Abstract in English

This thesis presents a series of studies exploring the neurocognitive aspects of suicidal vulnerability us
neuroimaging in both suicide attempters and first degree biological relatives of suicide completers. Througl
systematiditerature review, we demonstrated the association between suicidal acts and structural and functio
alterations in several brain regions. We then examined structural neuroimaging measures in the prefrontal co
of a large sample of suicide attemptarsl hidnlighted significant alterations in the left ventrolateral prefrontal
cortex, independently from mood disorders. Moreover, we showed that the volume of the nucleus accumbens
negatively correlated with the lethality pfevious suicidal actsyhich sugged that this region may modulate

the way suicidal acts are completed. We then used functional neuroimaging and the clasSic&oGask to
examine cognitive inhibition among suicide attempters. Our results suggestghdive control deficits within
suicide attempters, associated with the activaticdheinferior frontal gyrus, thalamus, orbitofrontal cortex and
parietal cortex, are more likely to be staddated than traits. Moreover, wexamired relatives of sicide
completers using a battery of cognitive measures and neuroimaging. We found eweikiog deficits, but no
cognitive control deficits, in suicide relatives who themselves never attempted suicide exbioppatient
relatives with no family historgf suicidal acts and to healthy controls. These results suggest that risky decisior
making could bea transmitted trait within families while normal cognitive control could be protective against
suicide in tkese individuals. Furthermore, we showed thatkyisdecisioamaking in sucide relatives was
associated with significant reduction in ventromedial prefrontal cortex activity during deciaking and
increased activity in precuneus during choice processing. Finally, both outcome processing during decisis
making and angry faces processing (a proxy for social threat) were associated with altered actitagy in
cerebellum among suicide relatives. Overall, our findings strongly support a significant tokevientral (both
medial and lateral) prefrontabrtex buttheyalso highlight a network of brains regions beyond the prefrontal
cortex.Moreover, hey underline the importance and potential heritability of risky decisiaking in suicidal
vulnerability and the possibility that some cognitive defiaitay be states while otlseare traits. These new

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



Abstract in French

Cette thése présente une séie d'éudes explorant les aspects neurocognitifs de laabilitEsuicidaire gra&e a
l'imagerie cédrale ches des suicidants et des apparenté au premier degrébiologique de suicidé. Une revt
systénatique de la littéature nous a permis de montrer une association entre les actes suicidaires et
modifications structurelles et fonctionnelles dans plusieurs r@ions du cerveau. Nous avons ensuite exam
plusieurs mesures de neuroimagerie structurelle dans le cortex prdrontal d'un large &€hantillon de suicidants,
mis en &idence des modifications dans latea prdrontal ventrolatéal gauche, indpendamment des troubles
de I'hnumeur. En outre, nous avons montréque le volume du nucleus accumbens éait corréénéativement ave
la Idalitédes actes suicidaires anté&ieurs, suggé&ant que cette r@ion poumratuler la fapn dont les actes
suicidaires sont exé&utés. Nous avons ensuite utiliséla neuroimagerie fonctionnelle et la t&he classique de Gt
NoGo afin d'examiner l'inhibition cognitive chez les suicidants. Nos ré&ultats suggé&ent que les ddicits de
contrde cognitif chez les suicidants, associé al'activation du gyrus frontal inféeur, du thalamus, du cortex
orbitofrontal et du cortex paridal, sont susceptibles d'ére des traits plus que lié al'éat. Par ailleurs, nous avon:
explorédes apparentd@e suicidé en utilisant une batterie de mesures cognitives et la neuroimagerie. Nous avol
trouv® des d®ficits de prise de d®ci sion, mai s |
jamais tentéellesméne de se suicider, en compara on dbdéapparent ®s de pati e
d'actes suicidaires et de ténoins sains. Ces ré&ultats suggéent que la prise de dé&ision risqué& pourrait &re u
trait transmis au sein des familles tandis que le contrde cognitif normal poavaitun effet protecteur contre

le suicide chez ces individus. En outre, nous avons montréque la prise de d&ision risqué chez les apparenté
suicidés éait associ@ aune ré&uction significative de I'activitédu cortex prérontal ventromélian au ceode la

prise de deision, et une augmentation de l'activitédu precuneus pendant le traitement des choix. Enfin,
traitement des réultats des choix lors de la prise de dé&ision ainsi que le traitement des visages en colé&e (
proxy pour la menace sate) ont ééassocié& aune activittmodifi@ dans le cervelet chez les apparent& de
suicidé. Au total, nos réultats soutiennent un r@e important pour le cortéfcgmtal ventral (ala fois mélial et

latéal), mais mettent é@alement en &idence unseau de r@ions cédrales adeladu cortex prdrontal. lls



soulignent @alement I'importance et I'hné&itabilitépotentielle de la prise de de&ision risqué pour la vulnéabilité
suicidaire, et la possibilitéque certains ddicits cognitifs pourraient des éats alors que d'autres sont des traits.
Ces nouveaux réultats dargissent nos connaissances et nous permettent de proposer une mise ajour de n

modée neurocognitif du suicide.
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Chapter 1 Introduction

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

used inour research.

1.1  Definition
Suicidal behavior encompasses a number of complex adwsedefinition may differ from one study or one
research group to anothéwccording to the revised nomenclature of Sgjtirious Thoughts and Behaviours

(Silverman, Berman et al. 200 %ve will use the following definitions in the present thesiscide or suicide

completionis defined as any act carriedtwith some degree of suicidal intent amith fatal outcomesuicide
attempt refers toany act carriedut with some degree of suicidal intent and without fatal outcaeide
ideation or suicidal ideasinclude thoughts with some level of suicidal intent but without any actingelti;
harm is often used to define acts carriedt with and without suicidal intengndit therefore includesion-

suicidal self injuries.

Suicidal behaviour within the context of this thesis will include attempted and completed suicidetaslf
harmd since suicidl behavioursare clearly delineated from selarm behaviow by the intentional

componenbf endngo n e 6 €Silverinan,eBerman et al. 20)@ or suicidal ideas without acting out.

1.2  Scope of the Problem
According to the Centsfor Disease Control and Preventi@DC)in 2005, suicide hasfar-reaching impact.

Suicide is among the ten leading causes of deathsiwide (!!! INVALID CITATION !l (Hawton and van

Heeringen 2009) accounting for almost omaillion victims annually(Varnik 2019 and an estimated loss of

20.8 to 36.7 million disabilinadjusted life years annual{furray andLopez 2013 Wolfram|Alpha 2013}

According tothe CDC 2010 Cost of Injury Repgttthe overall financial cogter suicide has been estimagtd

! Centers for Disease Control and Prevention, National Center for Injury Prevention and Control. Web-based
Injury Statistics Query and Reporting System (WISQARS).
18
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$1,164499 US dollas, andthe annual combined cost for cumulative lost years of productivity from suicide is
approximately $44 billion US dollars in the United States aloaeubstantial increaseverthe 5 to 8 billon

dollars estimategreviously(Wyatt andHenter 1995Greenberg, Kessler et al. 2Q0Suicide not only leads

to individual suffering, with families and friends left with grief ambearablguestions, but also represents

asignificant financial burden to society.

Unfortunately, we currently lack effective prediction and preventicatesjies(Mann, Currier et al. 2006

Suicide risk currently relies on the sole assessment of multiple-deriographic and clinical risk factors

method withrelatively poormpredictive powefPokorny 1983Goldstein, Black et al. 199Mann and Currier

2007). Improving our understanding of this preventay¢ complex b&aviouris therefore important. The
identification of neurobiological markers and improved modeissuicidal béaviour 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 thoughtf as the tragicend 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, suliniagemd

Cluster B personality disordéhrsenauliLapierre, Kim et al. 200Dumais, Lesage et al. 20Q9cGirr, Paris

et al. 2007 Hawton and van Heeringen 2Q0Moreover, psychological autdps, through proxybased
interviews and medical file assessmenefported thexistence of mental disorders in more than 90% of cases

of suicide(lsometsa 2001 However, it has also been shown that more than @&#fdividuals with mental

disordes will never commit suicidéBostwick and Pankratz 200)Gsuggesting thaa mental disordealoneis

not a sufficient condition for suicidé\dditional factors aremecessarynd suicidal behaviour is inherently

multifactorial
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Over the past decade, a strdggthesis model (Mann JJ 2003), similar to other fields of med{eiaekin and

Abela 200% has been proposed to explanicidal béaviour This model postulates the existence of a
vulnerability to suicidal acts with genetic and early developmental components (notably childhood abuse
interacting with proximal stressful eveétg.g. negativesocial events like maritalconflict or job loss,
depression and other acute statta mental disorder or alcohol abyséann 20033 to increase the risk of
suicide. At the clinical level, this vulnerability revealedin anincreasedsuicidal riskin individuals with
personality traits like impulsivaggressiveessin adolescents and youngudis, or in the propeity toward
hopelessness and pessimi{dmrecki 2009. Another argument is the demonstration that a past personal history

of asuicidal act is significantlpssociated with an increasedkrdd future suicide completiofHorwitz, Czyz

et al. 201%.

The earliest and most replicated known biological riskofa@ssociated with suicidal acts is low 5
Hydroxyindoleacetic acid (5HIAA) levels, the main metabolite of serotonin, in cerebrospinalAkbdrg,

Traskman et al. 197®&ordstrom, Samuelsson et al. 199 addition 5HIAA levelsarerelatively stable at

adult age(Higley, King et al. 1998 which suppors the idea of persistentrait-like alterations. Another

important biologicallterationis the hypefreactivity of the HypdtalamaoPituitary Axis (HPA), one of the

main systera supporting stress respong@éann and Currier 2007 Studies have shown a lack of response

suppression after dexamethasone intake in patients who ultimatelyraheddicide. Both low 5HIAA and
poor responst the dexamethasone suppression test havedssmciated with45 times greataisk of death

from suicideamongindividuals with mood disordef®ann and @rrier 20079. The vulnerability to suicidal

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

in homeostasis and various cognitive procgssed2) a hypersensitivity of the HPA stress axis.

Subsequent studies have explored the biological aspects obsdiaitiesis using a variety of approaches
instance, posiortem brain bank tissue extracts from suicide completers vsclmical populationshave

revealedcellular alterations including astrocytic hypertroggiprresPlatas, Hercher et al. 2014nd glial cell
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density alterations ithe anterior cingulate cortex of suicide completers with alcohol dependgigceher,

Parent et al. 2009genetic and epigenetic alteratiqi@uipponi, Deutsch et al. 20))%r spermine synthase

and oxidaséFiori and Turecki 201)) among othefactors Detailing these findings would go beyond the scope

of this thesis. Howevethese 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 suicic

acts in suicide attemptefgollant, Lawrence et al. 20L1Neuracognition lies at the interface between

psychological and biological mechanisms. There has been increasingstinterunderstanding suicidal
behaviourin terms of cognitive processes using neuropsychology and neuroimaging. We will sunelamze

some of thenost importanfindings

1) Risky decisionmaking, assessedsing economic tasks like the lovgambling Taskor the Cambridge

Gamble Task, has been found in suicide attempgfedtant, Bellivier et al. 20Q5Clark, Dombrovski et al.

2011), notably thee who used violent suicidal meddsllant, Bellivier et al. 2005 Thisfinding was recently

confirmed by a metanalysisof nine studies usinthe lowa Gambling Tas{RichardDevantoy, Berlim et al.

2013. Importantly, risky decisiormaking has been found in euthym{ce. no longer depressedyicide

attempterswhichsuggesttrait-like featuregJollant, Bellivier et al. 2005 Impaired decisiomaking has been

related to genetic variants associated with the serotonergic s{@éent, Buresi et al. 200.7Moreover,

disadvantageous decisiomaking has been correlated with interpersonal difficulties, suggestinthihatay

alsocontribute to classical triggers of suicidalses (Jollant, Lawrence et al. 20P8Also, there is no clear
argument for a link between risky decisioraking anda clinical impulsivity-trait (as measured with

questionnaires) in suicidattemptergJollant, Guillaume et al. 20Q7which suggests that disadvantageous

decisionmaking is notdirectly related to impulsive choices in this populatiétisky decisioamaking in

suicideattempters haalsobeen related ta decreased response of tientrdateral prefrontal cortex during
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risky options(Jollant, Lawrence et al. 20)l8ndto adecreased response of the ventedialprefontal cortex

during reward predictio(Dombrovski, Szanto et al. 20L3This suggests a major role for deficient valuation

processingRecently, social decisieamaking has started to be investigatath the Ultimatum GaméSzanto,

Clark et al. 201 which has demonstrated an inability of kigthality attempters to modulate their decisions

in an unfair context

2) Deficits in cognitive control have also been reported in side attempterg§RichardDevantoy, Jollant et

al. 2013, notably interms ofhigher sensitivity to interference (RichardDevantoy, Berlim et al. 20)&nd

in the context of verbal fluencxmong retrospective psychological autopsy study of suicide completers, most

studies suggest such deficit may be more prominent in certain age or gendeiRjichapgDevantoy, Jollant

et al. 2012. Our preliminary results have not been abledgnitive control deficits among healthy first degree

relative of suicide complete(sloehne, RichardDevantoy et al. 20)Suggesting this may be a more proximal

and state like risk factor to suicidal bel@awui. 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 eslafisuicide completers.

3) Suicide attempters tend to show moremory deficits, from working memory to longerm memory and
more general autobiographical memariiswas confirmed by a recent medaalysis conducted by our group

(RichardDevantoy, Berlim et al. 20)5These 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 ta@RichardDevantoy, Oliéet al. 2018 Reduced autobiographical and letegm

memory may particularly impact the ability to solve problems as past experiensaaidy important for

complex problems.

4) Finally, euthymic suicide attempters showed altered brain restoresgyry faces itheorbitofrontal cortex

and cerebelluniJollant, Lawrence et al. 2008lie, Ding et al. 201p Suicide attempters may therefore present

a particularsensitivity to signak 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 neurocognitivend neuroimagingnalyticalapproach is an attempt to go beyond limited
clinical observatiosand patierdd | nt r © Bgaepresentad nn this thesisieslon this approach and
contributesto the identification or validation of particular neurocognitive impairments in individ uailskabf
suicide. We focuseth particularon two populationsi) suicide attempters, as they are at increased risk of
suicide completiorand can be distinguished from patients with no personal history of suicidal a@) and

relatives of suicide completers, for reasondarpd below.

