPECT analyses details missing 

Soloff et al. 2000 - 18F-FDG PET  

- co-registered with T1 MRI 

- fenfluramine challenge 
- whole brain  

 

- 8 HC, 5 patients including 4 SA + 1 self-mutilation 

- borderline personality disorder medication free (8 

months+), euthymic 
- young female adult (yet comparing with a mixed 

gender HC group), SA age: 28.4 ± 10.1 

Day 1: Placebo  

- HC > SA: L temporal lobe; L superior temporal gyrus, R 

frontal lobe, insula 
Day 2 vs. Day 1: 

- HC: decrease in L parietal, B temporal, increase in L 

parahippocampus, R frontal, Cerebellum, R caudate 
- SA: decrease in R occipital, increase in L caudate, ACC 

- HC > SA: L superior temporal gyri, R PFC, L parietal lobe, L 

caudate 
- HC < SA: pons, R occipital 

- impossible to differentiate between 

borderline personality comorbidity and 

suicidal act 
- very small groups 

- potential gender confound  
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Table 2.2. Pharmacological Neuroimaging Studies 

Study Method Population Results Comment / Limitation 

 

5HT2A Receptor 

 
Soloff et al. 2007 - [18F] altanserin PET with 1.5 GE MRI 

- 5HT2A antagonist  
- ROIs: medial inferior OFC, medial superior 

frontal cortex, lateral OFC, ACC, pregenual 

ACC, subgenual ACC, hippocampus, medial 
temporal cortex 

- 11 HC, 2 PC,12 SA 

-  medication free (2 months), depressed (9 
BPD, HAMD 16.3) 

- young adult females only, age: 27.7 ± 8.2 

- BPD SA > HC in hippocampus, medial 

temporal cortex, occipital cortex, trend in 
lateral OFC 

- no BP correlation with lifetime suicide 

attempt number  

- secondary analyses with primary focus on BPD  

- lenient statistics and circularity in analyses  
- no PC group 

van Heeringen et al. 2003 

Audenaert et al. 2001 

- [123I]5-I-R91150 SPECT 

- 5HT2A receptor antagonist  

- 12 predefined yet unspecified ROIs.  

- 12 HC, 9 recent SA 

- medication free (6 months), depressed 

(HAMD 10) 
- adult males and females (39% females; 

SA age: 32.4 ± 11.5) 

- SA < HC: binding index in frontal cortex 

(mainly dorsolateral) 

- lower binding index in violent method vs. 
self-poisoning 

- SA: negative correlation between binding and 

hopelessness (-0.70)/harm avoidance (0.72), 
both variables being correlated to each other 

(0.72); positive correlation with self-

directness, cooperativeness 
 

- within 7 days of suicidal act, 

- groups matched for age and gender 

- small sample sizes 
- no PC group 

- same population as Audenaert et al. 2001 

Meyer et al. 2003 - [18F] setoperone PET  

- co-registered with 1.5T MRI 

- 5HT2A antagonist 
- ROIs: middle frontal gyrus, lateral OFC, 

posterior MTC, rostral ACC 

- 29 HC, 22 PC, 18 SA 

- status: medication free (3 months), most 

have MDD (HAMD 17) 
- males and females, SA age of 31 ± 7 

- SA vs. HC: no significant difference  

- higher binding associated with higher 

dysfunctional attitudes in BA9 
- 5HT2 binding 4% lower in self-harm, 10% 

lower in severe self-injury sub-group 

- patients matched for age with HC, age controlled 

for in analyses 

- SA vs. PC not reported 
- lack basic sociodemographic information table  

 

5HT and DA Transporter  

 
Nye et al. 2013 - [11C]-ZIENT PET  

- co-registered with 1.5T MRI 

- ROIs: midbrain/pons, thalamus, putamen, 

caudate nucleus, amygdala, cingulate cortex, 
frontal cortex, occipital cortex, cerebellar 

cortex, defined by atlas and hand drawing based 

on MRI data 
- resting state 

- serotonin transporter 

- cross-sectional group comparisons with 
control in MDE at time of scanning. 

patients. 

- 10 HC, 11 SA 
- medication free (6 weeks), depressed 

(HAMD 7) 

- adults males and females (38.1% 
females) with SA age of 38.5 ± 13.6 

- SA > HC: midbrain/pons, putamen in SERT 
BP 

- No PC 
- lack differentiation between suicide and 

depression.  

- tiny sample size. Many ROI. Likely Type 2 error 
with MCC. 

- SA mostly violent attempters  

- not control for subject variation in ROI size 
- covariated for AGE 

Bah et al. 2008 - [123I]-Beta-CIT SPECT 

- whole brain 
- SPSS 

- correlational. No morphometric 

- 5HTT, DAT 
- Amersham ROI system 

- ROIs: whole brain, cerebellum, pons, frontal-

temporal, parietal, occipital lobe, thalamus, 
basal ganglia 

- ROI chosen based on atlas 

- 9 HC, 9 SA 

- medication free (six months), 5 SA 
depressed  

- adults males only, mean SA age of 41.11 

± 15.24 

- SA versus PC: no differences regarding 

genotype frequencies or regional 5HTT 
availability 

- SA: 12 repeat allele of STin2 related to 

reduction of 5HTT BP: in frontal cortex, 
temporal lob, parietal lobe, but not occipital 

lobe 

- SA: S allele of 5HTTLPR related to 5HTT 
binding potential reduction in frontal cortex, 

parietal lobes, and occipital lobe 

- Evaluated two types of serotonin transporter 

polymorphism  
- pilot study 

- case matched controls,  

- A subset of earlier Ryding/Lindstrom dataset 
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Cannon et al. 2007 - [11C]DASB PET 
- coregistered with 1.5 or 3.0 T GE T 

- SPM2/MedX 

- serotonin transporter  
- ROIs: thalamus, striatum, insular cortex, 

subgenual ACC, pregeneual ACC, dorsal 

cingulate cortex, PCC, periaqueductal gray, 
midbrain raphe 

- ROIs based on prior publications 

- 34 HC, 36 PC (12 MD, 10 BD), 14 SA: 
(6 MDD, 8 BD) 

- unmedicated (11 months), depressed 

(MADRS 26) 
- adults males and females (71.4% 

females) with MDD patients age 

35 ± 8.9, BD patients age: 30 ± 9.2 

MDD SA > MDD PC: 
- binding potential in anteroventral striatum  

 

BD SA > BD PC: 
- pgACC binding potential 

BD SA < BD PC: 

- midbrain binding potential 

- mainly interested in differences between MDD 
and BD 

- both MDD and BD had SA 

- excluded recent SA or serious SI 
- coregistered PET and MRI 

- MDD SA are all females. 

Oquendo et al. 2007 - [11C](+)-McNeil 5652 PET 

- coregistered with 1.5T GE T1 
- MedX 

- 6 manually traced ROI  
 

- 41 HC, 9 PC, 9 SA 

- medication free (2 weeks), depressed 
(HAMD 10) 

- adults males and females (50% females), 
patient age 39.3 ± 16 

SA vs. PC no difference - secondary analysis 

- small SA and PC group 

Cannon et al. 2006 - [11C]DASB PET,  

- serotonin transporter binding 

- ROIs: thalamus, striatum, insula, midbrain, 
subgenual ACC, pregenual ACC, DCC, PCC 

- 37 HC, 10 PC, 8 SA 

- unmedicated (3 to 8 weeks),  depressed 

- adult males and females (65% females, 
age: 30 ± 9) 

- SA < PC, HC: 5-HTT binding in the 

midbrain  

- SA > PC, HC: 5-HTT binding in ACC 

- secondary analysis 

- small SA group 

 

Ryding et al. 2006 

Lindstrom et al. 2004 

 

- [123I]-Beta-CIT SPECT  

- co-registered with 1.5 T MRI 

- serotonin and dopamine transporters 
- whole brain and ROIs (midbrain, inferior 

OFC, thalami, caudate, putamen) 

 

- 12 HC, 12 recent SA (5 violent, 7 non-

violent SA) 

- medication free (six months), 50% SA 
with mood disorder 

- adult males and females (17% females; 

SA age: 38.8 ± 14) 

- no differences between SA and HC 

- violent attempters do not differ from non-

violent attempters  
- in SA, negative correlation between serotonin 

transporter binding and impulsivity in R 

inferior frontal gyrus, bilateral temporal, 
midbrain, thalamic bilateral basal ganglia, L 

cerebellar regions 

- groups matched for age, gender and season of 

year 

- mostly males 
- no PC 

- small SA subgroups 

- within 4 weeks of suicidal act 
- hospital staff may not be the most suitable control 

groups 

Parsey et al. 2006 

 

