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Background

With one million deaths and 10–20 million suicide attempts
every year, suicidal behavior is a major source of mortality
and morbidity (Hawton and van Heeringen 2009; Lesage et al.
2012). In young adults, suicide ranks amongst the leading
causes of premature death, and hence its prevention consti-
tutes an important societal priority. The identification of fac-
tors facilitating suicide is one major avenue toward improved
prevention. To date, the assessment of suicidal risk relies en-
tirely on socio-demographic and clinical factors. These factors
often have high sensitivity but limited specificity (Pokorny
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Abstract Previously, studies have demonstrated cortical im-
pairments in those who complete or attempt suicide. Subcor-
tical nuclei have less often been implicated in the suicidal
vulnerability. In the present study, we investigated, with a
specific design in a large population, variations in the volume
of subcortical structures in patients with mood disorders who
have attempted suicide. We recruited 253 participants: 73 sui-
cide attempters with a past history of both mood disorders and
suicidal act, 89 patient controls with a past history of mood
disorders but no history of suicidal act, and 91 healthy con-
trols. We collected 1.5 T magnetic resonance imaging data
from the caudate, pallidum, putamen, nucleus accumbens,
hippocampus, amygdala, ventral diencephalon, and thalamus.
Surface-based morphometry (Freesurfer) analysis was used to
comprehensively evaluate gray matter volumes. In compari-

son to controls, suicide attempters showed no difference in
subcortical volumes when controlled for intracranial volume.
However, within attempters negative correlations between the
left (r=−0.35, p=0.002), and right (r=−0.41, p<0.0005) nu-
cleus accumbens volumes and the lethality of the last suicidal
act were found. Our study found no differences in the volume
of eight subcortical nuclei between suicide attempters and
controls, suggesting a lack of association between these re-
gions and suicidal behavior in general. However, individual
variations in nucleus accumbens structure and functioning
may modulate the lethality of suicidal acts during a suicidal
crisis. The known role of nucleus accumbens in action selec-
tion toward goals determined by the prefrontal cortex,
decision-making or mental pain processing are hypothesized
to be potential explanations.
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1983). Consequently, more specific assessment tools are need-
ed to substantiate suicidal risk in addition to the clinical
assessment.

Suicide is often modeled as a complex behavior resulting
from the interaction of acute stressors, such as interpersonal
conflicts or loss, with predisposing factors (Mann 2003). Re-
search has identified several elements of the suicidal diathesis,
including brain alterations and neurocognitive dysfunctions
(Jollant et al. 2011). Brain imaging is emerging as a promising
way of improving the evaluation of suicidal risk through the
identification of brain markers. Moreover, structural neuroim-
aging acquisition is widely available in Western countries,
which could facilitate its clinical use. One goal of this study
was, therefore, to test the ability of a Bsimple^ 1.5 T structural
neuroimaging sequence to discriminate suicide attempters
from non-attempters.

Structural brain anomalies of suicide attempters have mainly
been found in the prefrontal cortex (Jollant et al. 2011). However,
differences in subcortical regions are suspected regarding their
role in emotional and behavioral regulation (Herrero et al. 2002;
Haber and Calzavara 2009; Ochsner et al. 2012). Not surprising-
ly, several studies have reported structural changes in these re-
gions in suicide attempters and completers. Increased right amyg-
dala volume has been associated with a history of suicide at-
tempts in patients with depression (Monkul et al. 2007) and
schizophrenia (Spoletini et al. 2011). Decreased volumes in the
right caudate (Benedetti et al. 2011; Vang et al. 2010) and globus
pallidus (Vang et al. 2010) have also been described in depressed
patients with a history of at least one suicide attempt. Volumes in
the right caudate were also found to be reduced when the exper-
imental sample aggregated patients with a familial history of a
suicidal gesture with patients with a history of a suicide attempt
in a single group considered to be at a high risk of suicide (Wag-
ner et al. 2011). Elderly suicide attempters showed reduced voxel
counts in the putamen (Dombrovski et al. 2012). Moreover, the
thalamus has similarly been implicated in a neuroimaging study
(Benedetti et al. 2011) and in a volumetric post-mortem study
(Young et al. 2008). Taken together, there is substantial evidence
to suggest that several subcortical structures may be structurally
altered in suicide attempters and completers, and may represent
relevant biomarkers of suicidal behavior.

Despite specific findings associated with suicidal behavior,
the hitherto published structural neuroimaging literature suf-
fers from several limitations that the present study aims to
address. Many recent studies assessed small sample sizes, as
few as seven to ten suicide attempters (Vang et al. 2010;
Monkul et al. 2007), which limit their statistical power and
increase the risk of false positives and negatives. Our study
constitutes the largest structural Magnetic Resonance Imaging
(MRI) study specifically targeting suicidal behavior in mood
disorders. Only one other large study, in psychotic disorders,
has been conducted to date (Giakoumatos et al. 2013). Fur-
thermore, we used previously validated and a priori-chosen

study design (Jollant et al. 2005) with the inclusion of non-
depressed patients to exclude the acute effect of the depressive
state, and a group of patients with a history of mood disorder
but not suicide attempt to exclude the effect of co-morbid
disorders while specifically examining suicide vulnerability.