1.5 Heritability of Suicide Diathesis and the = Concept of Endophenotype
The teritability of suicidal béaviourhas been establishéadroughfamily, twin and adoption studig8rent

and Mann 200p It is estimated that the heritability of suicide reexP0% when accounting for comorbid

disorders. Importantly, transmission of theshawours seerato correlate more with personality traits than
with mental disorders. Beyond personality traitsh#s beensuggested that biological traits could be

transmitted within families, whichrings upthe notion of endophenotypd€ourtet, Gottesman et al. 2011

The endophenotypeonceptis useful foridentifying and quantifing geneticallyinfluenced biological traits.
Practically,in the context of suicideendophenotypeare defined as statandependent, heritable traits that
highly cosegregate with suicidal baviourandthat are found in elevated proportion among +adfeced
members within families of suicide completers. Endophenotyagshed light on important biological traits
of vulnerability, and therefore improve our understandinghefmechanisms uicidal béaviourgenesis
Some of theaforementioned neurocogmi¢ traits could potentially qualify as endophenotypes. This is
particularly the cas#or impaired decisiormaking and sensitivity to social threat, both found in euthymic
suicide attempters. This will be the focus of studies run in close biologicaveslafi suicide completers and

that will be presented ithe following chapters
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1.6 Hypotheses and Objectives

Suicide is a complex phenomenon that requires rdigtiplinary approaches. The focustbfs PhDthesisis

to apply an in vivo neuroimagingapproach to improve our understanding of the neurocognitive deficits
associated with suicidal baviour. To thisend we have investigated bothiside attempters and firskegree
biologicalrelatives of suicide completers, whichagelativelynew approeh in the neurocognitive domain

To reach this general objective, we have examined the structural and functional alteaatimessured by
neuroimagingthat may exist among relatives of suicide completers and among suicide atteWptbesie

had the chnce to access data frdime 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 decisizaking as aendophenotype of suicidal behaviour.
Our specific hypotheses postulate thealthy suicide relatives who themselves never attempted suicide,
exhibit riskier decisiormaking compared to both patiemativesand healthy controls. These behavioural
impairments will be associated with abnormal functional brain activation during the degiaking task
notably in the ventral prefrontal cortebn the same population, we will also assess resgdgasemotional
faces previously described in suicide attengté/e hypothesie that this population will shova similar
sensitivity to social threat. We will therefore have a large perspective on cognitive and emotional traits the
may be heritableyhich will allow us toidentify potentialy protective traits andonfirm vulnerability traits.
Moreover, we will also validate in a large sampfesuicide attempterstructural brain alterations previously
found inthe prefrontal cortex, andve will examinesubcortical structureginally, in an attempt to continue
thedissection of the neurocognitive components of suicidal behaviaurave participated in the analyses of

a neuroimaging study investigating cognitive inhibition in suicide attempters.

Each chapter within the thesis dedicatedo one article investigating specific aspects of suicadated
neuroimaging and neurocognitive alterations. Firgt,conducted a comprehensieview of neuroimaging

literaturerelated to suicidal behavio(€hapter 2to highlightthe currenunderstading of theneurocognitive
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and neuroanatomical b&sof suicidal behaviour. This also allowed us to develop an oahdereereview
database (http://bdsuicide.disten.com) that contains the latest breakdown of neuroimaging studies in suici
behaviour. Ngt, using data already collected in two European samples, we explored potential prefronta
structural alterations as potential markers of suicidal vulnerability in mood disasdegsmultiple analytical
approaches that have never been done b@drapte 3). We have also contributed to a stuthatinvestigaed
subcortical alterations in the same sam@.Q) andthe brain response to cognitive control in deysed
suicide attempters recruited in Montreal.3. Lastly,we will present findings fronthe first ever functional
neuroimagingstudy in healthyfirst-degreerelatives of suicide completers with respect to thelrabeoual
performance 1.2.2, brain response during decistaraking (Chapted), and during the social ealenge

(Chapterb).
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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 world@@f$) accounting for almost one million victims

annually and a significant loss of lfears at the socialtlevel (Murray and Lopez 20133 The current

assessmenfguicide risk primarily relies on assessns@itmultiple sociedemographic and clinical variables
with relatively poor predictive power. Improving our understanding of this preventable yet compde&iobe

iS hecessary.

Suicide is especially elevateanang 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 pengalsiditder(Skodol, Gunderson et

al. 2002 ArsenaultLapierre, Kimet al. 2004 Hawton and van Heeringen 200Moreover, postnortem

studies reported the existence of mental disorders in more than 90% of cases of(suaigidesa 2001

However, more than 90% of individuals with mental disasdeitl never commit suicidgBogwick and

Pankratz 200)) which suggest 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 be associated with an increased risk of suiqidemais, Lesage et al. 2005

Interestingly family, twin and adoption studidgve established thatiicidal béaviouris heritalle (Brent and
Mann 2003, but transmission of thesbéraviours seera to correlate more with personality traits thaith

mental disorders.

These data and others support a stdgsthesis model, which postulate vulnerability to suicidal acts with
genetic and early developmental components (includiidhgod abuse) interacting with proximal stressful

events such asiegativesocialevents like marital conflict or job loss, depression or alcohol giMesen 2003.
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This lower ability to respond adequately to stress is also underlined by numerous studies showing deficie

cognitive functioning, notably disadvantageous decisnaking (Jollant, Bellivier et al. 2005Richard

Devantoy, Berlim et al. 20)3or reduced cognitive inhibitioRichardDevantoy, Gorwood et al. 20112

Decisionmaking deficis have been found in normothymic patients atlistance from their suicidal act in
comparison to patient contrdise. patients without suicidal behaviour but share the same comorbidity pattern)

which suggest this represerga cognitive marker of suicide vulnerability.

Over the past decades, a variety of studies have been conducted to support the concepalufityufriehe

neurobiological level, ranging from biochemigdann and Currier 20070 genetic/epigeneti(Brent and

Mann 2005 Fiori and Turecki 2010and cell morphological studigslercher, Parent et al. 200Blercher,

Turecki et al. 2009TorresPlatas, Hercher et al. 201 The earliest and most replicated known biological risk

factor associated with suicidal acgdow 5-Hydroxyindoleacetic acid (5HIAA) levslthe man metabolite of

serotonin, in cerebrspinal fluid (Nordstrom, Samuelsson et al. 1998ubsequent studies indtarea hae

also investigated serotonergitterations in posinortem studiegMann, Huang et al. 200@nd the genetics

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

(Courtet, Picot et al. 200&€ourtet, Jollant et al. 200%see below for pharmacological neuroimaging studies).

The general hypothesis derived from these findings is a deficient modulation of the prefrontal cortex and oth
brain regions by the serotonergic system, an alteration that may possess sédikec¢hatacteristics including
long-term stability anadtould underlie clinical and cognitive traits including a higher propensity for impulsivity

(Booij, Swenne et al. 2006r risky decisiormaking(Jollant, Buresi et al. 200.7

HypothalamiePituitary-Adrenal (HPA) axis sensitivity has also been implicated in sutidehaviour

(Dwivedi and Coryell 201 Recent data suggests that the HPA response is also inadeasedan inhibition

task in relatives of suicide completdddcGirr, Diaconu et al. 20)(revealing another heritable biological

trait. Serotonergic and HPA systems may synergistically contribute to suicidal bel{&@asepr, 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 mechanigimsecki, Ernst et al. 20} 2Early findings suggest that childhood

abuse may ha/longterm brain effects in suicide victimgarticularlyalterations of the expression of receptors

of the glucocorticoid system in the hippocamfdsGowan, Sasaki et al. 2009

Postmortem studies>@amining the brains of suicide completers and neuropsychological and neuroimaging
studiesof suicide attempters are currently the fopaint of studies thaareincreasng our understanding of
suicidal vulnerability. Narobiological research generalguggestsa model of vulnerability to suicidal
behaviourthat includes aefectiveemotional and cognitive processes associated with a sensitive stress systerm
(e.g. HPA axis)that may partly result from the losigrm effectsof childhood abuse (at least in younger
individuals) andyeneticfactors. 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 behaviguto November 2013 have been included in this review.

An OvidMedline portal search witlthe Medical Subject Heading (MeSH) keywerdi s ui ci de o
Aineur oi maai6agticles.yOf tkeked 13 original articles related to suicide research were retained. A
Scopus portal search with the same keywords yielded 256 grt€ledich 32 original articles related to
suicide research were retained. Additional articles ifledtfrom article references and from our own publicly
accessible online database (http://www.bdsuicide.disten.com) were added. Single case reports, duplicat
reference entries, commentaries, editorials, conference abstracts, unpublished studiegvesdvesg not
included. We only evaluated articles written in English or Chinese. We selected studies involving at least or
of the following groups: suicide ideators (SI), who have seriously thought about suicide but never carried oL
any act;suicide ate mpt er s ( SA) , who have actually csacdei ed

completers (SC), who eventually committed the act of suicide and died. Of all selected studies, most focus:
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on either SA or mixed SA/SI with two studies examining orByl&&fore their eventual suicide. Nsaicidal
selfinjury (i.e. seltharm) was not included in this review unless the article sftbasignificant number of S

or SA. Articles were reviewed by all the authors.

In the end, 69 studies were retained. We brdawn the major categories of the neuroimaging studies that
explored patients with suicidal behavionrthe following way functional studiesTable 1), pharmacological
studies Table 2) and structural studiesTéble 3). Thirty-eight studies investigatedtructural changes
(including eight studies examining whole brain volumetry and morphomidistudies examining regioof
interest volumetry and morphometry, white matter lesions in eight studies or white matter connectivity in five
studies, and two stlies using very novel methodologies). Functional alterations (using MRI, PET or SPECT)
utilizing various tasks were assesse@1rstudies and pharmacological bindindliBistudies. The majority of
studies were conducted in young and mieatjed adults (n=53) and only eight were conducted in

adolescents/children and eightireelderly.

2.4  Limitations
Some common limitationhatapply tothesestudies have to be mentioned. &iss of studies investigated the
same population, resulting apotential overall literature bias froasingle dataset. Second, as it is frequently

the case in neuroscien¢@utton, loannidis et al. 20)3 many studies are underpowered and should

consequently be carefully interpreted considering both Type 1 (with a risk of excessive effect size) and Typ
2 (with the risk of false lack of association) errors. In addition, some results may largely @halgsis

methods usedFocke, Helms et al. 201 Dr choice of variougoften lenient) threshold. Very few studies

applied multtmodal approaches. Third, few studies used the exact same maatlidtisis cannot mnsidered

true replications. Fourth, definitisiof suicidal bé&aviourvary, a classical issue in the suicitiledld. Fifth, not

all groups included psychiatric comorbidity controls without any history of suicidal acts to control for the effect
of related cemorbid disorders. Also, some studied dot clearly delineata life time history of psychiatric

disordersor 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 detec

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 5SHT2A binding with various. ieeldts/e to healthy
controls, Soloff et a(2007) suggested increased binding in hippocampus, medial temporal cortex, occipital
cortex, and lateral orbitofrontal cortex (OFC) in SA with borderline personality disbtdeever,Audenaert
(2000 and Van Heeringen et dR003 suggest decreased binding potential in dorsolateral prefrontal cortex
(DLPFC) inSA with major depression. Meyer et @003 did notreportanysignificant differences. Only one

studyincluded patient controls (P@¥oloff, Price et al. 2007 and no differences between SA and P&ev

reported.

Six independent studies iestigated serotonin transporter binding potential (SHTT \Bi) most positive
findings implicaing eitherthe midbrain or anterior cingulate cortex (ACC). Althoutpe latest result (Nye,

Purselle etl. 2013 suggested an increase in S5SHTT BP in midbrain/pons and putamen area in SA relative tc

HC, previousresults showdconflicting findings Parsey et al2006 reportedaconflicting decreasas 5SHTT
BPin SA vs. HC in midbrain and amygdala among depressed patidnits Nye et al.(2013 andCannon et

al. (2006 bothobsereda SHTT BP reduction in midbrain in SA relative to both PC and HC. As for ACC,
two studies conducted by Cannon et(2D0G 2007 found increased binding in anterior cingulate cortex
(ACC) in SA, mostlycompaedto PC. However, Oguendo et €007, Lindstrom et al(2004 and Ryding

et al.(2000 did notfindany significant differences in SA relagito mostly HC control groups. Lastseveral

studies(Cannon, Ichise et al. 2000quendo, Hastings et al. 200Bah, Lindstrdn et al. 2008examined

serotonin transporter polymorphisms and suggkanassociation between specifiieles (e.g. S allele of5
HTTLPR and 12 repeat allele of STin2) and lower 5SHTT BP in multiple brain regions in a subset of SA reportec

previously(Lindstran, Ryding et al. 2004Ryding, Ahnlide et al. 2006
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Finally, only one studyLeyton, Paquette et al. 200&valuated serotonin synthesis by examining radioligand

trapping in serotonin synthesis pathwayhe studyound decreased serotonin synthesish@medial OFC

and increased synthesis time right paracentral lobule, left thalamus, left middle occipital cortexd 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 midodiA@C 5HTT BP mighbe the most
prominently suggested results based on the existing studies. However, this effect is not perfectly replicated
delineatedso itmay be more attributable to the effect of depressissuggested by Parsey e{2006, with
elevated differences between SA and HC. Overall, the support for a deficient serotonergic system in suicid
vulnerability in pharmacolgical neuroimaging studies is relatively weaker compare to HIAA studies.
However, his could largely be related to limitations in the desigmpower 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 metmnalyses and review, a series of replicated neuropsychological deficits has been

demonstrated in patients with suicidal behaviour compared to cofRRiolgard Devantoy, Berlim et al. 20).3

Notable deficits include disadvantageous decisi@king (mainly measured by the lo@ambling Taskand
reducel verbal fluency and cognitive control. The evidence of cognitive inflexibility (as tdstetthe

Wisconsin Card Sorting Test) among first degree euthymic relatives of suicide com({et@is, Jollant et

al. 2013 further strengthesithe plausibility of some cognitive deficits being heritable. Moreover, it has been
reported that decisiemaking deficis and deficient cognitive control do not shawvstrong correlation

(RichardDevantoy, Olié et al. 2018 which suggest that they may synergistically, yet indepentign

contribute to suicidal behaviour.

The advent of wider applicatisf MRI within the past two decadéss complemented earlier PET/SPECT

functional studies by providingnhaned temporal and spatial localizatieiiHuettel, Song et al. 200®f

specificfunctional alterations that may be associated with aforementionedadwugiderabilities.
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2.5.2.1 Impaired decision -making
Impaired @cisionrmakingis one ofthemost replicated defigtobserved among SA from adolesce@sdge,

McBeeStraer et al. 201Pand adultgJollant, Bellivier et al. 20050 the elderly (Clark, Dombrovski et al.

2017). Two recent studies specifically examined decigmaking processsin SA using the identical fMRI

modified lowaGambling Task(Lawrence, Jollant et al. 20P9Jollant et al (2010 observed a net score

difference between SA and both control grolgsinga region of interest (ROI) approach, stadiesshowed
areduced ativation intheleft lateral OFC and occipital cortex in SA comght@ PC in the contrast between
risky and safe choices. This contrast was correlated with final performance suggesting a significant role of ris
encoding in the OFC in modulating choicasthis population. This result has been partly replicated (with a

more medial part of the OFC) in an independent sfGdig, Ding et al. 2016 Overall, the OFC seems to play

a major rolen disadvantageous decistiomaking in SA, possibly througideficient ability to valuate abstract

risk.

A study in adolescent SA was not able to show the same effect, most likely because most adolesce
participants were unable to finish thetdaportion of the task. A different contrast was examitiedlooked

at risky choices or safe choices alone and their respective activation differences across adolescent groups.
authors reported reduced activatiortheright thalamusf SA in risk choces compared to PC and increased
activity intheleft caudate compared to HC. However, the lack of data regarding the last part of the task whei

preferences are formed limathe interpretation of these findings.

2.5.2.2 Reduced cognitive control/ inhibition

Dombrovski et al(Dombrovski, Szanto et al. 20jl8valuated reversal learning in an elderly population. They

observed a lack of resporseexpected reward themedial OFC. Mattews et al(2012) utilized astop signal
task to demonstrate elevated activatpongsuicide ideators ithe bilateral DLPFC and supramarginal gyrus
during error trial, in addition tohe left ACC, precentral, and superior temporal regidnsan adolescent

population Pan et al(2011) observed a reduced activationtire right ACC in SA relative to PC during the
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classicalGo-NoGo inhibition task. Willeumieur et g2011) and Amen et al2009 retrospectively examined
motor inhibition in individuals who later committed suicide usthg continuous performance task. They
observed global perfusion reduction in SC relative to HC aitiuch smaller reduction in S@lative toPC,
whichsuggestmainlyadecreased activation theleft DLPFC, right temporal, parietal regions ajbtential

increase only itheright ACC, cerebellar and occipital regions in SC.