- [11C]McN 5652 PET  

- co-registered with 1.5T MRI  
- serotonin transporter 

- ROIs: midbrain, putamen, amygdala, 

thalamus, hippocampus, ACC 

- 43 HC, 25 patients including  9 SA 

- MDD, PTSD, panic, dysthymia and 
social phobia, unmedicated (26.5 days), 

depressed (HAMD = 24.4) 

- adults males and females (57.4% females; 
MDD patients age 38.0 ± 13.4) 

- MDD patients (PC + SA) < HC: amygdala 

and midbrain 
- SA vs. PC : no difference 

 

- secondary analyses 

- no MCC 

 

5HT ñSynthesisò 

 
Leyton et al. 2006 - Alpha[11C]Methyl L Tryptophan trapping 

PET 
- measure of serotonin synthesis 

- ROIs: medial OFC, lateral OFC, medial 

prefrontal gyri 
 

- 16 HC, 10 SA 

- mostly medication free, depressed (BDI = 
21.3) 

- adult males and females (30% females; 

SA age: 37.7 ±  6.4) 

- SA < HC in ventromedial and ventrolateral 

PFC 
- SA > HC in R paracentral lobule, L thalamus, 

L middle occipital cortex, L hippocampal 

gyrus 
- negative correlation between binding in 

lateral OFC and R medial PFC and suicidal 

intent 

- no PC group 

- small SA group 
- all right-handed 
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Table 2.3. Structural Neuroimaging Studies 

Study Method Population Results Comment 

Whole Brain Volumetric and Morphometric Studies 

Giakoumatos et al. 

2013 

- 1.5T MRI 
- volumetric  

- FreeSurfer 

 

- 262 HC, 341 PC,148 SA (97 high-lethality, 51 low-lethality) 
- schizophrenia, schizoaffective, psychotic bipolar disorder I, 

most medicated, clinically stable 

- adult males and females (51.5% females, SA age: high-
lethality 35.6 ± 11.7, Low Lethality 36.9 ± 12.2) 

- SA < PC in multiple areas: R rostral middle frontal, R 
superior frontal, L superior parietal, L supramarginal, L 

thalamus, inferior/superior temporal, R Insula 

- schizophrenia: SA < PC: L thalamus 
- schizoaffective: SA < PC: L medial OFC, R lingual, L 

supramarginal, R accumbens, inferior temporal 

- psychotic bipolar I SA < PC: L supramarginal, R 
fusiform. 

- large population 
- multi-site study 

- only volumetric analyses reported 

- more females in attempters. 
- mixed diagnoses. 

- larger differences between HC and SA in terms of 

effect size. 
- no mention of specific template used  

Wagner et al. 2012 - 1.5T MRI 

- cortical thickness 
- Freesurfer 

- Whole brain  

 
 

- 30 HC, 15 PC, 15 high risk patients (10 SA,  

5 first degree relative of SC) 
- major depressive episode without psychotic features patients 

medication free, depressed (HDRS  >18) 

- adult males and females (62.5% females; high risk SA age: 41 
± 12.5) 

- high risk < PC: L VLPFC, DLPFC, dACC (extracted 

based on MDD < HC contrast) 
- MDD < HC: L parahippocampal gyrus, ACC, OFC; R 

mid frontal gyrus, mid temporal gyrus, sup frontal 

gyrus, insula 
 

- high risk group is mixed  

- illness duration differ between SA and PC 
- similar population as Wagner et al. 2011 

 

Wagner et al. 2011 

 

- 1.5 MRI 

- whole brain voxel-based 

morphometry 
 

- 30 HC, 15 PC, 15 high risk patients (10 SA,  

5 first degree relative of SC) 

- major depressive episode without psychotic features patients 
medication free, depressed (HDRS  >18) 

- adult males and females (62.5% females; high risk SA age: 41 

± 12.5) 

- SA < HC: fronto-limbic gray matter reduction  

- SA < PC: caudate and rostral ACC  

- (SA + PC )  < HC, L OFC, R inferior frontal gyrus, 
amygdala, L caudate 

- high risk group is mixed  

- illness duration differ between SA and PC 

- similar population as Wagner et al. 2012 
 

Benedetti et al. 

2011 

- 3T MRI 
- volumetric 

- whole brain voxel-based 

morphometry 

- 38 PC, 19 SA 
- bipolar disorder, some medicated (18/57 use lithium), 

depressed. (HAMD > 20) 

- adult males and females (52% females, SA age: lithium- 43.6 ± 
11.3, lithium+ SA: 45.6 ± 10.4 

- SA < PC: GM volume in DLPFC, OFC, medial 
frontal gyrus, ACC, STG, parieto-occipital cortex 

(precuneus, and paracentral lobule), and basal ganglia  

- SA > PC: GM volume in superior temporal cortex  
- Li - SA < Li+ SA: in most of those regions mentioned 

above 

- SA: high early life stress 

- assess correlation with lithium 
- small groups (n=10)  

- no healthy controls  

- history of other drugs  
- not the same number of affective episode 

- large number of small clusters scattered all over 

the brains 
- modulated VBM 

(See below Jia, et al. 2010 entries) 

Hwang et al. 2010 - 2T MRI 

- whole brain voxel-based 
morphometry 

 

- 26 HC, 43 PC, 27 SA 

- status: MDD, depressed (mean HAM-D > 29) with unknown 
medication status 

- elderly males only, SA age: 79.1 ± 5.6 

- SA < PC: GM/WM volumes in the DLPFC,  parietal, 

and temporal regions and also the insula, lentiform 
nucleus, midbrain, and the cerebellum 

- marked reduction in dorsomedial PFC 

- lenient VBM statistics 

Aguilar et al. 2008 - 1.5T MRI 

- volumetric 
- whole brain voxel-based 

morphometry 

 

- 24 PC,13 SA 

- schizophrenia (PANSS < 15), all medicated  
- adult males only, SA age: 37.1 ± 10.0 

- SA < PC: GM density in L OFC and L STG 

- no amygdala volume differences. 

- no HC group 

- PC vs. SA: significant age differences but 
association not explained by age or severity of 

illness 

Rusch et al. 2008 - 1.5T MRI 
- volumetric 

- whole brain voxel-based 

morphometry 
 

- 50 HC, 45 PC,10 SA 
- medicated and symptomatic schizophrenia (PANSS scores > 

25) 

- adult males and females (30% females; SA age: 30.3 ± 6.5) 

- SA > PC, HC: WM volume in bilateral posterior 
orbital and inferior frontal gyri 

- no GM volume difference 

- small size of the SA group 
- 11% left-handed 

- association not explained by substance abuse or 

positive symptoms  
- substance abuse comorbidity between group 

differences 

Region of Interest Brain Volumetric and Morphometric Studies 
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Lopez-Larson et 

al. 2013 

- 3T MRI  
- volumetric and DTI 

- FreeSurfer and FSL for DTI 

(bilateral anterior thalamic 
radiation)  

- ROI: bilateral thalamus 

- 15 HC, 40 PC, 19 SA 
- status: veterans with mild TBI, depressed (medication status 

unknown) 

- adult males only, SA age: 38 ± 7.8 

- SA > HC, PC for B thalamic volumes 
- trend SA > PC in L anterior thalamic radiation 

fractional anisotropy 

- no suicide variables correlation with thalamic volume. 
- no suicide variables correlation with anterior thalamic 

radiation fractional anisotropy 

- comorbid TBI, difficult to interpret. 
- similar lifetime history of mental disorder 

between groups  but several differences between 

patient groups (e.g. more drug and stimulant use in 
SA) 

 

Dombrovski et al. 

2012 

- 3T MRI  

- volumetric 
- ROI: putamen, caudate and 

pallidum  

- correlation with Monetary choice 
questionnaire and Cambridge 

Gamble Task 
 

 

- 16 HC, 20 PC,13 SA 

- unipolar depression, medicated (ATHF 3.0)  
- elderly males and females (49% females; SA age: 66 ± 6.4) 

- SA < PC: associative striatum, limbic/ventral striatum 

- SA < HC: associative striatum (after accounting for 
brain size) 

- SA < PC and HC: lower putamen but not caudate or 

pallidum gray matter voxels  
- SA: higher delay discounting associated with lower 

putamen (associative striatum) gray matter voxel counts 

- voxel count analyses occasionally accounted 

effect of body size 
- gray matter differences may be mainly driven by 

low lethality SA. 

Nery-Fernandes et 

al. 2012 

- 1.5T MRI 

- volumetric  
- ROI: corpus callosum (manual 

segmented subregions: rostrum, 

genu, rostral body, anterior 
midbody, posterior midbody, 

isthmus, splenium) with Bonferroni 

correction 

- 22 HC, 21 PC,19 SA 

- bipolar I patients, all medicated and euthymic 
- adult males and females (66.1% females; SA age: 39.8 +-11.4) 

- no significant differences between SA PC 

 

- family history of SA/SC in both SA and PC 

- SPSS MANOVA analyses on extracted corpus 
callosum subareas and total callosum area. 