Based on previous findings, we hypothesized that suicide
attempters vs. controls would show volumetric differences in
subcortical nuclei, including the basal ganglia, the amygdala
and the thalamus.

Materials and methods

Population

Participants were 73 suicide attempters (SA), 89 patient con-
trols (PC) and 91 healthy controls (HC). SAwere individuals
with a personal history of both suicidal behavior and mood
disorder; PC individuals with a personal history of mood dis-
order but no lifetime personal history of suicidal behavior; HC
were individuals with no current or past history of any major
DSM-IVAxis I diagnoses and no history of suicidal behavior.
Suicidal acts were defined as any non-fatal, self-inflicted po-
tentially injurious behavior committed with any intent to die
as a result of the behavior (Mann 2003). This definition, there-
fore, excludes non-suicidal self-injuries and aborted suicidal
acts. Psychiatric diagnoses were based on DSM-IV-TR
criteria (APA 2000).

The study pools three samples, one recruited at the Institute
of Psychiatry in London, United Kingdom (sample 1), and
two recruited independently at the academic hospital of Mont-
pellier, France (samples 2 and 3). The three samples only
differed in two selection criteria: 1) Samples 1 and 2 com-
prised only males aged between 18 and 60 whereas Sample
3 comprised only non-menopausal females aged between 18
and 50; 2) All patients in Sample 1 suffered from major de-
pressive disorder (MDD) whereas Samples 2 and 3 included
both major depressive disorder and bipolar disorders. Partici-
pants were excluded if they had a lifetime history of severe
head trauma, central nervous system disorders, schizophrenia,
and substance use disorder over the last 12 months, suicide
attempt using firearms, pregnancy, and contraindications to
MRI. Only right-handed individuals checked by the Edin-
burgh handedness index (Oldfield 1971) were recruited. De-
tails on excluded participants from each sample are given in
Supplementary Material.

Assessment

For all samples, patients were enrolled through advertising
and in outpatient clinics. After an initial screening interview,
an experienced clinical psychiatrist interviewed selected par-
ticipants. All DSM-IV diagnoses were made using the Mini-
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International Neuropsychiatric Interview, version 5.0.0.
(Sheehan et al. 1998). Symptom severity was assessed by
the Hamilton Depression Rating Scale (HDRS) (Hamilton
1960) and the Beck Depression Inventory (BDI) (Beck et al.
1961). All subjects were euthymic during scanning, with a
HDRS below 7. The last and the most severe suicidal acts
were assessed using the Risk Rescue Rating Scale (RRRS)
(Weisman and Worden 1972) and the Suicide Intent Scale
(SIS) (Beck et al. 1974). The French or English versions of
the National Adult Reading Test (NART) (Beardsall and
Brayne 1990) were used to provide an estimation of verbal
IQ. Barratt Impulsiveness Scale (BIS) version 10 was also
used (Patton et al. 1995).

After complete description of the study to the subjects,
written informed consent was obtained from all participants.
The protocol was approved by respective site research ethics
committees (Institute of Psychiatry or Montpellier Hospital
research ethics board). Participants received compensation of
£30 or 100€, respectively. A study with the same 3 samples
has recently been published (Ding et al. in press).

MRI acquisition procedures and analysis

T1-weighted magnetic resonance images were acquired using a
GE Signa 1.5 T Neuro-optimized MR system (General Electric,
Milwaukee) in sample 1, and with a 1.5 whole-bodyMRI system
(MAGNETON AVANTO, Siemens, Erlangen, Germany) in
sample 2 and 3. Sample 1 used a spoiled gradient echo sequence
with the following parameters: isotropic voxel dimension of
1.1 mm with field-of-view at 280×180 mm; TE of 5 ms and
TR of 10.8 ms. 2D matrix 256×160 with 150 slices acquired,
bandwidth of 122 Hz/pixel. Sample 2 used 3D T1 FLASH se-
quencewith voxel dimension of 0.93×0.93×1mm, field-of-view
at 240×240 mm, matrix 256×256, 15 degrees Flip angle, TE of
5.2 ms and TR of 11 ms with 160 slices, bandwidth of 130 Hz/
pixel. Sample 3 used 3DT1 MPRAGE with voxel dimension of
0.98 mm×0.98 mm×1 mm, field-of-view at 250×250 mm, ma-
trix 256×256with 160 slices, 15 degrees flip angle, TE of 4.1ms,
TR of 2100 ms and TI of 1100 ms, bandwidth of 140 Hz/pixel.