The most commonlymplicated regionstherefore involve boththe DLPFC and ACC. A plausible but
preliminary explanation based amearlier experiment examining cognitive controHE suggest that the
DLPFC may be moramplicated in themplementation of contraheural retworks while the ACC may be

moreinvolved witherror detection and resolutioalated brain circuifMacDonald, Cohen et al. 2000t is

vital to mindful of the limitation with regard to the imaging paradigms and the findings does not preclude thest
regions from being part of other neuratwerks 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 havadescored the central role of mental pain in the suicidal proq€iee,

Guillaume et al. 20001n addition,a higher sensitivity to social rejection is suspected from the high frequency

of personality disorders among suicMetims. Reisch et al2010 explored the neural basis of mental pain

in female SA using individualized suicide related scrifteey observed reduced activity ithe medial
prefrontal cortex (PFC) in suicide and mental pain ssaptl increasd activation inthe parahippocampal
gyrus, occipital, temporal regions and cerebellum. Jollant @Gfl8 conductedasimple gender identification

task based on Ekman faces and noted an increased activation in angry (but not happiralfaces in SA
relative to PC irtheright lateral OFC, cerebellum amddecrease itheright frontal gyrus. Pan et al. (2013)
used the same task in adolescents and reported stronger activdtienight ACC and temporal regions in
response to lesstense angry faces in SA vs. PC and reduced connectivity to insular regions compared to bot

control groups.
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Of note, both studies using Ekmandés faces found
value attribution (OFC) andonflict monitoring (ACC) angmore generallyin social rejectior{Eisenberger,

Lieberman et al. 2003Mental pain maylsobe related to dorsomedial PFC processing.

2.5.2.4 Reduced verbal fluency

Two studiegAudenaert, Goethals et al. 20@2quendo, Placidi et al. 20p®oked at verbal fluency in SA,

with Oquendo et al. comparing high vs. low lethality attempters at rest, while Audenaert et al. compared S,
to HC during performance of the verbal fluenctask. Even though both studies did not use thmesa
methodology, they suggest similar findingf decreased regional perfusion in DLPFC and ACC regions.
Oquendo et al. founal greatedecreasamonghigher lethality SAwith the activity of these regions positively
correlatedo task performance. Audenaert et al. ndtet ACC activitywasdecreased in SA compart® HC

during both categorical and letter fluency task.

2.5.2.5 Correlation with  suicidal lethality and intent

Oquendo et al2003, in a resting state PET studgund activity in dorsomedial and dorsolateral PFC regions
to be correlged with suicidal intent and lethality. Thigaspartially replicated by Sublette et §2013 from

the same groufhatshowed anegative correlation betwedmeright medial OFC, DLPFC with suicide intent.
Interestingly, analyses showed thathlality was mediated by both impulsivity (negatively) and intent
(positively). In addition, both studies sugg#sat reduced activity in SAvas exacerbated by fenfluramine
challenge, suggesting a role for serotonin modulation. Overall, while replicati@eded, it is suggestdtat

dorsal PF(laysa rolein forming suicidal intent and processing action.

2.5.2.6 Other functional neuroimaging studies
One research group has replicated studies @simgentical motor activation task in mood disordered patients

(Marchand, Lee et al. 201Marchand, Lee et al. 201R®larchand, Lee et al. 201Blarchand, Lee et al. 2013

Given the application oan identical task paradigm and similar study designs, they replicated faiing
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suicidal behaviouassociatd with putamen activitiesand implication of altered functional connectivity of

precentral gyrus to globus pallidui3LPFC and posterior cingulate cortex (PCC).

Divergent findings have been reported using multiple modalities to egadisting state activity and perfusion.
Foutoudakis et al.(2009 noted no differences with PC the elderly, while Amen at al(2009 observed
widespread reduction in perfusion matkiring resting state. Soloff et §2000 also noted reduced perfusion
in multiple regions including temporal, frontal aindular regions. Sublett et #2013 replicatecthe previous
findings of Oquendo et a2003 that showed an exacerbated response the DLPFC and reduced
hyperperfusion irtheleft vmPFC, ACC when comparing SA with PC after fenfluramine challeRrge et al
(2013 revealed the amplitude of lefkequency fluctuationin ventromedial PFQiniquely reduced in SA

compared to PC.

Very few studies have explored effective connectivity between anatomical regions. The only study that ha
achieved that in the context of suicidal neuroimaging studigsasg et al(2013 which revealed altered
connectivity between medialHZ and PCCThis area of researaxploring network properties of the brain
regions isexpected to reveal more interpretable findings as we shift our paradigm from regional specializatior

to networkperformance

2.5.3 Structural neur oi ma gii mpglmaders of suicid al behaviour?

Another majolarean neuroimaging exploration is structural neuroimaging. Although functional neuroimaging
may be very informative, these studies often utilize complicated tagiedict the risk of suicide in a given
patient althoughthese tasks mayot be easily implemented in future clinical practi®&uctural 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 numberof studies have explored volume differences, frequently after accounting for global brain sizes (e.g
via modulation in VBM or cevarying for brain size). The OFC has shown relatively consigjeay matter
volume reduction in severalusties and different populations compared to control groups. In five of the eight
whole brain volumetric and morphometric neuroimaging studies, reducedy@ly@atter (GM) volume in

SA was found in schizoaffectiy&iakoumatos, Tandon et al. 2Q18epresse@Vagner, Koch et al. 2011

Wagner, Schultz et al. 20}, Zchizophreni¢Aquilar, GarciaMarti et al. 2008and bipola(Benedetti, Radaelli

et al. 201]) patients. Also, for every study that includbe OFC as a region of interest in their ROl analysis,
it was possible to show a significant difference between SA and PC: fronfekigiity attemptergSoloff,

Pruitt et al. 201, current S(Caplan, Siddarth et al. 20j1@ depressed S@onkul, Hatch et al. 20070nly

one study(Risch, Spoletini et al. 2008 which evaluated white matter (WM), observadvatedbilateral

posterior OFC volume.

Another key region that has been consistently replicated is the Di#teSevolume has been frequently

reported to be reduced in SA compmhte PC(Benedetti, Radaelli et al. 201\Wagner, Schultz et al. 2012

Giakoumatos, Tandon et al. 2013owever, the only ROI analysdéisat involved DLPFC did not report

significant differences between Sl and R&plan, Siddarth et al. 201.0rhis 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 alteraidersedetti, Radaelli et al. 201\Wagner, Koch

et al. 2011 Wagner, Schultz et al. 20L2However, of the three ROI studies that examihed\CC (Matsuo,

Nielsen et al. 201.0Goodman, Hazlett et al. 201%oloff, Pruitt et al. 2012 only Goodman eal. reported

reduced GM volume between a mixed group of SA and patients whloesgied and HC.

Finally, temporal regions, although more broadly and less clearly defined (potentially bordering superiol
temporal and supramarginal temporal junctions) heeen implicated in several whole brain studlésang,

Lee et al. 201Benedetti, Radaelli et al. 200Wagner, Schultz et al. 201@iakoumatos, Tandon et 2013,
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which showed reduced volume compared to PC. Caplan e(28110 is the only ROI studyhat examired

temporal regions and showed elevated GM volunthetemporal lobeof 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

Jiaet 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 tatmmtialamus and OFC. This corresponds
well with Mahon et al .nmheORCeffA(2012 andfLopeze d us ed podrt f & L
of increased thalamic volume and increased diffusivity alterg#ioh3. However, the different directigrin
diffusivity are not well understood. Yurgehirodd et al.(201]) 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 v§ieBE€ leBions

were even found to predict future suicidal acts in elderly depressed p#&BeantsEricsson, Hames et al.

2013. The hyperintensities found on T2 sequences mainly concern periventfictulich, Noam et al. 2003

Ehrlich, Noam et al. 2004nd deep white matter hyperintensitigspez, Becker et al. 199Ehrlich, Breeze

et al. 200%. 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 withriestof suicidal behaviour across
diverse comorbidities (yet mainly mood disorders), neuroimaging modalities, and paradigms. These studie
globally support the streghathesis model described the introductionby highlight numerous anatomical,
functioral and pharmacological findings suggesting trait/diathesis like alterations uniquely exhibited amonc

suicidal populations. Thigdds interesting new directions for the understanding of these complexioeis.
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Several cognitive domains were foundehibit potential deficits in preliminary functional neuroimaging
studies, namely decisiemaking, cognitive control, social rejection sensitivity and verbal fluency. Brain
regions implicatedvere mainlythe OFC, DLPFC and ACC (and several other regiocisiding the temporal

cortex and swgortical nuclei).

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

2006 and receptor bindingSoloff, Price et al. 20Q7in in vivo pharmacological neuroimaging studies. In

addition, several structural neuroimaging studies have slgoaymatter impairmentéMonkul, Hatch et al.

2007 Agquilar, GarciaMarti et al. 2008 Benedetti, Radaelli et al. 201%oloff, Pruitt et al. 201L2Waamer,

Schultz et al. 201;2Giakoumatos, Tandon et al. 2Q0Mith arguments for transnosographic features. Some

studies also revealed white matter alterations in both regional and diffusion appri@sbles, Siddarth et

al. 20109 Mahon, Burdick et al. 201dia, Wang et al. 20)3There is alsa preliminary report of resting state

differenceqFan, Wu et al. 20)3Finally, functional imaging has linked this region to risky decisiaking

(Jollant, Bellivier et al. 20Q5Jollant, Lawrence et al. 20)l@nd deficits in processing negative social feedback

(Jollant, Lawrence et al. 200&ichardDevantoy, Guillaume et al. 20)3further reinforcing our earlier

assumptior{Jollant, Lawrence et al. 2@) 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 binngienaert, Van Laere et al. 2Q04an Heeringen,

Audenaert et al. 2008 supported by multiple structural neuroimaging stu(Besiedetti, Radaelli et al. 2011

Wagner, Schultz et al. 20;1Giakoumatos, Tandon et al. 2Q1Bunctional studies fther suggest that DLPFC

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

decisionmaking(RichardDevantoy, Oliéet al. 201Bsugges their independent (and potentially synergistic)

contribution to suicidal riskandthis is congruent with the observation thhe ventral and dorsal PFC serve

different functions, notably valdeased decisiemaking and cognitive contr@Glascher, Adolphs et al. 20112
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Lastly, we also obsengeserotonin transporter alterations time ACC as well asgray matter alterations

(Cannon, Ichise et al. 2006€annon, Ichise et al. 200Benedetti, Radaelli el.a2011 Wagner, Koch et al.

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

(MacDonald, Cohen et al. 2000ts alteration in cognitive control tasks, verbal fluency ¢asid social

emotional processing suggedtmay play a role inhigher order process monitoririhe ACC may integrate

and resolve conflictBush, Vogt et al. 200Zrom multiple inputs including botthe OFC (where social and

risk emotional weighting are applied to stimuli) and DLPFC (where inhibitory sigrahly come from). One
possible role othe OFC could be to provide a very raw unfiltered stimuli weightiagdthe DLPFC could

of fer a @Ar at i oThaOFG defici ih valia attributign (fiom gxeessive inputs in social signals
of rejection to insufficient inputs in abstract risk) may hgeeat contirbutioron the finalsuicidalbehaviour
outcome In addition, the OFC makes the link with social life, a major component of triggering of suicide crisis

(Foster 201}

We would like to stress that suicidal behaviour most likely re$udtn a distributednultifactorial complex
deficit that cannot be grossly simplified to just a handful of brain regions. What we have presented her
represerd the most commonly replicated and discovered findings in surelsiearcho date but, given the
heterogeneity ofigcidal behaviour, this proposal and our interpretation has limited applicatbilitsequires

much more irdepth testing and development.

2.6.2 Future directions

More neurocognitive investigations are necessary. Future studies should comprehensively potiuate
structural and functional deficits to improve our ability to model suicidal behaviour. Distinguishhggauyis

of patients on the basis of their neurocognitive prefilgll be necessary tgromote moreefficient

interventions. In addition, crosaodal validation(Mahon, Burdick et al. 20)2r analytical replicatior{Jia,

Huang et al. 201,0NVagner, Schultz et al. 2012a, Wang et al. 20} ®romises to improviheinternal validity

of study findings ando ensure consistent findings. Longitudinal stud{@snen, Prunella et al. 2009
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Willeumier, Taylor et al. 201;3SachsEricsson, Hames et al. 2018ill offer glimpsesinto the true predictive
power of neuroimagingalthough 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 preventir

suicide, which ishe ultimate goal of suicide research.
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2.7

Tables?

Table2.1. FunctionalNeuroimagingStudies

25HT: serotonin

DA: dopamine

BOLD: blood oxygenationeveldependent
MRI: magneticresonancémaging

T: tesla

CT: computedomography

ROI: region of interest

SPECT: single-photonemissioncomputedomography

DTI: diffusion tensorimaging

SC: suicide completers

SA: suicide attempters

Sl: suicide ideators

PC: patient controls

HC: healthy controls

MDD : major depressivalisorder

TBI: traumaticbraininjury

ADHD: attentiondeficit / hyperactivitydisorder
PTSD: posttraumaticstressdisorder

MADRS: MontgomeryAsbergdepressiomatingscale
MCC: multiple comparison correction

HAMD / HDRS: Hamiltondepression ratingcale
BDI: Beckd depressionnventory

YMRS: Youngd maniaratingscale

PANNS: positive andnegativesyndromescale
R: right

L: left

BA: Brodman area

vmPFC: ventromediaprefrontalcortex
DLPFC: dorsolateraprefrontalcortex

ACC: anteriorcingulatecortex
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Study Method Population Main results Comment / Limitation

Task BasedFunctional Studies: Inhibition

Dombrovski et al. 2013 - 3T MRI -20 HC, 18 PC, 15 SA - SA: no paralimbic response to high expected reward. - some clinical data missing
- probabilistic reversal learning task - medicated, most participants during major - SA < PC: response to expected reward in vmPFC. - sensitivity analyses were conducted
- ROl approach (vmPFC) + whole depressive episode (HDRS > 7) - SA + PC: weak paramlimbic activity is correlated with: 1) - correlation analyses not specific to SA
brain analyses. - elderlymales and females (41.5% female; SA ac ignoring negative feedback after resal; 2) bet against odds,
65.9 £6.3) non-planning impulsivity, 4) impulsive/careless problem
solving, 5) poor attempt planning
Matthews et al. 2012 -3TMRI -13 PC, 13 SI - similar between group performance - well-matched groups
- stop task (error processing, self - combat war veterans with at least depression, - Sl > PC during error trials in middle frontal gyrus, - no HC group
monitoring, inhibition) PTSD, mild TBI, mostly medicated and currently supramarginal gyrus, L ACC, R precentral, STG - multiple comorbidity
- whole brain analyses depressed
- adult males only; Sl age: 29.5 +4.7
Pan et al. 2011 - 3T MRI -14 HC, 15 PC, 15 SA -PC > SA: R ACC in Go/NoGo vs. Go response blocks - circularity in ROl analyses
- Go/No-Go task (inhibition) - mostly medicated and currently depressed -PC > HC: Linsula - same population as Pan et al. 2013
- wholebrain analysis - adolescent males and females (73% females; S, - no difference between SA and HC
age: 16.2 +0.8)
Willeumier et al. 2011 - [99m]TC HMPAO SPECT -27 HC, 36 PC, 21 SC - SC < PC: diffuse cluster at frontal, temporal, parietal areas - extended population from Amen et al.
- Conner's continuous performance - some depressed at time of SPECT (12 SC), mos uncorrected P < 0.01 2009
test (motor inhibition) medicated - SC< HC: significant differences across the branain regions - only study withcompleters
- whole brain perfusion evaluation - adult males and females (23.8% females, SC ac from factor analysis were the superior frontal lobes, R - numerous comorbidities in SC incl. bipol
- suicide completers data extracted 35.9 +14.0) precuneus, rolandic operculum, postcentral gyrus and left and unipolar disorders head trauma, ADH
from a databasef over 64 000 cases caudatéthalamus drug use
Amen et al. 2009 - [99m]TC HMPAO SPECT -12 HC, 12 PC, 12 SC - at rest: SA > PC in R temporal, frontal, cifege, parietal, - populdion partly overlap with Willeumier
- Conner's continuous performance - mostly medication free (9 PC, 8 SC) but depress insular and occipital cortex (strongest at temporal parietal); et al. 2011
test (motor inhibition) (BDI 27) < HC all over the cortex in general - only study with completers
- whole brain perfusion evaluation - adults males and females (25% females; SA age - during task: SA < PC in L frontal, R medial temporal lobe, - lenient imaging statistic threshold
- suicidecompleters data extracted 33.8 +13.6) thalamus; SA > PC in R ACC, L cerebellar pyramid, R occig - all righthanded
from a database of over 64 000 cas Lobe - mean suicide delay: 9 month after