Soloff et al. 2012 - 1.5T MRI 
 -volumetric 

 - multiple ROIs (middle-inferior 

OFC, ACC, middle-superior 
temporal cortex, insula, 

hippocampus, parahippoc., fusiform 

gyrus, lingual gyrus and amygdala) 
based on previous studies in BPD 

- 50 HC, 24 PC, 44 SA (25 high-lethality, 19 low-lethality) 
- status: borderline personality disorder, some medicated, 

depressed (mean HDRS = 17) 

- adult males and females (75% females, SA age: 29.6 ± 8) 

- SA < HC: all ROIs except amygdala  
- PC < HC: lingual gyrus, mid. sup. temporal cortex, 

insula,  

- SA < PC: L insular cortex 
- SA > PC: mid sup temporal cortex, L lingual gyrus 

- high-lethality SA < low-lethality SA: R middle 

superior temporal gyrus, R middle inferior OFC, R 
insular cortex, L fusiform gyrus, L lingual gyrus and R 

parahippocampal gyrus 

- a history of childhood sexual abuse (but not 
physical abuse) was more prevalent among SA vs. 

PC 

- lenient statistical threshold  

Baldaçara et al. 

2011 

- 1.5T MRI 

- volumetric 
- ROI: Vermis, B cerebellar 

hemisphere 

- 22 HC, 20 PC, 20 SA 

- status: bipolar disorder I, euthymic (YMRS, HAMD < 7) 
- adult males and females (65% females; SA age: 39.9 ± 11.1) 

- no relationship between cerebellar volume and 

suicidal behaviour 
- no correlation with clinical variables 

 

- reduced number of analyses.  

- data suggest there might be a trend differences 
between SA and HC in bilateral cerebellum 

volume. 

Cyprien et al. 

2011 

- 1.5T MRI 

- mid sagittal area 
- ROIs: corpus callosum subregion 

(anterior 3rd, mid 3rd, posterior 3rd, 

total area) defined using manual 
segmentation 

- 180 HC, 234 PC, 21 SA 

- various psychiatric condition, mainly mood disorders patients 
mostly unmediated, depressed 

- elderly males and females (76.2% females; SA age: 72.2 ± 4.3 

- SA < PC, HC: posterior third part of corpus callosum 

- SA: more childhood abuse and head trauma but 
childhood abuse had no association with size 

- analyses adjusted for gender, age, head trauma, 

childhood abuse, and total brain volume 

- secondary analyses 

- only right-handed 
- higher percentage of women in SA 

- only midsagittal area measurement (no volume or 

thickness) 
- suicidal acts committed at different age  

Goodman et al. 

2011 

- 3T MRI 

- volumetric 

- ROI : BA 24 (ACC) 

- 13 HC, 13 SA (including self-harm)  

- ADHD, oppositional defiant, substance abuse and PTSD 

patients, depressed (BDI > 25) 
- adolescent males and females (76.9% females; patient age: 

15.8 ± 1.1) 

- SA < HC: ACC, BA23, BA24 GM relative volume; 

BA24, ACC relative total volume 

- SA > HC: ACC, BA23, BA31 WM relative volume. 
- SA: number of suicide attempt associated with smaller 

BA24 GM+WM volume and greater BA23 WM  

- secondary analyses. 

- group of interest not very clearly defined.  

- no PC group 

Spoletini et al. 

2011 

- 3T MRI 

- volumetric 
- ROIs : lateral ventricles, thalamus, 

hippocampus, amygdala, caudate, 

putamen, pallidum and accumbens  

- 50 HC, 36 PC,14 SA 

- schizophrenia, mostly medicated, symptomatic (PANSS > 40) 
- adult males and females (57% females; SA age: 42.9 ± 11.3) 

- SA > PC, HC: right amygdala volume  

- increased volumes related positively to severity of 
self-aggression 

- no depression scale as a confounding factor 
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Yurgelun-Todd et 

al. 2011 

- 3T MRI 
- DTI 64 directions 

- FreeSurfer for Volume 

- volume ROI: lateral ventricle, 
frontal lobe, cingulate cortex 

- diffusion ROI: genu and cingulum 

- 17 HC, 15 SI 
- TBI, PTSD, MDD, substance abuse patients medicated (12SI), 

depressed (mean HAM-D > 12.6) 

- adult males only, SI age: 34.93 ± 9.71 

- Trend suggest reduced bilateral frontal GM reduction  
- no WM, or ventricular volume differences 

- SI < HC in DTI: L cingulum, L genu, bilateral genu 

- no mean diffusivity differences 
- in SI: DTI show positive correlation between a) total 

cingulum with suicidal ideation, BIS, BIS attention, b) 

right cingulum with suicidal ideation and BIS c) right 
genu with BIS  

- suicide ideation only, no SA and with a very 
mixed comorbid TBI, psychiatric profile 

- HC group: one had PTSD, one with MDD 

- findings may be more depression than suicide 
related 

Caplan et al. 2010 - 1.5T MRI 

- volumetric  

- ROIs : PFC, middle frontal gyrus, 
superior frontal gyrus, OFC and 

temporal lobe 
 

- 40 PC,11 current SI 

- patients with epilepsy and various co-morbid disorders, 

medicated, mostly euthymic (2/11 SA with MDE)  
- children males and females (54% females, SI age: 11 ± 2.0) 

- SI < PC: R OFC WM volume 

- SI > PC: L temporal lobe GM volume 

- small SI group (n=11) 

- SI older than non SI 

- heterogeneity of diagnoses 
- different lateralization of epilepsy 

Matsuo et al. 2010 - 1.5T MRI  

- midsagittal area measurement 

- ROIs: corpus callosum (genu, 
anterior body, posterior body, 

isthmus, splenium) 

- 27 HC, 10 PC, 10 SA 

- bipolar disorder, often medicated (12 patients), depressed 

(patients mean HAM-D > 14) 
- adult females only, SA age: 36.2 ± 10.1 

- SA versus PC: No between-group difference 

- SA: negative correlation between anterior genu area 

and BIS impulsivity, motor, non-planning scores in SA 
(Smaller ACC predict high impulsivity) 

- no volume or cortical thickness 

- small samples of patient groups 

- did not covariate for Cluster B effect, family 
history of suicide 

Vang et al. 2010 

 

- 1.5T MRI 

- volumetric (FreeSurfer) 
- ROIs : amygdala, hippocampus, 

globus pallidus, caudate, 

accumbens, putamen  
 

- 6 HC, 7 SA 

- MDD and adjustment disorder, unmedicated, mostly depressed 
(4/7 SA)  

- adult males and females (29% females, SA age: 38.1 ± 11.4) 

- SA vs. HC: lower volume of bilateral globus pallidus, 

and R caudate 
- SA: correlation between globus pallidus volume and 

"solidity" temperament, and 5HTT binding. 

- no PC group 

- small groups 
- groups matched for age and gender 

- subset of data published in Ryding, et al. 2006 

Jovev et al. 2008 - 1.5T MRI  

- volumetric 

- ROI: pituitary gland 
- correlation analyses 

- 20 patients including 18 parasuicides 

- borderline personality disorder, few medicated (3 SA), few 

depressed (6 SA)  
- adolescent males and females (75% females; parasuicidal 

patients age: 13.3 ± 2.4). 

- positive correlation between pituitary gland volume 

and number of para-suicidal acts 

- age, gender, and internalizing problems all associated 
with pituitary gland volume  

 

- most patients without current medication 

- minimally treated patients 

- no real PC group 
- missing demographic details 

- first presentation patients 

- suggests HPA hyperactivity 

Monkul et al. 2007 - 1.5T MRI  
- volumetric 

- ROIs: OFC, ACC, amygdala, 

hippocampus 

- 17 HC, 10 PC, 7 SA 
- MDD, medicated free (2 weeks) and depressed (HAMD > 10) 

- adult females only, SA age: 31.4 ± 13.9 

- SA < HC: smaller GM volume in bilateral OFC 
- SA > PC: GM volume in R amygdala 

- no group difference for hippocampus and ACC 

- PC vs. HC: no significant GM volume differences 
 

- small SA group 
- volumes not correlated with number of suicidal 

acts, duration of illness or age at onset 

Schlegel et al. 

1989 

- CT 

ROI: ventricular area normalized to 

the brain size 
- correlation analyses 

 

- 34 non-psychotic patients and 10 psychotic patients  

- medication free, depressed 

- adult males and females (59.1% females, age: 42.8 ± 13.0) 

- no significant differences between suicidal impulses 

and any ventricular measurements 

 

- limited sample size  

- no SA or HC. 