- patients matched for disorders; all group
matched for age and gender

Task Based Rkinctional Studies: Verbal Fluency

PCC: posteriorcingulatecortex

STG: superiortemporalgyrus

SMA: supplementarynotor area

OFC: orbitofrontal cortex

GM: graymatter

WM : white matter

WMH : white matter hyperintensities
DWMH : deep white matter hyperintensities
PVH: periventricular hyperintensities
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Ogquendo et al. 2003 - 18~FDG PET (rCMRglu) with - 16 highlethality SA, 9 lowlethality SA - verbal fluency positively correlated with ROI2 -no HC or PC group
placebo on first session, and - unipolar depression, medication free (14 days), - high-lethality SA < low lethality SA in both ROI1 and ROI2 - circular analyses with regard to ROI cho
fenfluramine on second day (single depressed (HAMD 20) - this difference is increased by fenfluramine mechanism
blind design); - adults males and females (62% females;:low - suicide intent negatively correlategth ROI1; suicide lethality - small group of low lethaty SA
- verbal fluency task lethalty SA age=30.4 +8.7, higlethality SA =42.9 negatively correlated with ROI2; lethality suggested to be
- ROI1 (ACC, BA32; medial frontal +10.4) mediated by intent; impulsivity positively correlated with RO
gyrus BA8) and ROI2 (ACC, BA24;
and R superior frontal gyrus BA6)
determined as the clusters with
highest perfusion signal
Audenaert et al. 2002 - [99m]TC-ECD SPECT - 20 HC, 20 recent SA (< 7 days) - taskperformance: SA < HC for both - no PC group
- verbal fluency task (either categor - unipolar depression, medication free (six weeks) - category fluency: SA < HC in L inferior frontal gyrus (BA10 - random division of 2 x 10 SA subgroups
fluency or letter fluency) depressedHAMD>21) R inferior parietal gyrus (BA40) and R ACC (BA24/32) each completing either task
- whole brain cerebral perfusion - adults males and females (60% females; SA me - letterfluency: SA < HC in medial temporal gyrus (BA37/39), - figure statistical threshold not consistent
analyses age: 31.5 £7.6) R ACC (BA24), R hypothalamic region with text

Task Based Functional Studies: DecisieGmaking

Pan et al. 2013 - 3T MRI -13HC, 14 PC, 15 SA -SA > PC, HC in IGT performance - last 40 trials (60 to 100) not analysed du
- lowa Gambling TasKdecision - some medicated (6 PC, 10 SA) and some - Trial 21-40: PC > HC during safe choices in midtéenporal to too many dropouts, limited to decisions
making) participants are depressed. gyrus, hippocampus; PC > HC for risky choices in under uncertainty
- whole brain analyses - adolescent males and females (54.8% females; hippocampus; PC > SA for safe choices in hippocampus - may be underpowered for IGT

age: 16.2 +0.8) - Trial 41-60: SA < PC for risky choices in R thalamus; SA - SA shows stronger symptom, netll-
HC for safe choice in L caudate; PC > HC for safe choice ir matchedwith PC
hippocampus - modified IGT version for fMRI
- same population as Pan et al. 2011

Jollant et al. 2010 -1.5T MRI -15HC, 12 PC, 13 SA - SA < PC, HC: lower IGT net scores - well-matchedPC and SA
- lowa Gambling TasKdecision - mostly medication free (10 SA, 11PC), and all - SA < PC for risky vs. safe chues in left lateral OFC (BA47) - assessed distant from suicidal act
making) euthymic (HDRS < 7) and occipital cortex (BA19); - PC group includes both with and without
- 5 ROls for risky vs. safe contrast il - adult males only; SA mean age 38-&9 - no BOLD difference for wins vs. losses suicidal ideation
lateral OFC, ACC, occipital cortex; - no correlation with suicidal variables - all right-handed

13 ROIs for winsrs. losses contrast.
ROlIs defined from contrasts in HC

- 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 andlisinhibition)

- ROI: R posterior cingulate

-40 Sl - R PCC differ between MDD and BPII - both groups show elevated suicidal

- 14 with bipolar Il, 26 with major depressive - R PCC connectivity associated with suicide ideation and ideation

disorder, medication free (3 months), depressed depression severity, only in MDD: 1) with L precentral mid, - overlap with population from Marchand ¢
(mean MADRS = 25) inferior frontal gyri, 2) with R midfrontal gyrus al. 2011

- young adults males and females (12% females;
MDD Sl age: 27.8 $5.0, BP Il Sl age: 2918.1)

Marchand et al. 2013

- 3T Siemens MRI

- motor activation paradigm (motor
behaviour andlisinhibition)

- Task used for ROI selection, seco
analysis run for functional
connectivity analyses: ROI1: L
middle frontal gyrus

and ROI2: R precentral gyrus

-21HC, 13 PC,7 SA - SAvs. PC: no task performance differences - selfharm/suidde attempt mixed
- status: medication free (3 months), euthymic (m - sel-harm/suicideattempt associated with greater connectivi - no clear separation between SA/PC grot
MADRS = 2.2) between ROI2 to L globus pallidus in terms of study design and analyses

- young adults males only, mean age: 27.5 +4.0 - SA+PC < HC: 1) connectivity from ROI1 to L parietal, R - control for first degree relative with no
frontal, B temporal, putamen; 2) connectivity from ROI2 to mental disorder
cerebellum, ACC, R frontal, temporal cortex - corrected for physiological artefacts
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Marchand et al. 2012 - 3T MRI -17PC,5SA - suicide ideation: L Putamen émterior CMS, R putamen - no HC group
- motor activatiorparadigm (motor - unipolar depression, medication free (3 months) - selfharm L Putamen to L inferior parietal lobule; R primary - no group contrast

behaviour and disinhibition) depressed (MADRS > 26) sensory cortex - very few SA to run correlatiowith history
- ROl approach: putamen - adult males only; patient age: 28.1 £5.1 - activation of both putamen correlated with history of-belfm of selfharm
- correlation design - accounted for physiological artefacts froi

heart rate and breathing rate

Marchand et al. 2011 - 3T MRI - 19 HC, 16 bipolar Il patients - suicidal ideation negatively correlated with L putamen - no report of history of suicide attempt
- motor activation paradigm (motor - medication free (3 weeks), depressed activation, depression severity positivelyrrelated with L - dissociable components of brain activati
behaviour and disinhibition) (MADRS=27.5, YMRS=2.8) thalamus, precentral activation associated with depression severity and £
- ROI: Putamen as seed to evaluate - adult males, SA age: 32.9 #.5 - only righthanded

striatal and cortical midline structure
functional connectivity

Task Based Functional Studies: Rejection, Mental Pain

Pan et al. 2013 -3TMRI -15HC, 15 PC,14 SA - no task performance differences - same population asahofPan et al. 2013
- Ekman faces task - many medicated (7PC, 9SA), few depressed (1F - SA > PC: R ACC, L DLPFC, R mid temporal gyrus, bilater: - median time since last attempt: 26.1
- whole brain analyses 3SA, BDI 20) primary sensory cortices (50% angry) - canonicaHRF
- functional connectivity analyses - adolescent males and females (56.8% females); - SA > HC: L primary sensory cortex - movemenfparameter covariated
based on R ACC age: 16.2 +0.8 (50% angry) - covariated for age
- SA < PC: L fusiform gyrus (neutral) - psychophysiological interaction
- SA < HC: R ACC, L meidl frontal cortex (neutral) - LOTS of analyses
- SA < HC: L primary visual (100% happy) - SA: median time since last attempt: 26.1

- SA < HC, PC: R ACC to B insula functional connectivity ~ (SD 29.1) months
(50% angry, PPI)

Reisch et al. 2010 -1.5T MRI - 8 recent SA (< 30 days) - suicidal < neutral script in medial PFC (BA 6, 10 and 46) - within four weeks of suicidal act
- suicidal script listening (neutral, - most medicated (7 SA), depressed (BDI = 26.8) - suicidal> neutral script in parahippocampal gyrus, cuneus - all right-handed
mental pain, suicidal acts) - adult females only; mean age: 38.5 +13.1 (BA19), middle temporal gyrus (BA4) and cerebellum - small sample size
- ROIs: L middle frontal gyrus, L - suicidal > mental pain script in medial PFC (BA6), ACC - all attempted suicide via overdosing
medial PFC (BOLD change only) (BA32) and hippocampus
Jollant et al. 2008 -1.5T MRI -16 HC, 14 PC, 13 SA - 100% angry vs. neutral faces: SA > PC in R lateral OFC - well-matched PC and SA
- Ekman faces task (attention to - mostly medication free (13PC, BA) and all (BA47) and SA < PC in R superior frontal gyrus (BA6) - assessed distant from suicidal act
gender; neutral, angry and happy euthymic (HAMD 7) - 50% angry vs. neutral faces: SA > PC in R cerebellum - PC group includes both with and without
faces; two intensities: 100 and 50% - adult males; mean age = 40.3 +11.3 - 50% happy vs. neutrédces: SA < PC in R cerebellum and suicidal ideation
- whole brain analyses SA>PC>HCinRACC - all right-handed
- no correlation with suicidal variables - no differerce in gender recognition and

reaction time suggesting no attention defi
- same population as Jollant et al. 2010

Resting State / Perfusion / Other Studies

Sublette et al. 2013 - 18FFDG-PET -16 PC,13 SA - placebo: SA<PCin RDLPFC; SA>PCinL - mixture of prospective SA, past SA, past
- perfusion (rCMRglu) - medication free (> 14 days), depressed (HAMD : vmPFC/posterior medial OFC), L ACC, caudateapuen and prospective SA (+2 vears
- resting state with placebo, then  16) -FEN: SA< PC in B DLPFC; } wel?conptrolled rou( s Y )
fenfluramine - adults males and females (65.5% females), SA ¢ - R medial OFC, R DLPFC negatively correlated with suicidi _ small sample sigze p
- whole brain analyses 36 +11.5 intent P

-no HC
- overlap with subjects fra earlier Oquend:
et al. 2003 study
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Fan et al. 2013

- 3T MRI
- resting state
- ANOVA derived fMRI ROls:

-56 HC, 9 PC, 27 SA
- medicated (2&A, 3 PC) and depressed
(HAMD>17)

- Most prominent results in ANOVA is the R vmPFC regions - small PC group.

with SA, HC < PC

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

R parahippocampal gyrus, R ventra - adult males and females (56.5% females; SA ag SA > HC in L ACC, L angulagyrus; SA, HC < PCin R
parahippocampal gyrus, R ventral medial frontal cortex, L A groups

medial frontal gyrus, L ACC, L
middle occipital gyrus, R STG; L
angular gyrus.

34.4 £12.9)

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

- vmPFC changes may be more likely
related to PC alteration
- ROI not defined independentlyoin

Zhang et al. 2013

- 3T MRI

- 15 HC, 14 high suicide risk, 19 low suicide risk

- N-back task (working memory): 2 - schizophrenia, mostly medicated
back vs. baseline used for analyses - young adults males and females (50% females,

- whole brain analyses

- suicide risk defined by the
Schizophrenia Suicide Risk Scale
- dynamiccausalmodelling (DCM)
was used: five modetsonsidered

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

- No difference in task performance

- HC < high rik: 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 include
- only study using DCM analyses

- circular SVC analyses on previously
already liberal statt&al threshold

- results mainly related to patient status m
than suicide risk

also Amen et al. 2009
(detailed above)

Fountoulakis et al. 2004

- [99m]TC HMPAO SPECT

nucleus and globus pallidus, B

- sample size: 50 patients including 13 SA (5 rece SA vs. PC: No betweegroup difference
- ROIs (cerebellum, thalamus, caud SA, 7 lifetime SA)

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

frontal, Bparietal, B temporal lateral - adult males and females (70% females; suicide

medium, B occipital ROIS).

ideator age: 37 +15.0

- multimodal approaches with several othe
physiological measurements in addition tc
SPECT imaging.

- SPECT analyses details missing

Soloff et al. 2000

- 18RFDG PET

- coregistered with T1 MRI
- fenfluramine challenge

- whole brain

- 8 HC, 5 patients including 4 SA + 1 saefiutilation

Day 1: Placebo

- borderline personality disorder medication free (: - HC > SA:L temporal lobe; L superior temporal gyrus, R

months+), euthymic

frontal lobe, insula

- young female adult (yet comparing with a mixed Day 2 vs. Day 1:

gender HC group), SA age: 28.4 £10.1

- 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,
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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Table2.2. Pharmacological Neuroimaging Studies

Study Method Population Results Comment / Limitation

5HT2A Receptor

Soloff et al. 2007 - [18F] altanserin PET with 1.5 GE MRI -11HC, 2 PC,12 SA - BPD SA > HC inhippocampus, medial - secondary analyses with primary focus on BPI
- 5HT2A antagonist - medication free (2 months), depressec temporal cortex, occipital cortex, trend in - lenient statistics and circularity in analyses
- ROIs: medial inferior OFQnedial superior BPD, HAMD 16.3) lateral OFC - no PC group

frontal cortex, lateral OFC, ACC, pregenual - young adult females only, age: 27.7 +8
ACC, subgenual ACC, hippocampus, medial
temporal cortex

- no BP correlation with lifetime suicide
attempt number

van Heeringen et al. 2003
Audenaert et al. 2001

- [1231]5-1-R91150 SPECT - 12 HC, 9 recent SA
- 5HT2A receptor antagonist - medication free (6 months), depressed
- 12 predefined yet unspecified ROls. (HAMD 10)

- adult males and females (39% females
SA age32.4 £11.5)

- SA < HC: binding index in frontal cortex - within 7 days of suicidal act,

(mainly dorsolateral) - groups matched for age and gender
- lower binding index in violent method vs. - small sample sizes
selfpoisoning -no PC group

- SA: negative correlation between binding ¢ - same population as Audenaert et al. 2001
hopelessness(.70)/harm avoidance (0.72),

both variables beingorrelated to each other

(0.72); positive correlation with self

directness, cooperativeness

Meyer et al. 203

- [18F] setoperone PET -29 HC, 22 PC, 18 SA

- coregistered with 1.5T MRI - status: medication free (3 months), mo:
- 5HT2A antagonist have MDD (HAMD 17)

- ROIs: middle frontal gyrus, lateral OFC, - males and females, S#ge of 31 +7

posterior MTC, rostral ACC

- SA vs. HC: no significant difference - patients matched for age with HC, age controll
- higher binding associated with higher for in analyses
dysfunctional attitudes in BA9 - SAvs. PC not reported

- 5HT2 binding 4% lower iselFharm 10% - lack basicsociodemographimformation table
lower in severe sefhjury subgroup

5HT and DA Transporter

Nye et al. 2013 -[11C]-ZIENT PET - crosssectional group comparisons with - SA > HC: midbrain/pons, putamen in SERT- No PC
- coregistered with 1.5T MRI control in MDE at time of scanning. BP - lack differentiation between suicide and
- ROIs: midbrain/pons, thalamus, putamen, patients. depression.
caudate nucleus, amygdatingulate cortex, -10HC, 11 SA - tiny sample sizeMany ROI. Likely Type 2 error
frontal cortex, occipital cortex, cerebellar - medication free (6 weeks), depressed with MCC.
cortex, defined by atlas and hand drawing ba (HAMD 7) - SA mostly violent attempters
on MRI data - adults males and females (38.1% - not control for subject variation in ROI size
- resting state females) with SA age of 38.5 +13.6 - covariated for AGE
- serotonin transporter
Bah et al. 2008 - [1231]-BetaCIT SPECT -9 HC,9SA - SA versus PC: no differences regarding - Evaluated two types of serotonin transporter
- whole brain - medication free (six months), 5 SA genotype frequencies or regional SHTT polymorphism
- SPSS depressed availability - pilot study
- correlational. No morphometric - adults males only, mean SA ageddf1l - SA: 12 repeat allele of STin2 related to - case matched controls,
- 5HTT, DAT +15.24 reduction of 5SHTT BP: in frontal cortex, - A subset of earlier Ryding/Lindstrodataset
- Amersham ROI system temporallob, parietal lobe, but not occipital
- ROIs: whole brain, cerebellum, pons, fronta lobe

temporal, parietal, occipital lobe, thalamus,
basal ganglia
- ROI chosen based on atlas

- SA: S alleleof SHTTLPR related to 5SHTT
binding potential reduction in frontal cortex,
parietal lobes, and occipital lobe
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Cannon et al. 2007 - [11C]DASB PET

- coregistered with 1.50r3.0 TGE T

- SPM2/MedX

- serotonin transporter

- ROIs: thalamus, striatum, insular cortex,
subgenual ACC, pregeneual ACC, dorsal
cingulate cortex, PCC, periaqueductal gray,
midbrain rghe

- ROIs based on prior publications

- 34 HC, 36 PC (12 MD, 10 BD), 14 SA: MDD SA > MDD PC: - mainly interested in differences between MDD

(6 MDD, 8 BD) - binding potential in anteroventral sttim and BD
- unmedicated (11 months), depressed - both MDD and BD had SA
(MADRS 26) BD SA > BD PC: - excluded recent SA or serious Sl

- adults males and females (71.4%
females) with MDD patients age
35 +8.9, BD patients age: 30 +9.2

- pgACC binding potential
BD SA < BD PC:
- midbrain binding potential

- coregistered PET and MRI
- MDD SA are all females.

Ogquendo et al. 2007 - [11C](+)-McNeil 5652 PET
- coregistered with 1.5T GE T1
- MedX

- 6 manually traced ROI

-41HC,9PC,9SA SA vs PC no difference
- medication free (2 weeks), depressed

(HAMD 10)

- adults males anfémales (50% females)

patient age 39.3 +16

- secondary analysis
- small SA and PC group

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

- ROIs: thalamus, striatum, insula, midbrain,

-37HC, 10 PC, 8 SA - SA < PC, HC: BHTT binding in the
- unmedicated (3 to 8 weeks), depresse midbrain
- adult males and females (65% females - SA > PC, HC: BHTT binding in ACC

- secondary analysis
- small SA group

subgenual ACC, pregenu@CC, DCC, PCC  age: 30 £9)
Ryding et al. 2006 - [1231]-BetaCIT SPECT -12 HC, 12 recent SA (5 violent, 7 non - no differences between SA and HC - groups matched for age, gender and season ¢
Lindstrom et al. 2004 - coregistered with 1.5 T MRI violent SA) - violent attempters do not differ from non  year

- serotonin and dopamine transporters
- whole brain and ROIs (midbrain, inferior
OFC, thalami, caudate, putamen)

- medication free (six months), 50% SA violent attempters - mostly males
with mood disorder -in SA, negative correlatiobetween serotoni - no PC
- adult males and females (17% females transporter binding and impulsivity in R - small SA sibgroups
SA age: 38.8 £14) inferior frontal gyrus, bilateral temporal, - within 4 weeks of suicidal act
midbrain, thalamic bilateral basal ganglia, L - hospital staff may not be the most suitable cor

cerebellar regions groups
Parsey et al. 2006 - [11C]McN 5652 PET - 43 HC, 25 patients including 9 SA - MDD patients (PC + SA) < HGamygdala - secondary analyses
- coregistered with 1.5T MRI - MDD, PTSD, panic, dysthymia and and midbrain -no MCC

- serotonin transporter
- ROIs: midbrain, putamen, amygdala,
thalamushippocampus, ACC

social phobia, unmedicated (26.5 days), - SA vs PC : no difference
depressed (HAMD = 24.4)

- adults males and females (57.4% fema

MDD patients age 38.0 +13.4)

N

5HT ASynthesiso

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 - SA < HC in ventromedial and ventrolateral - no PC group
- mostly medication free, depressed (BD PFC - small SA group
21.3) - SA > HC in R paracentral lobule, L thalam! - all right-handed

- adult males and females (30% females L middle occipital cortex, L hippocgpal

SA age: 37.7 £ 6.4) gyrus
- negative correlation between binding in
lateral OFC and R medial PFC and suicidal
intent
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Table2.3. Structural Neuroimaging Studies

Study Method

Population Results Comment

Whole Brain Volumetric and Morphometric Studies

Giakoumatos et al. - 1.5T MRI
2013 - volumetric
- FreeSurfer

- 262 HC, 341 PC,148 SA (9¥gh-lethality, 51low-lethality) - SA < PC in multiple areas: R rostral middle frontal, - large population

- schizophrenia, schizoaffective, psychdtipolar disorder I,  superior frontal, L superior parietal, dupramarginal, L - multi-site study

most medicated, clinically stable thalamus, inferior/superior temporal, R Insula - only volumetric analyses reported
- adult males and females (51.5% females, SA laigé: - schizophrenia: SA < PC: L thalamus - more females in attempters.

lethality 35.6 +11.7, Low Lethality 36.9 +12.2)

- schizoaffective: SA < PC: L medial OFC, R lingual, - mixed diagnoses.

supramarginal, Rccumbensinferior temporal - larger differences between HC and SA in term
- psychotichipolar | SA < PC: LsupramarginalR effect size.

fusiform. - 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)

- high risk < PC: L VLPFC, DLPFC, dACC (extracte: - high risk group is mixed
based on MDD < HC contrast) - iliness duration differ between SA and PC

- major depressive episode without psychotic features patiel - MDD < HC: L parahippocampal gyrus, ACC, OFC; - similar population as Wagner et al. 2011

medication free, depressed (HDRS >18)

mid frontal gyrus, mid temporal gyrus, sup frontal

- adult males and females (62.5% femakegh risk SA age: 41 gyrus,insula

+12.5)

Wagner et al. 2011 - 1.5 MRI
- wholebrain voxelbased

- 30 HC, 15 PC, 15 high risk patients (10 SA,
5 first degreeelative of SC)

- SA < HC:frontolimbic graymatter reduction
- SA < PC:caudate and rostral ACC

- high risk group is mixed
- illness duration differ between SA and PC

morphometry - major depressive episode without psychotic features patiel - (SA + PC) < HC, L OFC, R inferior frontal gyrus, - similar population as Wagner et al. 2012
medication free, depressed (HDRS >18) amygdala, Lcaudate
- adult males and females (62.5% femalegh risk SA age: 41
+12.5)
Benedetti et al. - 3T MRI -38 PC, 19 SA - SA < PC: GM volune in DLPFC, OFC, medial - assess correlation with lithium
2011 - volumetric - bipolar disorder, some medicated (18/57 use lithium), frontal gyrus, ACC, STG, parietoccipital cortex - small groups (n=10)
- wholebrain voxelbased depressed. (HAMD > 20) (precuneus, and paracentral lobule), and basal gan¢ - no healthy controls
morphometry - adult males and females (52% females, SA hiigum- 43.6 + - SA > PC: GM volume in superior temporal cortex - history of other drugs

11.3,lithium+ SA: 45.6 £10.4

- Li- SA < Li+ SA: in most of those regions mentione - not the same number of affective episode
above - large number of small clusters scattered all ov:
- SA: highearly life stress the brains

- modulated VBM

(Seebelow Jia, et al. 2010 entries)

Hwang et al. 2010 - 2T MRI
- wholebrain voxetbased
morphometry

-26 HC, 43 PC, 27 SA

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

medication status
- elderly males only, SA age: 79.1 +5.6

- SA < PC: GM/WMvolumes in the DLPFC, parietal - lenient VBM statistics
and temporal regions and also the insula, lentiform

nucleus, midbrain, and the cerebellum

- marked reduction in dorsomedial PFC

Aguilar et al. 2008 - 1.5T MRI
- volumetric
- wholebrain voxelbased
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
associatbn not explained by age or severity of
illness

Rusch et al. 2008 - 1.5T MRI
- volumetric
- wholebrain voxelbased
morphometry

-50 HC, 45 PC,10 SA

- medicated and symptomatic schizophrenia (PANSS score: orbital and inferior frontal gyri

25)

- adult males and females (30% females;a®a: 30.3 £6.5)

- SA > PC, HC: WM volume in bilateral posterior - small size of the SA group

- 11% lefthanded

- association not explained by substance abuse
positive symptoms

- substancabuse comorbidity between group
differences

- no GM volume difference

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

- 3T MRI -15HC, 40 PC, 19 SA - SA > HC, PC for B thalamic volumes - comorbid TBI, difficult to interpret.

al. 2013 - volumetric and DTI - status: veterans with mild TBI, depressed (medication stat - trend SA > PC in L anterior thalamic radiation - similar lifetime history of mental disorder
- FreeSurfer and FSL for DTI unknown) fractional anisotropy between groups but severalfdiencedetween
(bilateral anterior thalamic - adult males only, SA age: 38 +7.8 - no sucide variables correlation with thalamic volun patient groups (e.g. more drug and stimulant us
radiation) - no suicide variables correlation with anterior thalar SA)
- ROI: bilateralthalamus radiation fractional anisotropy
Dombrovski etal. - 3T MRI -16 HC, 20 PC,13 SA - SA < PC: associative striatum, limbic/ventral striati - voxel count analyses occasionally accounted
2012 - volumetric - unipolar depression, medicatedlTHF 3.0) - SA < HC: associative striatum (after accounting fo effect of body size
- ROI: putamen, caudate and - elderly males and females (49% females; SA age: 66 +6.4 brain size) - gray matter differencemay be mainly driven by
pallidum - SA < PC and HC: lower painen but not caudate or low lethality SA.
- correlation with Monetary choice pallidum gray matter voxels
questionnaire and Cambridge - SA: higher delay discounting associated with lowe
GambleTask putamen (associative striatum) gray matter voxel cc
Nery-Fernandes et - 1.5T MRI -22 HC, 21 PC,19 SA - no significant differences between SA PC - family history of SA/SC in both SA and PC
al. 2012 - volumetric - bipolar | patients, all medicated and euthymic - SPSS MANOVA analyses aextracted corpus
- ROI: corpuscallosum (nanual - adult males and females (66.1% females; SA age: 3284) callosum subareas and total callosum area.

segmented subregions: rostrum,
genu, rostral body, anterior
midbody, posterior midbody,
isthmus, splenium) with Bonferron

correcion

Soloff etal. 2012 - 1.5T MRI - 50 HC, 24 PC, 44 SA (25 higethality, 19 lowlethality) - SA < HC: all ROIs except amygdala - ahistory of childhood sexual abuse (but not
-volumetric - status: borderline personality disorder, some medicated, - PC < HC: lingual gyrus, mid. sup. temporal cortex, physical abuse) was more prevalent among SA
- multiple ROIs (middleinferior depressed (mean HDRS = 17) insula, PC
OFC, ACC, middlesuperior - adult males and females (75% females, SA age: 29.6 +8) - SA < PC: L insular cortex - lenient statistical threshold
temporal cortex, insula, - SA > PC: mid sup temporal cortex, L lingual gyrus
hippocampus, parahippoc., fusifor - high-lethality SA <low-lethality SA: R middle
gyrus, lingual gyrus andmygdala) superior temporal gyrus, Riddle inferior OFC, R
based on previous studies in BPD insular cortex, L fusiform gyrus, L lingual gyrus and

parahippocampal gyrus

Balda@ra et al. -1.5T MRI -22 HC, 20 PC, 20 SA - no relationship between cerebellar volume and - reduced number of analyses.

2011 - volumetric - status: bipolar disorder I, euthymic (YMRS, HAMD <7)  suicidalbehaviour - data suggest there might be a trend difference
- ROI: Vermis, B cerebellar - adult males and females (65% females; SA age: 39.9 +11. - no correlation with clinical variables between SA and HC in bilateral cerebellum
hemisphere volume.

Cyprien et al. -1.5T MRI -180 HC, 234 PC, 21 SA - SA < PC, HC: posterior third part of corpus callosu - secondary analyses

2011 - mid sagittalarea - various psychiatric condition, mainly mood disorders patiel - SA: more childhood abuse and head trauma but - only right-handed
- ROIs: corpugallosum subregion mostly unmediated, depressed childhood abuse had no association with size - higher percentage of women in SA
(anterior 3, mid 3¢, posterior 3, - elderly males and females (76.28tnales; SA age: 72.2 +4.% - analyses adjusted for gender, age, head trauma, - only midsagittal area measurement (no volume
total area) defined using manual childhood abuse, and totatain volume thickness)
segmentation - suicidal acts committed at different age

Goodman etal. - 3T MRI - 13 HC, 13 SA (including selfiarm) - SA < HC: ACC, BA23, BA24 GM relative volume; - secondary analyses.

2011 - volumetric - ADHD, oppositional defiant, substance abuse and PTSD BA24, ACC rdative total volume - group of interest not very clearly defined.