- limited generalizability 
- lack clinical information  

- CT lack contrasts to segment very effectively 

Diffusion Studies 
Jia et al. 2013 

 

- 3T MRI  

- DTI 15 directions 

- ROI: left anterior limb of internal 
capsule  

 

- 46 HC, 40 PC, 23 recent SA (< 1 month) 

- MDD, medication free (2 weeks), depressed (HAMD > 18) 

- adult males and females (65.2% females; SA age: 36.3 ± 14.5) 

- SA < PC: anterior limb of internal capsule projection 

percentage to L OFC, thalamus 

- re-analysis of data with focus specifically on 

anterior limb of internal capsule.  

- one of the only structural connectivity studies 
- population overlaps with Jia et al. 2013 

(see earlier section Lopez-Larson et al. 2013) 
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Mahon et al. 2012 - 1.5 T MRI 
- DTI 21 directions 

- whole brain + ROI: L OFC for SA 

vs. PC contrast. 

- 15 HC, 15 PC,14 SA 
- patients with various psychiatric disorder: PTSD, anxiety, 

phobia, panic, eating disorder, obsessive-compulsive disorder, 

panic disorder, medicated (76.9% SA, 93.3% PC), euthymic 
- adult males and females (40.91% females; SA age: 33.3 ± 

14.1) 

- SA < PC: L OFC  
- no differences between PC and HC, SA and HC 

- SA < HC for ROI, not significant between PC and 

HC. 
- SA > PC: impulsivity measure 

- SA: negative correlation between ROI and motor 

impulsivity (BIS-11) 

- one of the few studies that use multi-modal 
validation approach 

- circular ROI analyses 

- TBSS finding confirmed using non-VBM 
multimodal T1/T2/PD voxel based analyses (0.001, 

10 ET in the white matter mask) 

- No effect of antipsychotic medication  

(see earlier section for Yurgelun-Todd, et al. 2011) 

Jia,et al. 2010 - 3T MRI 

- DTI 15 directions 
- whole brain + ROIs: bilateral 

lentifrom nucleus, hippocampus, 

thalamus 
 

- 52 HC, 36 PC,16 SA 

- MDD, medication free (2 weeks+), depressed (HAM-D > 20) 
- adult males and females (69% females; SA age: 34.2 ± 13.7) 

- SA < PC, HC in L anterior limb of the internal 

capsule of axial (not radial) diffusivity  
- SA < PC: R lentiform nucleus of increased radial 

diffusivity 

- SA < HC: reduced FA in R subgyral frontal lobe WM 
of increased radial diffusivity 

- ROI: SA < PC, R lentiform nucleus. 

- no differences in L lentiform nucleus, B hippocampus, 
B thalamus 

- no group difference in VBM GM/WM  

- groups matched for age, gender, education and 

ethnicity but longer disease duration in SA 
- no correlation with symptom severity 

- comprehensively evaluated WM/GM 

- population overlaps with Jia et al. 2010 
 

Lesion Studies 
Sachs-Ericsson et 

al. 2013 

- 1.5T MRI (T2)  

- whole brain analyses 

- white matter 
- prospective 

- 223 PC, 23 SA 

- MDD, depressed, medication status unknown 

- elderly males and females (77.2% females; SA age: 66.7 ± 6.6) 

- baseline: SA > PC: for L white matter lesions  

- 2 years: SA > PC: suicidal ideations  

- overtime: SA > PC: growth of bilateral WML  
- WML predict cognitive decline in entire patients 

sample 

- suicide attempt does not predict change in cognitive 
functioning/cognitive decline 

- only known longitudinal lesion neuroimaging 

study in suicide attempters 

- lack HC group 
- complicated analyses 

- mixed depression onset 

- small SA population. Large PC populations. 
Unbalanced. 

- more MDD symptoms in SA 

Pompili et al. 2008 - 1.5T MRI (T2) 

- whole brain analyses 
- white matter hyperintensities 

(Fazekas scale) 

 

- 55 PC,44 SA 

- mood disorders, half sample medicated, half sample depressed 
- adult males and females (49.1% females; SA age: 45.6 ± 16.1) 

- SA > PC for periventricular hyperintensities (80 vs. 

27%) 
- no differences in deep white matter hyperintensities 

- age was associated with white matter hyper 

intensities but results not explained by age 
- no HC group 

- presence, absence of WMH only, no detailed 

morphometric or volumetric analyses. 
- overlap with Pompili et al. 2007 

Pompili et al. 2007 - 1.5T MRI (T2) 

- whole brain analyses 

- white matter hyperintensities 
(Fazekas scale) 

- 36 PC, 29 SA 

- unipolar and bipolar mood disorder, medicated, mostly 

depressed 
- adult males and females (63.1% females; SA age: 42.2 ± 13.5) 

- SA > PC for white matter hyperintensities (58% vs. 

28%) 

- Increased hyperintensities in mood disorder 
- MDD does not differ from bipolar disorder in terms of 

suicide frequency or hyperintensities 

- not explained by gender, age or comorbidity, 

medication 

- no correlation with suicidal dimensions 
- no HC group  

- age differences 

Ehrlich et al. 2005 - 1.5T MRI (T2) 

- whole brain analyses 
- Fazekas (modified scale) 

- periventricular hyperintensities 

(PVH), deep white matter 
hyperintensities (DWMH) and 

subcortical gray matter 

hyperintensities (SCH)  
 

- 40 PC, 62 SA 

- mood disorder, unknown medication or mood status 
- adult males and females (67% females; SA age: 26.7 ± 5.5) 

- SA > PC: More PVH (27% vs. 7%) 

- PVH mostly on the right side 
- SA versus PC: not significant different amount of 

DWMH 

- no HC group 

- no covariation with regard to age/suicide severity 
- clinical MRI sequence 

- lack exploration of psychiatric comorbidity 
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Ehrlich et al. 2004 - 1.5T MRI (T2) 
- whole brain analyses 

- Coffey scale (modified) 

- periventricular hyperintensities 
(PVH) 

- 110 PC, 43 SA 
- various diagnoses including unipolar and bipolar, psychosis, 

affective disorders, conduct/ADHD, unknown medication status, 

current presence of psychiatric disorder. 
- adolescent, children males and females (26% females; SA age: 

14.6 ± 3.4) 

- MDD PVH+ group has higher history of suicidal acts 
compare to MDD PVH - (75% vs. 40.6%) 

- MDD with WMH 18 times more likely to have 

suicide attempt. 
- other psychiatric disorder with WMH not influencing 

suicide attempt risk 

- DWMH R parietal lobe associated with high 
prevalence of suicide attempt 

- association not explained by other demographic 
or clinical variables (including age, gender, 

substance abuse, head injury)  

- no HC group, 
- inpatients 

Ehrlich et al. 2003 - MRI (T2) 

- qualitative neuroimaging analyses 

- DWMH, PVH 

- 110 PC, 43 SA 

- unknown medication or mood status 

- adolescent and children males and females(25.8% females), 
patient age: 14.6 ± 3.4 

- Only 26DWMH, 22PVH found among 153 patients 

screened  

- DWMH in R parietal poses 8.6 times higher risk to 
have suicidal history 

- controlled for covariates 
- All SA have DWMH in R posterior parietal lobe 

- lack basic participant details 

Ahearn et al. 2001 - 1.5T MRI (T2) 

- whole brain analyses 

- Boyko scale; Coffey scale 
- periventricular hyperintensities 

(PVH), subcortical gray matter 

hyperintensities (SCH) 

- 20 PC, 20 SA 

- unipolar depression, unknown medication status, depressed 

(HAMD > 20) 
- elderly males and females (85% females; SA age: 66 ± 5.8) 

- SA > PC: SCH and trend for PVH (prominently in 

basal ganglia) 

- age at suicidal act not reported 

- suicide onset not available 

- MDE severity not available 
- clinical population also had family history of SA 

- some patients had ECT 

Lopez et al. 1997 - 1.5T MRI (T2) 
- Schelten scale 

- deep white matter hyperintensities 

(DWMH) 
- correlation analyses 

- 28 patients 
- Alzheimer disease, medication unknown, lightly depressed 

(HAMD > 7). 

- elderly males and females (64.3% females; patients age: 73.3 ± 
6.8) 

- DWMH global scores correlated with low self-esteem 
and suicidal ideation in the PFC area 

- DWMH did not correlate with anything else, 

including HAM-D 
- DWMH did not correlate with vascular disease 

- Secondary analyses 
- no psychiatric disorders before Alzheimer disease  

- no control groups. Limited reliability, 

generalizability 
- frontal regions most severe WMH 

- suicide ideation not clearly quantified. 

Others  
Budisic et al. 2010 - structural, transcranial sonography 

study 

- echogeneicity measured  
- freehand ultrasound system 

- averaging of two measures 

- manual segmentation 
- Ponto mesencephalic nuclei 

raphe(Freehand) 

 

- 40 HC, 17 PC, 14 SI 

- unipolar depression, unknown medication status, depressed 

(HAMD > 24)  
- elderly males and females, SI age: 51.3 ± 9.42 

- SI < PC, HC: raphe nuclei echogenicity 

- negative correlation between HAMD, depressive 

episodes, and echogenicity 
- reduced echogenicity is easier to interpret, absence of 

raphe nuclei is much harder. 