- ROI: BA 24 (ACC) patients, depressed (BDI > 25) - SA > HC: ACC, BA23, BA31 WM relative volume. - no PC group
- adolescent males and females (76.9% females; patient ag - SA: number of suicide attempt associated with sm
15.8 £1.1) BA24 GM+WM volume and greater BA23 WM
Spoletini et al. - 3T MRI -50 HC, 36 PC,14 SA - SA > PC, HC: right amygdala volume - no depression scale as a confounding factor
2011 - volumetric - schizophrenia, mostly medicated, symptomatic (PANSS > - increased volumes related positively to severity of

- ROIs : lateral ventricles, thalamu - adult males and females (57% fensalBA age: 42.9 +11.3) selfaggression
hippocampus, amygdala, caudate
putamen, pallidum and accumben
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Yurgelun-Todd et - 3T MRI -17 HC, 15 SI - Trend suggest reduced bilateral frontal GM reducti - suicide ideation only, no SA and with a very

al. 2011 - DTI 64 directions - TBI, PTSD, MDD, substance abuse patients medicated (1. - no WM, or ventricular volume differences mixed comorbid TBI, psychiatric profile
- FreeSurfer for Volme depressed (mean HAD > 12.6) - SI<HC in DTI: L cingulum, L genu, bilateral genu - HC group: one had PTSD, one with MDD
- volume ROI: lateral ventricle, - adult males only, Sl age: 34.93 +9.71 - no mean diffusivity differences - findings may bemore depression than suicide
frontal lobe, cingulate cortex - in SI: DTI show positive correlation between a) tot: related
- diffusion ROI: genu and cingulun cingulum withsuicidal ideation, BIS, BIS attention, b
right cingulum with suicidal ideation and BIS c) right
genu with BIS
Caplan et al. 2010 - 1.5T MRI - 40 PC,11 current SI -SI<PC: R OFC WM volume - small Sl group (n=11)
- volumetric - patients with epilepsy and various-owrbid disorders, - SI > PC: L temporal lobe GM volume - Slolder than non SI
- ROIs : PFC, middle frontal gyrus medicated, mostly euthymic (2/11 SA with MDE) - heterogeneity of diagnoses
superior frontal gyrus, OFC and - children males and females (54% females, Sl age: 11 +2.( - different lateralization of epilepsy

temporal lobe

Matsuo et al. 2010 - 1.5T MRI -27 HC, 10 PC, 10 SA - SA versus PC: No betwegmoup difference - no volume or cortical thickness
- midsagittal area measurement - bipolar disorder, often medicated (12 patients), depressed - SA: negative correlation between anterior genu art - small samples of patient groups
- ROIs: corpus callosum (genu,  (patients mean HAMD > 14) and BIS impulsivity, motor, neplanning scores in SA - did not covariate for Cluster B effect, family
anterior body, posterior body, - adult females only, SA age: 36.2 +10.1 (Smaller ACC predict high impulsivity) history of suicide
isthmus, splenium)
Vang etal. 2010 - 1.5T MRI -6 HC, 7 SA - SA vs. HC: lower volume of kakeral globus pallidus - no PC group
- volumetric (FreeSurfer) - MDD and adjustment disorder, unmedicated, mostly depre and R caudate - small groups
- ROIs : amygdala, hippocampus, (4/7 SA) - SA: correlation between globus pallidus volume ar - groups matched for age and gender
globus pallidus, caudate, - adult males and females (29% females, SA age: 38.1 +11. "solidity" temperament, and 5HTT binding. - subset of data published in Ryding, et al. 2006
accumbens, putamen
Jovev @ al. 2008 - 1.5T MRI - 20 patients including 18 parasuicides - positive correlation between pituitary gland volume - most patients without current medication
- volumetric - borderline personality disorder, few medicated (3 SA), few and number of parauicidal acts - minimally treated patients
- ROI: pituitary gland depressed (6 SA) - age, gender, and internalizing problems all associe - no real PC group
- correlation analyses - adolescent males and females (75% femal@ssuicidal with pituitary gland volume - missing demographic details
patients age: 13.3 +2.4). - first presentation patients
- suggests HPA hyperactivity
Monkul et al. 2007 - 1.5T MRI -17 HC, 10 PC, 7 SA - SA < HC: smaller GM volume in bilateral OFC - small SA group
- volumetric - MDD, medicated free (2 weeks) and depressed (HAMD > - SA > PC: GM volume in R amygdala - volumes not correlated with number of suicida
- ROIs: OFC, ACC, amygdala, - adult females only, SA age: 31.4 +13.9 - no group difference for hippocampus and ACC  acts, duration of illness or age at onset
hippocampus - PC vs. HC: no significant GM voluendifferences
Schlegel et al. -CT - 34 nonpsychotic patients and 10 psychotic patients - no significant differences between suicidal impulse - limited sample size
1989 ROI: ventricular area normalized t - medication free, depressed and any ventricular measurements -no SA or HC.
the brain size - adult males and females (59.1% females, age: 42.8 +13.0 - limited generalizability
- correlation analyses - lack clinical information

- CT lack contrasts to segment very effectively

Diffusion Studies

Jiaetal. 2013 - 3T MRI - 46 HC, 40 PC, 2Becent SA (< 1 month) - SA < PC:anteriorlimb of internal capsule projection - re-analysis of data with faus specifically on
- DTI 15 directions - MDD, medication free (2 weeks), depressed (HAMD > 18) percentage to L OFC, thalamus anteriorlimb of internal capsule.
- ROI: leftanteriorlimb of internal - adult males and females (65.2% females; SA age: 36.3 £1 - one of the only structural connectivity studies
capsule - population overlaps with Jia et al. 2013

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

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

- wholebrain + ROI: L OFC for SA phobia, panic, eating disordehsessiveeompulsive disorder,

vs. PC contrast.

panic disorder, medicated (76.9% SA, 93.3% PC), euthymic
- adult maés and females (40.91% females; SA age: 33.3 £
14.1)

-SA<PC:LOFC

- 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 muftodal
validation approach

- circular ROI analyses

- TBSS finding confirmed using neviBM
multimodal T1/T2/PD voxel based analyses (0.C
10 ET in the white matter mask)

- No effect of antipsychotic adication

(see earlier section for YurgelurTodd, et al. 2011)

Jia,et al. 2010 - 3T MRI
- DTI 15 directions
- whole brain + ROlsbilateral
lentifrom nucleus, hippocampus,
thalamus

-52 HC, 36 PC,16 SA
- MDD, medication free (2 weeks+), depresgdédM-D > 20)
- adult males and females (69% females; SA age: 34.2 +13.

- 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

- groups matched for age, gender, education an
ethnicity hut longer disease duration in SA

- no correlation with symptom severity

- comprehensively evaluated WM/GM

- SA < HC: reduced FA in Rubgyral frontal lobe WM - population overlaps with Jia et al. 2010

of increased radial diffusivity
- ROI: SA < PC, R lentiform nucleus.

- no differences in L lentiform nucleus, B hippocamg

B thalamus
- no group difference in VBM GM/WM

Lesion Studies

SachsEricsson et - 1.5T MRI (T2)

al. 2013 - 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 -

- 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

- only known longitudinal lesion neuroimaging
study in suicide attemets

- lack HC group

- complicated analyses

- mixed depression onset

- suicide attempt does not predict change in cognitiv - small SA population. Large PC populations.

functioning/cognitive decline

Unbalanced.
- more MDD symptoms in SA

Pompili et al. 2008 - 1.5T MRI (T2)
- whole brain analyses
- white matter hyperintensities
(Fazekascale)

-55PC,44 SA
- mood disorders, half sample medicated, half sample depre
- adult males and females (49.1% females; SA age: 45.6 +1

- SA > PC for periventricular hyperintensities (80 vs - age was associated with white matter hyper

27%)
- no differences in deep white matter hyperistéas

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 - 1.5TMRI (T2)
- whole brain analyses
- white matter hyperintensities
(Fazekas scale)

-36 PC, 29 SA
- unipolar and bipolar mood disorder, medicated, mostly
depressed

- SA > PC for white matter hypiatensities (58% vs.
28%)
- Increased hyperintensities in mood disorder

- not explained by gender, age or comorbidity,
medication
- no correlation with suicidalicthensions

- adult males and females (63.1% females; SA age: 42.2 +1 - MDD does not differ from bipolar disorder in terms - no HC group

suicide frequency or hyperintensities

- 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
subcorticagray matter
hyperintensits (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 sevel
- clinical MRI sequence

- lack exploration of psychiatric comorbidity
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Ehrlich et al. 2004 - 1.5T MRI (T2) -110 PC, 43 SA - MDD PVH+ group has higher history of suicidal ac - association not explained by other demograph

- whole brain analyses - various diagnoses including unipolar and bipolar, psychosi compare to MDD PVH (75% vs. 40.6%) or clinical variables (including age, gender,
- Coffey scale (modified) affective disorders, conduct/ADHD, unknown medication ste - MDD with WMH 18 times more likely to have substance abuse, head injury)
- periventriculathyperintensities  current presence of psychiatric disorder. suicide attempt. - no HC group,
(PVH) - adolescent, children males and females (26% IEsn8A age: - other psychiatric disorder with WMH not influencin - inpatients
14.6 £3.4) suicide attempt risk

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

Ehrlich et al. 2003 - MRI (T2) -110 PC, 43 SA - Only 26DWMH, 22PVH found among 153 patients - lack basic participant details
- qualitative neuroimaging analyse - unknown medication or mood status screened
- DWMH, PVH - adolescent and children males and females(25.8% female - DWMH in R parietal poses 8.6 times higher risk to
patient age: 14.6 +3.4 have suicidal history

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

Ahearn et al. 2001 - 1.5T MRI (T2) -20 PC, 20 SA - SA > PC: SCH anttend for PVH (prominently in - age at suicidal act not reported
- whole brain analyses - unipolar depression, unknown medication status, depresse¢ basal ganglia) - suicide onset not available
- Boyko scale; Coffey scal (HAMD > 20) - MDE severity not available
- periventricular hyperintensities - elderly males and females (85% females; SA age: 66 +5.8 - clinical population also had family history of S/
(PVH), subcorticagraymatter - some patients had ECT
hyperintensities (SCH)
Lopez etal. 1997 -1.5T MRI(T2) - 28 patients - DWMH global scoresorrelated with low selésteem - Secondary analyses
- Sclelten scale - Alzheimer disease, medication unknown, lightly depressec and suicidal ideation in the PFC area - no psychiatric disorders before Alzheimer dise
- deep white matter hyperintensitie (HAMD > 7). - DWMH did not correlate with anything else, - nocontrol groups. Limited reliability,
(DWMH) - elderly males and females (64.3% females; patients age: i including HAM-D generalizability
- correlation analyses 6.8) - DWMH did not correlate with vascular disease - frontal regions most severe WMH
- suicide ideation not clearly quantified.
Others
Budisic et al. 2010 - structural, transcranial sonograpl - 40 HC, 17 PC, 14 SI - SI < PG HC: raphe nucleéchogenicity - rare neuroimaging modality for psychiatric stuc
study - unipolar depression, unknown medication status, depresse - negative correlation between HAMD, depressive - controlled for depression in PC
- echogeneicity measured (HAMD > 24) episodes, and echageity - two blind raters
- freehand ultrasounslystem - elderly males and females, Sl age: 51.3 +9.42 - reduced echogenicity is easier to interpret, absenc - author does not disentangle suicide from MDLC
- averaging of two measures raphe nuclei is much harder. - 10% disqualification rate (modality)
- manual segmentation - gender effect
- Pontomesencephalic nuclei
raphe(Freehand)
Li et al. 2009 - MRI Spectroscopy study -24 HC, 24 SA - SA < HC: NAA/Cr ratio in L hippocampus - rare neuroimaging modality for psychiatric stuc
- 3T MRI (1H-MRS) - MDD, unknown medication status, depressed (HAMD > 7) - SA vs HC: No difference between of NAA/Crin R - mostly females
- ROI: bilateral hippocampus - adult males and females (84% females; SA age: 34.7 +12. Hippocampus, - very well-matchedHC
- NAA/Cr, Cho/Cr, ml/Cr - HC: NAA/Cr hippacampus L > R - No PC group making inference to suicidal acts

- SA: NAA/Cr hippocampus no L/R differences more than mood disder impossible
- no correlation with MDE duration, HAMD
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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 hischapter waadapted and previoughublished in Translational Psychiatry2@15 Volume
5, e516Thefull list of co-author include®r. NataliaLawrencé, Dr. Emilie Oli€®, Dr. FabienneCyprier?,
Dr. EmmanuelleLe Bar$, Dr. Alain Bonafé, Dr. Marie Phillips’, Dr. Phillips Courtet and Dr. Fabrice

Jollant® 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 ofyekology, College of Life and Environmental Sciences,
University of Exeter, Exeter, UK

3. Department of Psychiatry and Inserm, UniversitéMontpellier | and CHU Montpellier, Montpellier,
France

4. Department of Radiology, UniversitéMontpellier | and CHU Montpall Montpellier, France

5. Clinical and Translational Affective Neuroscience Program, University of Pittsburgh School of
Medicine, Pittsburgh, PA, USA

6. CHU Nhes, Nimes, France

3.1 Introduction

One million individuals commit suicide each year worldwiidawton and van Heeringen 2008nproving

our ability to predict and prevesuicideis an important priority. However,the currentassessmeruf
suicide risk is based upommerous sockalemographic and clinical risk factosghich often yield a high

sensitivity b(Mannand Cuoiev209p elcti yics tegxpected that wu

N

markers in addition to clinical assessnsanty improve evaluati@of suicide riskin future Uncovering

some of these biomarkers is the goal of the present study.

The current understanding of suicidahbgiouris based on a stressinerability model, which suggests
that some individuals are at higher risk of committing suicide in stresshatisns likeinterpersonal

conpi ct @ano ROOJ This sodel has been supported by vivo neuroimaging studies. When
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comparing suicide attempters (SA) with patient controls (PC) and/or healthy controlsfiiH&ipnal
neuroimaging studies have revealed dysfunctigeatral, dorsomedial and dorsolateral pvatal cortices

amongother regions in various conditions, framesting stat€dOquendo, Placidi et al. 20P® viewing

angry faceqJollant, Lawrence et al. 20§80 making decisiongJollant, Lawrence et al. 20)10r to

listening to suicidal script@Reisch, Seifritz et al. 20)0Further structural neuroimaging has reported

various brairalterations in SA, affecting both gray and white matter kstaw).

On the basis of this literature, we recently proposatk@roanatomical modehat accouns for the

vulnerability tosuicidal béaviourat the neurocognitive levé@lollant, Lawrence et al. 201L1n this model,

we suggested that the ventral prefrontal cartegluding theorbitofrontalcortex (OFC)would bemainly

implicated in valuatiord e y cwhithsexplairs decisionmaking impairments in & (RichardDevantoy,

Berlim et al. 201R while more dorsal parts of the prefrontal cortex (inahgdanterior cingulateortex,

ACC) may expl ai n deyad dmstioni regulatiom ggrodeds@RivhardDevanioly,r o |

Jollant et al. 201R In the present studye attemptedo conyrm the involvement of these prefrontahin

regionsand their potential as biomarkers by examinihgir morphometriqoroperties using structural
neuroimaging in éarge sampleCertainly, the ease of implementing structural neuroimaging comtared

functional neuroimaging is potentiallygaeat advantagend highly relevant for future clinical application.

However, previous results using this technique siffen varioudimitations. First, many studies assessed

samples obmall size with as few as sean to ten SAMonkul, Hatch et al. 200/A/ang, Ryding et al.

2010. Only one large studyn subjects withpsychotiadisorders, has been published to d&iekoumatos,

Tandon et al. 2003 Recentpapers havéhi ghl i ght ed a frequent ina c k

neurosciencepartly in relation to underpowered stud{Bsitton, loannidis et al. 20).3Second, of the six

published studies evaluating whdleain graywateralterations, six different types of statistical thresholds

havebeen usedAquilar, GarciaMarti et al. 2008 Risch, Spoletini et al. 2008Hwang, Lee et al. 2010

Jia, Huang et al. 201@Benedetti, Radaelli et al. 201Wagner, Koch et al. 20}1However, recent

discussions about the lack r@liability of the Pvalue suggest that calculating effect sizes tmay more
relevant approacfNuzzo 2014 Third, these studies have focusad one particular standard analysis
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method, usually measuridgrain volume differences using voXghsed morphometry (VBMjut they
have seldom applied concurrent surfhesed morphometr{EBM) analysesTo date, aly two studies

haveexplored cortical thickneg§Vagner, Schultz et al. 20;1&iakoumatos, Tandon et al. 20130 our

knowledge, only one group has combined tavalysis methods in two different publicatiofy§agner,

Koch et al. 2011Wagner, Schultz et al. 20L.2vet, recentanalyses have suggested that different SBM

measures account fMBM gray matter variation irdifferent regionsbut also that VBMmay be more

sensitive than SBM to detect some abnormal{ffeganiyvappan and Liddle 201 Zhe combination of both

analyses could therefore improve oumderstanding of structural neuroimaging markers of disease.

We addressed several of these issues in the present studyvépsipled data from three separate studies
conducted in twdocations with identical study designs to increase power. Thigekaked in the largest
neuroimaging study conducted wulnerability to suicidal beaviourin mood disorders to dat&econd,

we calculated effect sizes for the main contrasts, naBwlys PC, and SA vsHC. Third, we used two
complementarynalysis approachestandem namely VBM and SBM. Finally, wesed a validated study
group design t o swvleecabilfydoaslididgl beawoarbyiincleding norelepressed
patients to eclude the acute effects of the depressive state, gnoli@g of patients with a history of mood

disorder but no suicidattempt to exclude the effect of comorbid disorders.