- rare neuroimaging modality for psychiatric study 

- controlled for depression in PC 

- two blind raters  
- author does not disentangle suicide from MDD 

- 10% disqualification rate (modality) 

- gender effect 

Li et al. 2009 - MRI Spectroscopy study 
- 3T MRI (1H-MRS) 

- ROI: bilateral hippocampus 

- NAA/Cr, Cho/Cr, mI/Cr 
 

- 24 HC, 24 SA 
- MDD, unknown medication status, depressed (HAMD > 7) 

- adult males and females (84% females; SA age: 34.7 ± 12.1) 

- SA < HC: NAA/Cr ratio in L hippocampus 
- SA vs. HC: No difference between  of NAA/Cr in R 

Hippocampus, 

- HC: NAA/Cr hippocampus L > R 
- SA: NAA/Cr hippocampus no L/R differences  

- no correlation with MDE duration, HAMD 

- rare neuroimaging modality for psychiatric study 
- mostly females 

- very well-matched HC 

- No PC group making inference to suicidal acts 
more than mood disorder impossible 
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Chapter 3  Prefrontal Cortex Markers of Suicidal Vulnerability in 

Mood Disorders: A Model -Based Structural Neuroimaging Study 

with a Translational Perspective  

A version of this chapter was adapted and previously published in Translational Psychiatry in 2015, Volume 

5, e516. The full list of co-author includes Dr. Natalia Lawrence2, Dr. Emilie Olié3, Dr. Fabienne Cyprien3, 

Dr. Emmanuelle Le Bars4, Dr. Alain Bonafé4, Dr. Marie Phillips5, Dr. Phillips Courtet3 and Dr. Fabrice 

Jollant1,6 with the follwing academic affiliations.   

1. McGill Group for Suicide Studies, Douglas Mental Health University Institute, McGill University, 

Montreal, QC, Canada 

2. Mood Disorders Centre, School of Psychology, College of Life and Environmental Sciences, 

University of Exeter, Exeter, UK 

3. Department of Psychiatry and Inserm, Université Montpellier I and CHU Montpellier, Montpellier, 

France 

4. Department of Radiology, Université Montpellier I and CHU Montpellier, Montpellier, France 

5. Clinical and Translational Affective Neuroscience Program, University of Pittsburgh School of 

Medicine, Pittsburgh, PA, USA 

6. CHU Nîmes, Nimes, France 

3.1 Introduction  

One million individuals commit suicide each year worldwide (Hawton and van Heeringen 2009). Improving 

our ability to predict and prevent suicide is an important priority. However, the current assessment of 

suicide risk is based upon numerous socio-demographic and clinical risk factors, which often yield a high 

sensitivity but a low speciýcity (Mann and Currier 2007). It is expected that using speciýc neurobiological 

markers in addition to clinical assessments may improve evaluations of suicide risk in future. Uncovering 

some of these biomarkers is the goal of the present study.  

The current understanding of suicidal behaviour is based on a stress-vulnerability model, which suggests 

that some individuals are at higher risk of committing suicide in stressful situations like interpersonal 

conþicts or loss (Mann 2003). This model has been supported by in vivo neuroimaging studies. When 
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comparing suicide attempters (SA) with patient controls (PC) and/or healthy controls (HC), functional 

neuroimaging studies have revealed dysfunctional ventral, dorsomedial and dorsolateral prefrontal cortices 

among other regions in various conditions, from a resting state (Oquendo, Placidi et al. 2003) to viewing 

angry faces (Jollant, Lawrence et al. 2008), to making decisions (Jollant, Lawrence et al. 2010) or to 

listening to suicidal scripts (Reisch, Seifritz et al. 2010). Further, structural neuroimaging has reported 

various brain alterations in SA, affecting both gray and white matter (see below). 

On the basis of this literature, we recently proposed a neuroanatomical model that accounts for the  

vulnerability to suicidal behaviour at the neurocognitive level (Jollant, Lawrence et al. 2011). In this model, 

we suggested that the ventral prefrontal cortex, including the orbitofrontal cortex (OFC), would be mainly 

implicated in valuation deýcits, which explains decision-making impairments in SA (Richard-Devantoy, 

Berlim et al. 2013), while more dorsal parts of the prefrontal cortex (including anterior cingulate cortex, 

ACC) may explain deýcits in cognitive control and emotion regulation processes (Richard-Devantoy, 

Jollant et al. 2012). In the present study, we attempted to conýrm the involvement of these prefrontal brain 

regions and their potential as biomarkers by examining their morphometric properties using structural 

neuroimaging in a large sample. Certainly, the ease of implementing structural neuroimaging compared to 

functional neuroimaging is potentially a great advantage and highly relevant for future clinical application. 

However, previous results using this technique suffer from various limitations. First, many studies assessed 

samples of small size, with as few as seven to ten SA (Monkul, Hatch et al. 2007; Vang, Ryding et al. 

2010). Only one large study, in subjects with psychotic disorders, has been published to date (Giakoumatos, 

Tandon et al. 2013). Recent papers have highlighted a frequent lack of replication of ýndings in 

neuroscience, partly in relation to underpowered studies (Button, Ioannidis et al. 2013). Second, of the six 

published studies evaluating whole brain graywater alterations, six different types of statistical thresholds 

have been used (Aguilar, Garcia-Marti et al. 2008; Rüsch, Spoletini et al. 2008; Hwang, Lee et al. 2010; 

Jia, Huang et al. 2010; Benedetti, Radaelli et al. 2011; Wagner, Koch et al. 2011). However, recent 

discussions about the lack of reliability of the P-value suggest that calculating effect sizes may be a more 

relevant approach (Nuzzo 2014). Third, these studies have focused on one particular standard analysis 
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method, usually measuring brain volume differences using voxel-based morphometry (VBM), but they 

have seldom applied concurrent surface-based morphometry (SBM) analyses. To date, only two studies 

have explored cortical thickness (Wagner, Schultz et al. 2012; Giakoumatos, Tandon et al. 2013). To our 

knowledge, only one group has combined two analysis methods in two different publications (Wagner, 

Koch et al. 2011; Wagner, Schultz et al. 2012). Yet, recent analyses have suggested that different SBM 

measures account for VBM gray matter variation in different regions, but also that VBM may be more 

sensitive than SBM to detect some abnormalities (Palaniyappan and Liddle 2012). The combination of both 

analyses could therefore improve our understanding of structural neuroimaging markers of disease.  

We addressed several of these issues in the present study. First, we pooled data from three separate studies 

conducted in two locations with identical study designs to increase power. This has resulted in the largest 

neuroimaging study conducted on vulnerability to suicidal behaviour in mood disorders to date. Second, 

we calculated effect sizes for the main contrasts, namely SA vs. PC, and SA vs. HC. Third, we used two 

complementary analysis approaches in tandem, namely VBM and SBM. Finally, we used a validated study 

group design to speciýcally examine the vulnerability to suicidal behaviour by including non-depressed 

patients to exclude the acute effects of the depressive state, and a group of patients with a history of mood 

disorder but no suicide attempt to exclude the effect of comorbid disorders. 

On the basis of previous studies, we hypothesized that SA, when compared with control groups, would 

show a reduction in structural measures of prefrontal cortex. To test the potential clinical applicability of 

these measures, we also conducted sensitivity and speciýcity calculations.  

3.2 Material and Methods  

3.2.1 Samples and assessment  

Three samples were recruited, one at the Institute of Psychiatry in London, UK (Sample 1) and two at the 

academic hospital of Montpellier, France (Samples 2 and 3). For all three samples, participants were 

recruited through advertisements and there was an initial screening via telephone interview or in clinical 

settings. They were then interviewed in person by experienced psychiatrists. All participants were right-

handed (Oldfield 1971) and euthymic at the time of scanning, and all participants had a HDRS (Hamilton 



56 

Depression Rating Scale) score below nine (Hamilton 1960).  Exclusion criteria included a lifetime history 

of severe head trauma, central nervous system disorders, schizophrenia and substance use disorder over the 

last 12 months, suicide attempt using ýrearms, pregnancy and contraindications to magnetic resonance 

imaging (MRI). Details on the exclusions from each sample are given in Supplementary Information.  

The three samples differed in two selection criteria: (1) Samples 1 and 2 comprised only males aged 

between 18 and 60, whereas Sample 3 comprised only non-menopausal females aged between 18 and 50; 

(2) All  patients in Sample 1 suffered from major depressive disorder, whereas Samples 2 and 3 included 

both major depressive disorder and bipolar disorders. 