On the basis of previous studies, we hypothesized thatvB&n compared with cami groups would
show a reduction istructural measures of prefrontal cortex. To test the potatitiddal applicability of

these measures, vésoconductes ensi t i vity and speciycity calcu

3.2 Material and Methods

3.2.1 Samples and assessment

Threesamples were recruited, one at the Institute of Psychiatry in LokdogSample 1) and two at the
academic hospital of Montpellier, Frant®amples 2 and 3). For all three samples, participants were
recruitedthroughadvertisemerstand there waaninitial screeningvia telephonanterview orin clinical
settings. They were then interviewed in person by experigoegchiatrists. All participants were right

handedOldfield 1971 and euthymic at theme of scanningand all participants haalHDRS (Hamilton
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Depression Rating Scale) scdr&ow nine(Hamilton 196(. Exclusion citeriaincludeda lifetime history

of severe heattaumacentralnervoussystendisordersschizophreni@andsubstancesedisorder over the
| ast 12 mont hs, S u i pieghancyandtcentrgindicatiors itommagnstic resarrame ,

imaging (MRI) Details ontheexclusions from each sample are given in Supplemehtgrgmation.

The three samples differed in two selection criteria: (1) Samples 1 aodgrised only males aged
between 18 and 60, whereas Sampt®prised only nomenopausal fent@s aged between 18 and 50;
(2) All patients in Sample 1 suffered from major depressive disorder, wiaegdes 2 and 3 included

both major depressive disorder and bipdligorders.

All diagnoses were made according to the Diagnostic and Statitacalal of Mental Disorders IV criteria

using the MinilnternationaNeuropsychiatric Interview, version 5.®heehan, Lecrubier et al. 199%he

French or English versiord the NationalAdult ReadingTest(Beardsall and Brayne 19p@ereusedto

provide an estimationof verbal 1Q and the Beck Depression Invent@eck, Ward et al. 19§1for a

subjective measure ofirrent depressive state. Participants also completed the Barratt Impulsiveness Scal

version 10(Patton, Stanford et al. 1995

Within each samplehree groupsvererecruitedas describedbove: (1)SA, individuals witha personal
history of bothmood disordeandsuicidal béaviour, (2) PC, individuals with a history of mood disorder
but no lifetime history of suicidal beaviour, (3) HC, individuals with no current grasthistory of any
Diagnosticand StatisticalManual of Mental DisorderslV Axis | diagnoses or suicidal baviour or

psychotropic medication. Theverall population included 82 HC, 82 PC and 67 SA.

As in our previous studieg,s ui ci dal act was d ediecteddotentially iajurigus n o n

behaviourwith any intent to die as a resilollant, Lawrence et al. 20L.IThe last and the most severe

suicidal acts were assessed using the Riskcue Rating Scal@Veisman and Worden 19yY2nd the

Suicide Intent Scal@eck, Morris et al. 1974
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Participantgrom Sample &lsofulylled the Childhood TraumQuestionnairéBernstein, Fink et al. 1994

and participants from Sample 1 played the I@@abling Task a decisiormaking tes{Bechara, Damasio

et al. 1999.

After a completedescriptionof the studywas presentetb the subjects,written informed consentwas
obtainedfrom all participants.The studiesvere approvedby therespective Research Ethics Committee
(Institute of Psychiatry anllontpellier Research Ethics Board). The participants were paid £3dahd O ,

respectively.

Functional neuroimaging andhmeeviouml results (but not structurasults) from Sample 1 have preusly

been publishefJollant, Lawrence et al. 2008ollant,Lawrence et al. 20)pbut data fronSamples 2 and

3 have not.

3.2.2 MRI acquisition procedures

For Sample 1, Tdveighted magnetic resonance images were acqused) a GE Signa 1.5 T Neuro
optimized MR system (Gera Electric,Milwaukee, WI, USA) at the Institute of Psychiatry, London, UK.
A spoiledgradientechosequenc&vasusedfor the T1-weightedacquisitionwith thefollowing parameters:

i sotropic voxel d i m-efrviswab280 xd80mrb;.TH (@aihno twe) offbmsyaad TR
(repetition time) 0fL0.8ms.One hundred and fiftises of images each withwio-dimensional matrix 256

x 160 wereacquiredat bandwidthof 122Hz per pixel.

For Samples 2 and 3, Meighted magnetic resonanogageswvere acquireavith a 1.5 T wholebody MRI

system (MAGNETON AVANTO, Siemens, Erlangen, Germany) in Montpellier Academic Hospital,
France.Sample 2 used threedimensional T1 FLASH sequence with voxinension of 0.93 x0.93 x
1mm, -of-dewa@t240mmi 240mm, matri x256 | 256, msh@l TRIGgr e
11 ms with 160slicesand abandwidth of 130z per pixel. Sample 3 used thvéenensional TLIMPRAGE

with voxeldimensioom f 0. 98 mm [ 0. 9o8viewat250 x250mm majrie 2561 x 256 with

160 slices15d e g r e angle,TliE bf@.1ms, TR of 2106ns and Tl of 1100ns,and abandwidth of 140

Hz per pixel.
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3.2.3 MRI analyses

We conducted VBM analyses using SPM8 v.4667 and SBM analyseBne@Burfer 5.1.0détailsbelow

in 3.5Supplementary Materiglin brief,after qualitycontrol checks, SPM segments the T1 structural data
and producea group template based on the entire group data seiriyearly warpingeach participant
to the common brain template spackile preservingocal anatomical alterations. VBM analyses vyield
normalizedgray matter volume measurement since it is sampled in templatspaiiénot theindividual
spacebeforenormalization.In contrast,FreeSurfer registers eackiertexat individual gyrus/sulcus lewel
to template butltimately producs individualized measuremenbf volume, area andurfacebasedon
personallymodeledbrain morphometryandgray matter/whitematterboundarycontaurs. VBM datawere
smoothedisingan8mmfull width at half maximunGaussiarkernel in volumespace, wherasSBM data
were smoothed using 20mm full width at half maximum Gaudsganel in surface space to maximize
sensitivities to smaller clusterssifuctural differences as suggested by previous sttidittesed avariety

of full width at half maximum sizes in different sample sidessch and Evans 2005hen and Sterr 201.3

We used a regioaf interest (ROI) approach due to robaspriori hypotheses and its elevated statistical
sensitivity. Four ROIsKigure3.l))wer e deyned usd ey ragribrdaegomical alases| y
(detailedin Supplementarynformation) onthe basisof regionspreviouslyreported to show structural
and/or functional arations associated wistuicidal béaviour The four regions werdifferentiated on the

basis of different braiconnectiongSaleem, Miller et al. 20)4and functional rolemotably in valuation

processes armbgnitive contro(Dixon and Christoff 2014Banich and Depue 20X51) the OFGMonkul

Hatch et al. 2007Jollant, Lawrence et al. 2008ollant, Lawrencet al. 2010 Giakoumatos, Tandon et al.

2013 (corresponding to the lateral paft Brodmann areafBAs] 11, and BA 47); (2) the ventrolateral

prefrontalcortex (referred to as VLPFC and corresponding to BA 44 an(S4b)ette, Milak etl. 2013;

(3) theventromedial prefrontal cortex (including the medial part of BA 11, BAridDthe ACC, both rostral

and dorsal partBBA 24/32; ROI referred toas medial prefrontal cortex, MPHGWagner, Koch et al.

2017) and (4) the dorsal and lateral prefrortaitex(referredto asDPFCandcorrespondingo BA46/8/9)
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(Oquendo, Placidi et al. 200Bwang, Lee et al. 201®Benedetti, Radaelli et al. 201l Averagemeasures

of all the voxels (for VBM) or vertex (for SBM) measures witthat ROI were used.

Figure3.1. Representation of the four regianfanterest of the prefrontal cortexamined in this article.

Blue: medial prefrontal cortex (MPF@cluding anterior cingulate cortex, not showRed: dorsal prefrontal cortex
(DPFC) Green: orbitofrontal cortex (OFC)Violet: ventrolateral prefrontatortex (VLPFC). VBM, voxebased
morphometry.

Although multisite neuroimaging poses challenges, samples caarbkined and analyzed when groups
are balanced across samples (wisdhe case here) and samgtesn multiple sitesare properly controlled

for in theanalysigPardoe, Pell et al. 2008akao, Hayashi et al. 2014 he total volume and surface area,

and the average thicknassindividual space and normalized gray matter voluntbetemplate space for

each ROI were extrastl and analyzed after covarying for relevanvariables consecutively. Group
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comparisons in normalized gray mati@ume, and SBM volumes/areas were systematically controlled

for intracranial volumédBuckner, Head et al. 2004

3.2.4 Statistical analyses
Gener al l inear model, f ol |l owed gbanttafive karaples betweens t
groups, and P e avassusedt@® examme@associlioast betowagn quantitative variables.

Qualitative variablesver e compared using 62 tests.

Wealsocal cul ated effect sicpeydeBGokendsed)abanthastes
standard error outp@itom the general linear modelfigr accounting for the appropriatevariates) for the

main contrasts between SA and both control groups.

A binarylogistic regressiormodelwasusedfor sensitivityands p e ¢ iagatyses. y

In application the alpha level was set at 0.05 unless a Bomecorrection was necessary. The threshold
for ROI analyses was set at a veprservativeBonferronicorrected P €©.002(P < 0.05 dividedby four

ROls,two sides and four different measures).

Statistical analyses were carried out with SPSS 20 (SBt8&go,IL, USA).

3.3 Results

3.3.1 Socio -demographic and clinical variables

Table3.1. Description and comparison of so@demographic and clinical variables across the three groups in the pooled

sample
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Healthy controls Patient controls Suicide attempters  Omnibus F,fx{f”t P Post hoc
fn=82) fn=82) fn=67)

Male gender, N (%) 62 (75.6) 43 (52.4) 28 (41.8) 186 =0.001 HC = PC,
SA

Age, mean (s.d.) 37.8(8.7) 39.4 (9.7) 39.2 (10.6) 0.8 0.5

Years of education, N (%) 155 (2.7) 14.2 (2.5) 13.9 (2.2} 1.2 = 0001 HC = PC,
SA

MART (% correct), mean (s.d.} 0.73 (0.14) 0.72 (0.12) 0,69 (0.17) 20 0.1

HDRS, mean (s.d.) 0.9 (1.4) 3.6 (2.2) 3.11(2.3) 4.7 <0001 HC = PC,
SA

BDI, mean (s.d.) 1.1 (2.5) 5.5 (5.3) 5.1 (4.6) 26.7 < 0.001 HC = PC,
SA

Age at first mood episode, mean (s.d.) —_ 256 (8.9) 253 (11.0) 0.2 09

Number of depressive episodes, mean (s.d.) — 5.0 (8.4) 5.6 (8.1) 2320 1.0

Bipolar disorder, N (%) — 30 (36.6) 30 (44.8) 1.0 03

Number of hypolmanic) episodes, mean (s.d.) — 3.2 (B.0) 3.8 (9.2) 23895 03

Anxiety disorders, current, N (%) — 28 (34.7) 27 (40.3) 0.6 04

OCD, current, N (%) — 3(3.7) 0 2.5 01

Alcohol/substance abuse, past, N (%) — 26 (31.7) 16 (23.9) 1.1 03

BIS10, mean (s.d.) 60.1 (13.8) 58.6 (16.7) 584 (16.6) 0.3 0.8

Psychotropic medication, N (%) — 47 (57.3) 46 (68.7) 2.0 0.2

Antidepressant, N (%) — 25 (30.5) 24 (35.8) 0.5 0.5

Lithium, W (%) — 14 (17.1) 13 (19.4) 0.1 07

Antipsychotics, N (%) — 6 (7.3) 17 (25.4) 9.2 0002 PC = SA

Anticonvulsivants, N (%6} - 14 (17.1) 14 (20.9) 0.3 0.6

Anxiolytics and hypnotics, N (%) —_ 14 (17.1) 20 (29.9) 3.4 0.06

Age at first suicide attempt, mean (min-max) — — 27.7 (11-59) — —

MNumber of suicide attempts, mean (min-max) —_ —_ 2.7 (1=10) — —_

Suicide intent scale, total score, most severe —_ — 16.2 (B-26) — —

act, mean (min-max)

Risk rescue rating scale, total score, most — — 41.2 (26-57) — —

severe act, mean (min-max)

Abbreviations: BDI, Beck Depression Inventory; BIS10, Barratt Impulsivity Scale Version 10; HC, healthy control; HDRS, Hamilton Depression Rating Scale; MART,

Mational Adult Reading Test; OCD, obsessive compulsive disorder; PC, patient control; SA, suicide attempter.

Groups werequally distributed across samples (sel®w3.5 Supplementary MateriplSimilar between

group differencesvere observed across all three samplesthadpooled sampléTable 3.1), dthough
euthymic, HDRS and Beck Depressitmventory scores were higher in patierdas expected. These
variables were not used as adates as they are relatedtothe oup pr oyl e. Level of

in HC than SAMoreover, there were more males in HC than both patient groups.

SA did not differ s i-dgnmogrgpbi@rclihidalywaridbtes HowevEr, theegteived c i «
si gni y c aantipsyghotics avithea trend for more anxiolytics/hypnotics. Mastidal acts (85%)

were drug overdose

332 Neuroi maging yndings

Table3.2. Regionof interest analyses in the pooleahgple comparing the three participant groups
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Regions Pipeline Measures Side General linear model
F P Partial eta-squared
Orbitofrontal cortex {OFC) SPM MNormalized volume Left 3.50 0.03 0.031
Right 1.89 0.15 0.017
Freesurfer Cortical volume Left 132 027 0.012
Right 1.00 0.37 0.009
Surface area Left 1.27 0.28 0.011
Right 0.97 0.328 0.009
Cortical thickness Left 0.37 0.70 0.003
Right 0.24 0.79 0.002
Medial prefrontal cortex (MPFC) SPM Normalized volume Left 1.78 017 0.016
Right 2.29 0.10 0.020
Freesurfer Cortical volume Left 0.66 052 0.006
Right 1.29 0.28 0.012
Surface area Left 0,04 0.96 0,000
Right 0.36 0.70 0,003
Cortical thickness Left 0.20 0.82 0,002
Right 0.88 0.42 0.008
Ventrolateral prefrontal cortex (VLPFC) SPM Mormalized volume Left 473 0.01 0.041
Right 2.56 0.08 0.023
Freesurfer Cortical volume Left 770 0.001* 0.065
Right 2.81 0.06 0.025
Surface area Left 4.39 0.01 0.038
Right 1.14 0.32 0.010
Cortical thickness Left 0.21 040 0.008
Right 4.36 0.04 0.029
Dorsal prefrontal cortex (DPFC) SPM MNormalized volume Left 2,70 0.07 0.024
Right 34 0.04 0.030
Freesurfer Cortical volume Left 2.85 0.06 0.025
Right 3.55 0.03 0.031
Surface area Left 042 0.66 0.004
Right 0.56 0.57 0,005
Cortical thickness Left 1.41 0.25 0013
Right 231 0.10 0.020
“Surviving multiple comparison correction. All analyses covarying for sample, and total intracranial velume, except for thickness with only sample as covariate.
Bold entries indicate P < 0.05, uncorrected for multiple comparison.

Voxel-based morphometry. S@able3.2 for group comparisons @ill measuredrigure3.2 for effect size

analyses an#tigure3.3 for acorrelation map between all mease®&amined here.