All diagnoses were made according to the Diagnostic and Statistical Manual of Mental Disorders IV criteria 

using the Mini-International Neuropsychiatric Interview, version 5.0.0 (Sheehan, Lecrubier et al. 1998) The 

French or English versions of the National Adult Reading Test (Beardsall and Brayne 1990) were used to 

provide an estimation of verbal IQ and the Beck Depression Inventory (Beck, Ward et al. 1961) for a 

subjective measure of current depressive state. Participants also completed the Barratt Impulsiveness Scale 

version 10 (Patton, Stanford et al. 1995). 

Within each sample, three groups were recruited as described above: (1) SA, individuals with a personal 

history of both mood disorder and suicidal behaviour; (2) PC, individuals with a history of mood disorder 

but no lifetime history of suicidal behaviour; (3) HC, individuals with no current or past history of any 

Diagnostic and Statistical Manual of Mental Disorders IV  Axis I diagnoses or suicidal behaviour or 

psychotropic medication. The overall population included 82 HC, 82 PC and 67 SA. 

As in our previous studies, a suicidal act was deýned as any nonfatal, self-directed potentially injurious 

behaviour with any intent to die as a result (Jollant, Lawrence et al. 2011). The last and the most severe 

suicidal acts were assessed using the Risk Rescue Rating Scale (Weisman and Worden 1972) and the 

Suicide Intent Scale (Beck, Morris et al. 1974). 
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Participants from Sample 3 also fulýlled the Childhood Trauma Questionnaire (Bernstein, Fink et al. 1994), 

and participants from Sample 1 played the Iowa Gambling Task, a decision-making test (Bechara, Damasio 

et al. 1999). 

After a complete description of the study was presented to the subjects, written informed consent was 

obtained from all participants. The studies were approved by the respective Research Ethics Committee 

(Institute of Psychiatry and Montpellier Research Ethics Board). The participants were paid £30 and ú100, 

respectively. 

Functional neuroimaging and behavioural results (but not structural results) from Sample 1 have previously 

been published (Jollant, Lawrence et al. 2008; Jollant, Lawrence et al. 2010), but data from Samples 2 and 

3 have not.  

3.2.2 MRI acquisition procedures  

For Sample 1, T1-weighted magnetic resonance images were acquired using a GE Signa 1.5 T Neuro-

optimized MR system (General Electric, Milwaukee, WI, USA) at the Institute of Psychiatry, London, UK. 

A spoiled gradient echo sequence was used for the T1-weighted acquisition with the following parameters: 

isotropic voxel dimension of 1.1mm with ýeld-of view at 280 × 180mm; TE (echo time) of 5ms and TR 

(repetition time) of 10.8ms. One hundred and fifty slices of images each with two-dimensional matrix 256 

× 160 were acquired at bandwidth of 122 Hz per pixel. 

For Samples 2 and 3, T1-weighted magnetic resonance images were acquired with a 1.5 T whole-body MRI 

system (MAGNETON AVANTO, Siemens, Erlangen, Germany) in Montpellier Academic Hospital, 

France. Sample 2 used a three-dimensional T1 FLASH sequence with voxel dimension of 0.93 × 0.93 × 

1mm, ýeld-of-view at 240mm Ĭ 240mm, matrix256 Ĭ 256, 15 degrees þip angle, TE of 5.2 ms and TR of 

11 ms with 160 slices and a bandwidth of 130 Hz per pixel. Sample 3 used three-dimensional T1MPRAGE 

with voxel dimension of 0.98mm Ĭ 0.98mm Ĭ 1mm, ýeld-of-view at 250 × 250mm, matrix 256 × 256 with 

160 slices, 15 degrees þip angle, TE of 4.1ms, TR of 2100 ms and TI of 1100 ms, and a bandwidth of 140 

Hz per pixel. 
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3.2.3 MRI analyses  

We conducted VBM analyses using SPM8 v.4667 and SBM analyses with FreeSurfer 5.1.0 (details below 

in 3.5 Supplementary Material). In brief, after quality control checks, SPM segments the T1 structural data 

and produces a group template based on the entire group data set by nonlinearly warping each participant 

to the common brain template space while preserving local anatomical alterations. VBM analyses yield 

normalized gray matter volume measurement since it is sampled in template MNI space, not the individual 

space before normalization. In contrast, FreeSurfer registers each vertex at individual gyrus/sulcus levels 

to template but ultimately produces individualized measurements of volume, area and surface based on 

personally modeled brain morphometry and gray matter/white matter boundary contours. VBM data were 

smoothed using an 8mm full  width at half maximum Gaussian kernel in volume space, where as SBM data 

were smoothed using 20mm full width at half maximum Gaussian kernel in surface space to maximize 

sensitivities to smaller clusters of structural differences as suggested by previous studies that tested a variety 

of full width at half maximum sizes in different sample sizes (Lerch and Evans 2005; Shen and Sterr 2013). 

We used a region of interest (ROI) approach due to robust a priori hypotheses and its elevated statistical 

sensitivity. Four ROIs (Figure 3.1) were deýned using independently deýned a priori anatomical atlases 

(detailed in Supplementary Information) on the basis of regions previously reported to show structural 

and/or functional alterations associated with suicidal behaviour. The four regions were differentiated on the 

basis of different brain connections (Saleem, Miller et al. 2014) and functional roles, notably in valuation 

processes and cognitive control (Dixon and Christoff 2014; Banich and Depue 2015): (1) the OFC (Monkul, 

Hatch et al. 2007; Jollant, Lawrence et al. 2008; Jollant, Lawrence et al. 2010; Giakoumatos, Tandon et al. 

2013) (corresponding to the lateral part of Brodmann areas [BAs] 11, and BA 47); (2) the ventrolateral 

prefrontal cortex (referred to as VLPFC and corresponding to BA 44 and 45) (Sublette, Milak et al. 2013); 

(3) the ventromedial prefrontal cortex (including the medial part of BA 11, BA 10 and the ACC, both rostral 

and dorsal parts [BA 24/32]; ROI referred to as medial prefrontal cortex, MPFC) (Wagner, Koch et al. 

2011) and (4) the dorsal and lateral prefrontal cortex (referred to as DPFC and corresponding to BA46/8/9) 
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(Oquendo, Placidi et al. 2003; Hwang, Lee et al. 2010; Benedetti, Radaelli et al. 2011). Average measures 

of all the voxels (for VBM) or vertex (for SBM) measures within that ROI were used.  

 

Figure 3.1. Representation of the four regions of interest of the prefrontal cortex examined in this article.  

Blue: medial prefrontal cortex (MPFC; including anterior cingulate cortex, not shown). Red: dorsal prefrontal cortex 

(DPFC). Green: orbitofrontal cortex (OFC). Violet: ventrolateral prefrontal cortex (VLPFC). VBM, voxel-based 

morphometry. 

Although multi-site neuroimaging poses challenges, samples can be combined and analyzed when groups 

are balanced across samples (which is the case here) and samples from multiple sites are properly controlled 

for in the analysis (Pardoe, Pell et al. 2008; Takao, Hayashi et al. 2014). The total volume and surface area, 

and the average thickness in individual space and normalized gray matter volume in the template space for 

each ROI were extracted and analyzed after covarying for relevant covariables consecutively. Group 
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comparisons in normalized gray matter volume, and SBM volumes/areas were systematically controlled 

for intracranial volume (Buckner, Head et al. 2004). 

3.2.4 Statistical analyses  

General linear model, followed by Tukeyôs post hoc, were used to compare quantitative variables between 

groups, and Pearsonôs correlation was used to examine associations between quantitative variables. 

Qualitative variables were compared using ɢ2 tests.  

We also calculated effect sizes (Cohenôs d) and its 95% conýdence interval based on marginal means and 

standard error output from the general linear model (after accounting for the appropriate covariates) for the 

main contrasts between SA and both control groups.  

A binary logistic regression model was used for sensitivity and speciýcity analyses. 

In application, the alpha level was set at 0.05 unless a Bonferroni correction was necessary. The threshold 

for ROI analyses was set at a very conservative Bonferroni-corrected P < 0.002 (P < 0.05 divided by four 

ROIs, two sides and four different measures). 

Statistical analyses were carried out with SPSS 20 (SPSS, Chicago, IL, USA). 

3.3 Results  

3.3.1 Socio -demographic and clinical variables  

Table 3.1. Description and comparison of socio-demographic and clinical variables across the three groups in the pooled 

sample. 
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Groups were equally distributed across samples (see below 3.5 Supplementary Material). Similar between-

group differences were observed across all three samples and the pooled sample (Table 3.1), although 

euthymic, HDRS and Beck Depression Inventory scores were higher in patients, as expected. These 

variables were not used as covariates as they are related to the group proýle. Level of education was higher 

in HC than SA. Moreover, there were more males in HC than both patient groups. 

SA did not differ signiýcantly from PC on socio-demographic or clinical variables. However, they received 

signiýcantly more antipsychotics with a trend for more anxiolytics/hypnotics. Most suicidal acts (85%) 

were drug overdoses.  

3.3.2 Neuroimaging ýndings 

Table 3.2. Region of interest analyses in the pooled sample comparing the three participant groups. 
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Voxel-based morphometry. See Table 3.2 for group comparisons of all measures, Figure 3.2 for effect size 

analyses and Figure 3.3 for a correlation map between all measures examined here.  

After covarying for sample and intracranial volume, general linear models based on normalized cortical 

gray matter volumes showed between-group differences in left VLPFC (P =0.01), left OFC (P =0.03) and 

right DPFC (P =0.04), but not MPFC, although this was not signiýcant after multiple comparison 

correction. Post hoc analyses showed decreased normalized regional measures in SA relative to HC with 

no signiýcant differences between SA and PC, and between HC and PC. Effect size calculation also 

suggests a signiýcant effect between SA and HC for left DPFC, right VLPFC, right OFC and right MPFC 

(Figure 3.2). 



63 

 

Figure 3.2. Effect sizes between suicide attempters and both control groups for the four regions of interest.  

DPFC, dorsal prefrontal cortex; MPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; VBM, voxel-based 

morphometry; VLPFC, ventrolateral prefrontal cortex. Blue: suicide attempters vs. patient controls; black: suicide 

attempters vs. healthy controls. 

In exploratory whole brain VBM analyses, SPM revealed lower measures in SA than PC in right lateral 

OFC (BA 47; family-wise error-corrected cluster P-value=0.03; peak voxel=48,21,0; cluster size=1).  

3.3.3 Surface -based morphometry  

After covarying for sample and intracranial volume, there were group differences in gray matter volume in 

left VLPFC (P =0.001, surviving multiple comparison correction) with reduced volume in SA vs. both 

control groups, and between PC and HC, and right DPFC (P =0.03, not surviving multiple comparison 

correction), with reduced measures in SA vs. HC. There was no difference for OFC or MPFC. Effect size 

calculation also suggests a signiýcant effect between SA and HC for left DPFC and right VLPFC.  
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After covarying for sample and intracranial volume, there were group differences in gray matter area in left 

VLPFC (P =0.01, not surviving multiple comparison correction), with reduced measures in SA vs. HC, but 

not in OFC, DPFC or MPFC.  

After covarying for sample only, there were group differences in thickness in right VLPFC (P =0.04, not 

surviving multiple comparison correction) with reduced measures in SA vs. HC, but not in OFC, DPFC or 

MPFC. Effect size calculation also suggests a signiýcant effect between SA and HC for right DPFC. 

Figure 3.3 shows that structural measures were highly intercorrelated, notably SBM volumes together and 

area measures together. Only thickness measures were poorly correlated with area or volume measures as 

expected in most studies evaluation relationship between surface based measure and volume based 

measures (Winkler, Kochunov et al. 2010).  
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Figure 3.3. Correlation map between all magnetic resonance imaging measures for the four regions-of-interest.  

DPFC, dorsal prefrontal cortex; L, left; MPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; R, right; VBM, 

voxel-based morphometry; VLPFC, ventrolateral prefrontal cortex. 

3.3.4 Effect of covariates  

Only left VLPFC SBM volume and left VLPFC area remained signiýcant after controlling for all main 

covariates (age, gender, level of education, bipolar disorder, lithium or antipsychotic intake). Left VLPFC 

VBM volume was no longer signiýcant after covarying for gender or bipolar disorder; left OFC VBM 

volume was no longer signiýcant after covarying for age, gender, bipolar disorder or lithium; right DPFC 

VBM or SBM volumes was no longer signiýcant after covarying for age, gender or bipolar disorder; right 

VLPFC thickness was no longer signiýcant after covarying for bipolar disorder or antipsychotics. 
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3.3.5 Correlation with clinical variables  

In SA, lethality of the last suicidal act was correlated with all measures except left VLPFC area and right 

VLPFC thickness (all Po0.05; strongest correlations with right DPFC VBM and SBM volumes: r = -0.45; 

P <10-3; left OFC: r = -0.38, P =0.001; left VLPFC SBM volume: r = -0.33; P =0.007). The number of 

suicidal acts was correlated with right DPFC VBM volume (r = -0.25, P =0.04) and left OFC VBM (r =  

-0.24; P =0.05); age at ýrst suicidal act with right DPFC SBM volume (r = -0.40; P =0.001) and right 

VLPFC thickness (r = -0.26, P =0.03).  No measure was correlated with the Suicide Intent Scale. 

In patients, HDRS score was correlated with all measures except left VLPFC area and right VLPFC 

thickness (r between -0.15 and -0.21; all P < 0.07). Age at ýrst mood episode was correlated with right 

VLPFC thickness only (r = -0.21; P =0.01); number of mood episodes with right DPFC SBM volume (r = 

-0.20, P =0.01). Barratt Impulsiveness Scale version 10 total score was correlated with all measures except 

right DPFC SBM volume (all Po0.07; strongest correlation with left VLPFC area: r =0.26, P =0.001; left 

OFC: r =0.23, P =0.005). And Childhood Trauma Questionnaire total score was correlated with right 

VLPFC thickness (r = -0.24; P =0.03). No measure was correlated with Beck Depression Inventory.  

There was no signiýcant association between the Iowa Gambling Task total score and any measure, but 

data were only available in the small Sample 1.  

3.3.6 Potential for clinical application.  

We examined the sensitivity and speciýcity of the neuroimaging measures in correctly classifying 

individuals with histories of suicide attempts among the 231 participants. As expected, a history of mood 

disorder had a 100% sensitivity (as all SA suffered from mood disorder in our study) but a lower speciýcity 

(71%). Adding left VLPFC area or volume into the model improved speciýcity in identifying attempters in 

a signiýcant but limited manner, reaching 74.9% and 75.3%, respectively. Other measures had smaller 

effects. Of note, these ýndings cannot be generalized and may be inþated, and they should therefore be 

indicative of the clinical potential of these measures when added to clinical signs and symptoms. 
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3.4 Discussion  

This study examined structural alterations associated with the vulnerability to suicidal behaviour in mood 

disorders using two complementary analyses in 231 subjects including 67 SA. It represents the largest 

neuroimaging study of suicidal behaviour in mood disorders to date and was speciýcally designed to 

investigate the neural basis of suicidal behaviour. After covarying for sample, intracranial volume, gender, 

age, education, bipolar disorder and medication intake, ROI analyses showed signiýcant group differences 

in left VLPFC volume measured by FreeSurfer, the only measure that discriminated SA from both control 

groups in our study. Additional measures in VLPFC, OFC and DPFC, although not surviving a very 

conservative multiple comparison correction, were also different between SA and HC, with moderate effect 

sizes (Cohenôs d up to 0.50). The link between these neuroimaging measures and the vulnerability to 

suicidal acts is further supported by signiýcant correlations with suicidal variables including suicidal 

lethality, age at ýrst suicidal act and number of previous acts. It is important to emphasize that patients were 

euthymic at the time of scanning, which suggests that these differences may reþect trait-like alterations. 

Our ýndings, therefore, tend to support the involvement of structural impairments in VLPFC, DPFC and 

OFC, but not MPFC (including ACC), in the pathophysiology of suicidal behaviour. 

Our results are in agreement with results from several previous studies in mood disorders. For dorsal 

regions, reduced VBM volumes in DPFC in SA vs. PC have been reported in bipolar disorder and in elderly 

individuals with major depressive disorder (Hwang, Lee et al. 2010). Wagner et al. (2012) also reported 

reduced cortical thickness in the same region. Reduced volume of ACC in SA vs. PC has been found in 

depressive disorders (Wagner, Koch et al. 2011), bipolar disorder (Benedetti, Radaelli et al. 2011), but not 

in a small sample of depressed women (Monkul, Hatch et al. 2007). However, our study showed no 

structural differences in ACC. For ventral regions, previous studies have also shown reduced VBM 

measures (Benedetti, Radaelli et al. 2011) and thickness (Wagner, Schultz et al. 2012) in OFC in SA. 

Similarly, Wagner et al. (2012) reported reduced thickness in a region that encompassed our left VLPFC. 

Between-study differences in sample size, choice of threshold and lack of control for intracranial volume 

may explain some discrepancies with previous studies. 
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The role of these prefrontal regions in suicidal vulnerability has to be clariýed. Two recent meta-analyses 

conýrmed deýcits in decision-making, cognitive control and working and long-term memory in SA 

(Richard-Devantoy, Berlim et al. 2013; Richard-Devantoy, Berlim et al. 2015). The OFC, which receives 

connections from the amygdala and thalamus, has a signiýcant role in the interpretation of stimuli in the 

environment, notably in attributing value to stimuli (stimuli-outcome association) (Dixon and Christoff 

2014), which may be important for the triggering of the suicidal crisis in the face of environmental stressors. 