After covarying for sample and intracranial volume, genkmalr models based on normalized cortical
gray mattevolumesshowed betweegroup differences in left VLPFC (P =0.01), I&&C (P =0.03) and

right DPFC (P =0.04), but not MPFC, althougtis wasnat si gni ycant after mu
correction. Post hoanalyses showed decreased normalized regional nesasuSArelative to HC with

no signiycant di f f BGQ, and between IHE ang @ €. rEffe@ Aize aabcdlaticn
suggests a signiycant ef f enmghtVLPEQG, ngbt©®RC aSdaighaMPEFC H C

(Figure3.2).
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Figure3.2. Effect sizes between suicide attempters and both control groups for the four gidasest.

DPFC, dorsalprefrontal cortex;MPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; VBM, velxated
morphometry; VLPFC, ventrolateral prefrontal cortex. Blaeicide attempters vatient controls; black: suicide

attempters vshealthy controls.

In exploratoy whole brain VBM analyses, SPM revealed loweeasursin SA than PC in right lateral

OFC (BA 47; familywiseerrorcorrecteccluster Pvalue=0.03peakvoxel=48,21,0¢lustersize=1).

3.3.3 Surface -based morphometry

After covarying for sample andtracranial volume, there were group differences in gray matteme in

left VLPFC (P =0.001, surviving multiple comparisoarrection) with reduced volume in SA.uoth
control groupsand between PC and HC, and right DPFC (P =0.03, not surunuitple comparison
correction), with reduced measures in SAKE. There was no difference for OFC or MPFC. Effect size

calculationalsos uggest s a si gni yaodaHE for left DPRE and righte/LtPF€.e n S A



After covarying for sample and intracralvalume, there wergroup differences in gray matter area in left
VLPFC (P =0.01, nosurviving multiple comparison correction), with reduced measar8# vs HC, but

not in OFC, DPFC or MPFC.

After covarying for samplenly, there weregroup differenesin thickness in right VLPFC (P =0.04, not
surviving multiplecomparison correction) with reduced measumeSA vs HC, butnot in OFC, DPFC or

MPFC. Effect size calculatiomlsos uggest s a signiycant effect bet

Figure 3.3 shows that structural measures were highly intercorrelated, notably SBM volumes together an
area measurdsgether. Only thickness meassirgere poorly correlated witrea or volume measures as
expectedin most studies evaluation relationship between surface based measure and volume base

measure$Winkler, Kochunov et al. 2030
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Figure3.3. Correlation map between all magnetic resonance imaging measuresftartregionsof-interest.

DPFC, dorsal prefrontal cortek; left; MPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; R, right; VBM,

voxekbased morphometry; VLPFC, ventrolateral prefrontal cortex.
3.3.4 Effect of covariates
Only left VLPFC SBM volumend left VLPFCar ea r emai ned signiycant a
covariateqage, gender, level of education, bipolar disorder, lithiumntipsychotic intake). Left VLPFC
VBM volume was ndongers i g n i after @vartying for gender or bipolar disordéeft OFC VBM
volumewas nolongers i g n iafteccavarting forage, gender, bipolar disorder or lithiuright DPFC
VBM or SBM volumeswas nolongers i g n iafteccavarying forage, gender or bipolaisorder right

VLPFC thicknessvas nolongers i g n iafteccavarying forbipolar disorder oantipsychotics.
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3.3.5 Correlation with clinical variables

In SA, lethality of the lassuicidal act was correlated with all measures except left VL&#EE& and right
VLPFC thickness (all Po0.05; strongest correlatiath right DPFC VBV and SBM volumes: r =0.45;

P <103 left OFC: r =-0.38, P =0.001; left VLPFC SBM volume: r-8.33; P =0.007) The number of
suicidal acts was correlated with right DPF8M volume (r =-0.25, P =0.04) and left OFC VBM (r =
-024;,P =0.05) ; age at yrst sui ci(d=0.40;2c0.001y and hghtr i ¢

VLPFC thickness (r =0.26, P =0.03).No measure was correlated witte Suicide Intent Scale.

In patients, HDRS see was correlated with all measures exdeftt VLPFC area and right VLPFC
thickness (r betweef0.15 and-0.21; all P< 0.07) Age at yr st wancoorelateavithirighb d e
VLPFC thickness only (r =0.21; P =0.01); number of mood episodes wight DPFC SBM volume (r =
-0.20, P =0.01)Barratt ImpulsivenesScale version 10 total scomas correlatedvith all measures except
right DPFCSBM volume (all P00.07; strongest correlation with left VLP&€a: r =0.26, P =0.001; left
OFC: r =0.23, P =0.005And ChildhoodTraumaQuestionnaireiotal scorewas correlatedvith right

VLPFC thicknesgr =-0.24; P =0.03). No measure was correlated with Begiression Inventory.

Ther e was rassociatiorgetweepn tha loww&ambling Taskotal score and any measure, but

data were onlavailable in the small Sample 1.

3.3.6 Potential for clinical application.

We examined the sensitivity arflpeci yci ty of the neuroi maging
individuals with histories of suicidedtamps among the 231 participants. As expected, a history of mood
disorder had a 100%ensitivity (as all SA suffered from mood disorderinourstbdy)t a | ower s
(71%). Adding left VLPFC area orvolument o t he model I nmmifying aterdptess e ¢ i
asigniycant but I i mi% aeadd75.3%@respeetively. Other anealsures gad Sméllerd
effects. Of note, thesen di ngs cannot be gener aHheyshoeldther@forebe ma y

indicative of the clinical p@ntial of theseneasures when added to clinical signs and symptoms.
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3.4 Discussion

This study examined structural alterations associated withulherability to suicidal bleaviourin mood
disorders using twaomplementary analyses in 231 subjects includigSA. Itrepresents the largest
neuroimaging study of suicidal baviourin mood di sorders to date and
investigate the neural basis of suicidah&@our. After covaryingfor sample, intracranial volume, gender,
age, educatiorpipolard i sor der and medi cati on i n tgraupdiffereiR€3l a
in left VLPFC volume measured ByreeSurfer, the only measure that discriminated SA from both control
groupsin our study. Additional measures in VLPFC, OFC and DP&@ough not surviving a very
conservative multiple comparisaorrection, were also different between SA and HC, mitidlerate effect
sizes (Cohends d up these nuroBnlging meadures ahdi the kvulnbrabilitywte e
suicidal acts is fur h e r supported by si gni vagahblestincludiogrsui@dala t i
l et hal i ty, age nambenfprevibusastsiltisémpartantto emphasizéhatpdtientsvere
euthymic at the time of scanninghich suggestthattheed i f f er e n c e s -likeaaleratiorsp e c |
Our yndings, therefore, tend to sup/pRFC,DPRClared i n

OFC, but not MPFC (including ACC), in tipathophysiology of suicidal baviour.

Our results are in agreement with results freeveralprevious studiesn mood disorders. For dorsal
regions, reduced VBMolumes in DPFC in SA v&C have been reported in bipatssorder and in elderly

individuals with majordepressive disordéHwang, Lee et al. 20)0Wagner etl. (2012 alsoreported

reducedcortical thicknessin the same region. Reduced volume of ACC in SARG hasheenfound in

depressivelisordergWagner, Koch et al. 20}, 1bipolar disorde(Benedetti, Radaelli et al. 201 but not

in a smallsample of depressed womé@onkul, Hatch et al. 2007 However, our studghowed no

structural differences in ACC. For ventral regiopsevious studies have alshown reduced VBM

measure (Benedetti, Radaelli et al. 201 4and thickness(Wagner, Schultz et al. 200lth OFC in SA.

Similarly, Wagner et a2012 reportedreduced thickness in a region that encompassed our left VLPFC.
Betweenstudy differences in sample size, choice of thresholdaidof control for intracranial volume

may explain somdisaepancies with previous studies.
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The role of these prefrontal regions in suicidal vulnerabilitythas b e c¢ | ar i y e-@dnalys&sw o
conyr med deeisioeamakirgy, cognitive control and working and letegm memory in SA

(RichardDevantoy, Berlim et al. 201 RichardDevantoy, Berlim et al. 20}5The OFC, which receives

connections from thamygdalaandthdamus,has as i g n irglednathe interpretationof stimuli in the

environment, notably in attributing value stimuli (stimulFoutcome associatior(Dixon and Christoff
2014, which may be importarior the triggering of the suicidal crisis in the face of environmestitassors.

The lateral PFC receives motivational inputs from A@Guneiher, Charron et al. 2008nd represents

cognitive information fom memory, whichisiey ci ent i n SA. Dor sal and
various information to outcomes and, therefore, exeaat cognitive controlby ensuring the most

advantageous choice in addition to sofoems of behavioua | b e XDixbn and Ghyistoff 2019

Dysfunction of this interconnectedprefrontal network may, therefore, be instrumental in the suicidal
process by corrupting information acquisition and processeasgyting in impaired decisiemaking. At

the clinical level,thissvoul d be repected by negat auomatiatisggeersys me
of intense emotional responséswould also be reflected tifie inability to control the evoked emotional
responses and particulaegaive thoughts (including hopelessness, ruminationssaraidal ideas) anthe

inability to prevenibne fromchoosing to commit a suicidal amter alternative options.

At a translational | evel , 10minstrugtunadMRhsgoiensashigigaees t |
relatively easy to implementm!| i ni c al practice, are unfpatientsah at e
higher risk of committing a suicidal act from nattempters. Although some measures investigatesl her
signiycantl y-siampir ev esc ewii tyftii ranyongipatients evith mbad Hisoidersy S
the improvement was o t sufyciently | ar ge Adwncamemsp termsof c | i
acquisition(for exampleh i g h e of myitemiogbhonetric sequences), analysis methods (for example,

guantitative MRI) or examination of particular subregions eagected and may also increase accuracy.

One must keep in mind that patients who attempt suiciddikalg a heterogeneous group. Different
stbgroups of SA (anéC) may, therefore, show different structural alterations. Thiptegously been
suggested in SA when comparing decismoaking performance in patients who committed violenhos
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violent suicidal actgJollant, Bellivier et al. 2005 and for restingstate activity in higtvs. low lethality

attemptergJollant, Bellivier et al. 2005 It may be more relevant in futustudies to focus on particular

subgroups asome havesuggestedKapur, Phillips et al. 2008 for example, those with particular

neurocognitive alteratiodsandto assess the prediice value ofneurocognitivealterations in prospective
studies and clinical trials. This should be tested withrttaging markers revealed he@ur study presents
several limitations. First, pooledata @&alysis adds heterogeneity when not desigaepriori as a

multicenter study, due to different acquisition parameterseanners, whichontributes to increased risk

of Typell errors(Glover, Mueller et al. 20)2ut not Type | error andit does not undermine highlighted

yndings. Second, we included moderately to severely ill and oftedicated patients to be more
representative of thgeneralclinical population. This may have added heterogenaithoughseveral
clinical factors (including bipolar disorder and medicatiovgre controlled for in analyses. Finally,
determinationof ROl ar gel y depends on t laedithese dndgartty overlapfor a n
SBM and VBM. This could explain the lackofonver gence in statistical/l
two analysis methods. Our ROIs were also large in size, whicthengg/reduced our ability to detect more

localizeddifferences.

I n conclusion, we conyrmed the role of shavioar al

Further research is nonetheless required for the application of MRI in the prediction of sultalabine

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 recruitédit two subjects were excluded due to claustrophobia during
scanning moreover,one subjectvas excludedlue 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 claustrophobi
anddata 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
excessive motion artefacts and panic attack. Two pateeritols were excluded due to current depression.
Three suicide attempters were excluded: one due to past head trauma, another due to a current ma

episode and the third due to current depression.

3.5.2 Analyses

SPM8 VBM Analyses
For this VBM pipeline, structal data was analysed with SPM v.4667 without use of any other Matlab

tool boxes or SPM plugins. SPM8 new segmentatio
into gray matter, white matter, and cerebral spinal fluid component before appifiepmorphic
Anatomical Registration Through Exponentiated Lie Alg¢b/&RTEL) to create a study specific template.
Individual subject data was subsequently normalized to MNI space while preserving tissue amoun
(modulation) such that ultimately modulatessue volumes are compared. For the detategby-step

settings we used, see Ashburf@shburner 201 VBM data were smoothed using a 3mm full width at

half maximum Gaussian kernleased orprevious investigationthat suggestd increased sensitivity for

smaller kernel size ialargea sample siz¢Shen and Sterr 2013

SPMS8 VBM References:

FreeSurfer SBM Analyses
Surfacebased morphometry (SBM) analyses were conducted using th8uFe¥eimage analysis suite

(version v 5.1.0) (http://surfer.nmr.mgh.harvard.edu). The technical details and references for the
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procedures are described in prior publications listed online
(http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferWiki#Refergncdriefly, the processing includes

motion correctionReuter, Rosas et al. 201@emoval of norbrain tissue using a hybrid watershed/surface

deformation procedurgsegonne, Dale et al. 2004utomated Talairach transformation, segmentation of the

subcatical white matter and deep gray matter volumetric struciiieshl, Salat et al. 200Fischl, Salat et

al. 2004 intensity normalizatior{Sled, Zijdenbos et al. 1998essellation of the gray matter/white matter

boundary, automated topology correct{éischl, Liu et al. 200;1Segonne, Pacheco et al. 2RGhd surface

deformation following intensity gradients to optimally place the gray/white and gray/cerebrospinal fluic
borders at the location where the greatest shift in intensity defines thédratesthe other tissue clag3ale,

Fischl et al. 1999Fischl and Dale 2000

Once the cortical models are complete, a number of deformable procedures caarbeepddr further data

processing and analysis including surface inflafieiachl, Sereno et al. 1999egistration to a spherical atlas

which utilizes individual cortical folding patterns to match cortical geometry across suBjects, Sereno

et al. 1999, parcellation of the cerebral cortex into units based on gyral and sulcal stif<csete, van der

Kouwe et al. 2004Desikan, Segonne et al. 20P&nd creation of a variety of surface based,datduding

maps of surface area, curvature and sulcal depth. This method uses both intensity and continuity informa
from the entire thredimensional MR volume inegmentation and deformation procedures to produce
representations of cortical thickness, calculated as the closest distance from the gray/white boundary to

gray/CSF boundary at each vertex on the tessellated sA&cél and Dale 2000 The maps are created

using spatial intensity gradients across tissue classes and are therefore notediamplgnm absolute signal

intensity. These maps were used to measure surface area and cortical thickness for the relevant SBM anal

SBM data were smoothed using 20mm full width at half maximum surface Gaussian kernel to optimi:

sensitive toward smaditructural alterationf_erch 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 ampriori regionof interest (ROI) approacBince no single anatomical
atlas can provide regional definitions in both volume and vertex space respectively used in VBM and SB
approaches, similar but not exact matching ROIs were extracted based on the most commonly used atlas

each software.

SPMROIs are anatomically defined with Anatomical Automatic Labelling (AAL) masks provided by the

Wake Forest University PickAtlas software 3.8ttj://fmri.wfubmc.edi This software implemented in

SPMBS8 runs ROI analgs voxel by voxel and corrects for the number of voxels within the particular mask.
Based onthe AAL atlas in PickAtlas, we defined eight regions of interest resulting from left and right
lateralized versiogof four pairs of anatomical regions, namely:©&s 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 inferi
frontal gyrus (Frontal_Inf_Oper), and the middle frontal gyrus (Frontal_Mid); ACC as the anterior cingulat:

cortex (Cingulum_Ant).

3.5.3.2 Figures of SPM ROls
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Figure3.4. Bilateralanterior cingulatecortexregionsof interest

Yellow: Left. Red: Right
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Figure3.5. Bilateralparsopercularisinferior frontalgyrusregions of interest

Yellow: Left. Red: Right

Figure3.6. Bilateral middle frontalgyrusregions of interest.

Yellow: Left. Red: Right
















































































































































































































































































































