The lateral PFC receives motivational inputs from ACC (Kouneiher, Charron et al. 2009) and represents 

cognitive information from memory, which is deýcient in SA. Dorsal and lateral PFC notably confronts 

various information to outcomes and, therefore, exerts a cognitive control by ensuring the most 

advantageous choice in addition to some forms of behavioural þexibility (Dixon and Christoff 2014). 

Dysfunction of this interconnected prefrontal network may, therefore, be instrumental in the suicidal 

process by corrupting information acquisition and processing, resulting in impaired decision-making. At 

the clinical level, this would be reþected by negative assessments of life events and the automatic triggering 

of intense emotional responses. It would also be reflected by the inability to control the evoked emotional 

responses and particular negative thoughts (including hopelessness, ruminations and suicidal ideas) and the 

inability to prevent one from choosing to commit a suicidal act over alternative options. 

At a translational level, our ýndings suggest that simple 1.5 T 10-min structural MRI sequences, which are 

relatively easy to implement in clinical practice, are unfortunately not sufýcient to differentiate patients at 

higher risk of committing a suicidal act from non-attempters. Although some measures investigated here 

signiýcantly improved within-sample speciýcity in identifying SA among patients with mood disorders, 

the improvement was not sufýciently large to support clinical application. Advancements in terms of 

acquisition (for example, higher ýeld of multi-morphometric sequences), analysis methods (for example, 

quantitative MRI) or examination of particular subregions, are expected and may also increase accuracy. 

One must keep in mind that patients who attempt suicide are likely a heterogeneous group. Different 

subgroups of SA (and PC) may, therefore, show different structural alterations. This has previously been 

suggested in SA when comparing decision-making performance in patients who committed violent vs. non-
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violent suicidal acts (Jollant, Bellivier et al. 2005), and for resting-state activity in high vs. low lethality 

attempters (Jollant, Bellivier et al. 2005). It may be more relevant in future studies to focus on particular 

subgroups as some have suggested (Kapur, Phillips et al. 2012)ðfor example, those with particular 

neurocognitive alterationsðand to assess the predictive value of neurocognitive alterations in prospective 

studies and clinical trials. This should be tested with the imaging markers revealed here. Our study presents 

several limitations. First, pooled data analysis adds heterogeneity when not designed a priori as a 

multicenter study, due to different acquisition parameters and scanners, which contributes to increased risk 

of Type II errors (Glover, Mueller et al. 2012) but not Type I error, and it does not undermine highlighted 

ýndings. Second, we included moderately to severely ill and often medicated patients to be more 

representative of the general clinical population. This may have added heterogeneity, although several 

clinical factors (including bipolar disorder and medication) were controlled for in analyses. Finally, 

determination of ROIs largely depends on their deýnition and the atlases, and these only partly overlap for 

SBM and VBM. This could explain the lack of convergence in statistically signiýcant results between the 

two analysis methods. Our ROIs were also large in size, which may have reduced our ability to detect more 

localized differences. 

In conclusion, we conýrmed the role of several prefrontal regions in the vulnerability to suicidal behaviour. 

Further research is nonetheless required for the application of MRI in the prediction of suicidal behaviour. 

 

 

 

3.5 Supplementary Material  

3.5.1 Exclusion of participants  

Sample 1, Institute of Psychiatry, London, UK  
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Forty-eight male participants were recruited, but two subjects were excluded due to claustrophobia during 

scanning; moreover, one subject was excluded due to current major depression and one subject due to 

motion artefacts.  

Sample 2, CHU Montpellier, Montpellier, France  

Eighty-nine male participants were recruited. Two suicide attempters were excluded due to claustrophobia 

and data from one patient control was incomplete.  

Sample 3, CHU Montpellier, Montpellier, France  

One hundred and five female participants were recruited. Three healthy controls were excluded due to 

excessive motion artefacts and panic attack. Two patient controls were excluded due to current depression. 

Three suicide attempters were excluded: one due to past head trauma, another due to a current manic 

episode and the third due to current depression. 

3.5.2 Analyses  

SPM8 VBM Analyses  

For this VBM pipeline, structural data was analysed with SPM v.4667 without use of any other Matlab 

toolboxes or SPM plugins. SPM8 new segmentation function was used to segment participantsô T1 scans 

into gray matter, white matter, and cerebral spinal fluid component before applying Diffeomorphic 

Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) to create a study specific template. 

Individual subject data was subsequently normalized to MNI space while preserving tissue amount 

(modulation) such that ultimately modulated tissue volumes are compared. For the detailed step-by-step 

settings we used, see Ashburner (Ashburner 2010). VBM data were smoothed using a 3mm full width at 

half maximum Gaussian kernel based on previous investigations that suggested increased sensitivity for 

smaller kernel size in a larger sample size (Shen and Sterr 2013). 

SPM8 VBM References:  

FreeSurfer SBM  Analyses  

Surface-based morphometry (SBM) analyses were conducted using the FreeSurfer image analysis suite 

(version v 5.1.0) (http://surfer.nmr.mgh.harvard.edu). The technical details and references for these 
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procedures are described in prior publications listed online 

(http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferWiki#References). Briefly, the processing includes 

motion correction (Reuter, Rosas et al. 2010), removal of non-brain tissue using a hybrid watershed/surface 

deformation procedure (Segonne, Dale et al. 2004), automated Talairach transformation, segmentation of the 

subcortical white matter and deep gray matter volumetric structures (Fischl, Salat et al. 2002; Fischl, Salat et 

al. 2004) intensity normalization (Sled, Zijdenbos et al. 1998), tessellation of the gray matter/white matter 

boundary, automated topology correction (Fischl, Liu et al. 2001; Segonne, Pacheco et al. 2007), and surface 

deformation following intensity gradients to optimally place the gray/white and gray/cerebrospinal fluid 

borders at the location where the greatest shift in intensity defines the transition to the other tissue class (Dale, 

Fischl et al. 1999; Fischl and Dale 2000).  

Once the cortical models are complete, a number of deformable procedures can be performed for further data 

processing and analysis including surface inflation (Fischl, Sereno et al. 1999), registration to a spherical atlas, 

which utilizes individual cortical folding patterns to match cortical geometry across subjects (Fischl, Sereno 

et al. 1999), parcellation of the cerebral cortex into units based on gyral and sulcal structure (Fischl, van der 

Kouwe et al. 2004; Desikan, Segonne et al. 2006), and creation of a variety of surface based data, including 

maps of surface area, curvature and sulcal depth. This method uses both intensity and continuity information 

from the entire three-dimensional MR volume in segmentation and deformation procedures to produce 

representations of cortical thickness, calculated as the closest distance from the gray/white boundary to the 

gray/CSF boundary at each vertex on the tessellated surface (Fischl and Dale 2000). The maps are created 

using spatial intensity gradients across tissue classes and are therefore not simply reliant on absolute signal 

intensity. These maps were used to measure surface area and cortical thickness for the relevant SBM analyses. 

SBM data were smoothed using 20mm full width at half maximum surface Gaussian kernel to optimize 

sensitive toward small structural alterations (Lerch and Evans 2005). 

FreeSurfer SBM  References   

3.5.3 Definition of Regions  of  Interest  

3.5.3.1 SPM ROI 
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For all MRI analyses, we performed an a priori region of interest (ROI) approach. Since no single anatomical 

atlas can provide regional definitions in both volume and vertex space respectively used in VBM and SBM 

approaches, similar but not exact matching ROIs were extracted based on the most commonly used atlases in 

each software. 

SPM ROIs are anatomically defined with Anatomical Automatic Labelling (AAL) masks provided by the 

Wake Forest University PickAtlas software 3.0. (http://fmri.wfubmc.edu). This software implemented in 

SPM8 runs ROI analyses voxel by voxel and corrects for the number of voxels within the particular mask. 

Based on the AAL atlas in PickAtlas, we defined eight regions of interest resulting from left and right 

lateralized versions of four pairs of anatomical regions, namely: OFC as combined lateralized orbital parts of 

inferior frontal gyrus (Frontal_Inf_Orb), middle frontal gyrus (Frontal_Mid_Orb), superior frontal gyrus 

(Frontal_Sup_Orb) and medial frontal gyrus (Frontal_Med_Orb); DLPFC as the opercular parts of the inferior 

frontal gyrus (Frontal_Inf_Oper), and the middle frontal gyrus (Frontal_Mid); ACC as the anterior cingulate 

cortex (Cingulum_Ant).  

3.5.3.2 Figures of SPM ROIs 

 

Figure 3.4. Bilateral anterior cingulate cortex regions of interest.  

Yellow: Left. Red: Right 

http://fmri.wfubmc.edu/


73 

 

Figure 3.5. Bilateral pars opercularis inferior frontal gyrus regions of interest.  

Yellow: Left. Red: Right 

 

Figure 3.6. Bilateral middle frontal gyrus regions of interest.  

Yellow: Left. Red: Right 
































































































































































































