Surface-based morphometry (SBM) analyses were conducted
using the Freesurfer image analysis suite (version v 5.1.0) (http://
surfer.nmr.mgh.harvard.edu). The technical details and
references for these procedures are described in prior
publications listed online (http://surfer.nmr.mgh.harvard.edu/
fswiki/FreeSurferWiki#References). Briefly, the processing
includes motion correction (Reuter et al. 2010), removal of
non-brain tissue using a hybrid watershed/surface deformation
procedure (Segonne et al. 2004), automated Talairach transfor-
mation, segmentation of the subcortical white matter and deep
gray matter volumetric structures (Fischl et al. 2002, 2004) in-
tensity normalization (Sled et al. 1998), tessellation of the gray
matter/white matter boundary, automated topology correction
(Fischl et al. 2001; Segonne et al. 2007), and surface deformation

following intensity gradients to optimally place the gray/white
and gray/cerebrospinal fluid borders at the location where the
greatest shift in intensity defines the transition to the other tissue
class (Dale et al. 1999; Fischl and Dale 2000). FreeSurfer results
were evaluated using the QDEC, and TkSurfer tools.

This study examined 8 subcortical regions namely the
amygdala, hippocampus, caudate, globus pallidus, putamen,
nucleus accumbens, ventral diencephalon, and thalamus.
FreeSurfer performs an automatic subcortical segmentation,
where each voxel in the normalized brain volume is assigned
a label (including the 8 subcortical regions studied). Automat-
ic segmentation of subcortical structures is based on an atlas
containing probabilistic information on the location of struc-
tures (Fischl et al. 2002). This automated classification tech-
nique compares in accuracy with manual labeling, and was
shown to be sufficiently sensitive to robustly detect changes in
subcortical structures that predispose to the onset of major
neurocognitive disorder (Fischl et al. 2002).

Although multi-site neuroimaging poses challenges, sam-
ples can be combined and analyzed when groups are balanced
across samples (which is the case here, see tables in
Supplementary Material) and multi-site samples are properly
controlled for in the analysis (Pardoe et al. 2008; Takao et al.
2014). Group comparisons in volumes were also systematical-
ly controlled for intracranial volume (Buckner et al. 2004).
Additional covariates were used as needed (see below).

Statistical analyses

Unpaired T-tests and ANOVA (followed by Tukey post-hoc
pairwise comparisons if significant) were used to compare
quantitative variables across groups. Qualitative variables
were compared using a chi-squared test. Confounding vari-
ables (sample, age, level of education, intracranial volume,
bipolar disorder, medication) were controlled using a multi-
variate general linear model. The ANOVA threshold for sta-
tistical analyses was set at a very conservative p<0.003
(p<0.05 divided by 8 subcortical structures × 2 sides) for
statistical significance. Statistical analyses were carried out
with SPSS.21 (IBM Corp., Armonk, NY). As recent reports
underlined the limits of using the p-value in group comparison
(Nuzzo 2014), we additionally calculated Cohen’s d effect
sizes based on marginal means (taking into account the intra-
cranial volume and sample) for each main comparisons i.e.,
between SA and PC. In order to parse the effect of different
mood disorders, subanalyses were conducted with patients
with unipolar depression only (from all 3 samples) or with
patients with bipolar disorder only (from sample 2 and 3).
Pearson product–moment correlation coefficients were com-
puted to assess the relationship between the diverse sets of
clinical measures (BDI, HDRS, NART, RSSS, SIS, BIS) and
the subcortical volumes, using the same conservative statisti-
cal threshold (p<0.003). Finally, we also conducted a
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multivariate ANCOVA to determine the effect of psychotropic
medications on subcortical volumes in patients with mood
disorders (PC and SA together), controlling for sample and
intracranial volume.

Results

Socio-demographic and clinical comparisons

All three groups were equally distributed across the three sam-
ples. Comparison of socio-demographic and clinical variables
across the three participant groups in the pooled sample
(Table 1) showed that SA and PC were largely similar on all
variables with the exception of higher use of antipsychotics
and anxiolytics in SA. HC had a higher proportion of males
and had more years of education. Also, patients had signifi-
cantly higher HDRS and BDI scores than HC despite being
below the threshold for depression. We did not covary for this
latter variable as it was related to patient status.

Neuroimaging group comparisons

ANOVA revealed significant group differences (all p<0.003)
for left amygdala, left ventral diencephalon, and right hippo-
campus. However, none of these differences survived correc-
tions for intracranial volume and sample, even after covarying
for age, gender, level of education, bipolar disorder, and med-
ication intake. All subcortical brain regions had minimal and
non-significant effect sizes (Table 2). Moreover, subanalyses
restricted to patients with unipolar depression or to patient
with bipolar disorder yielded similar negative results. Intracra-
nial volume was significantly different between groups after
accounting for sample (F=3.2, p=0.04), but did not differ
between SA and PC.

Clinical correlations

The lethality of the last suicidal act (as measured with the first
part of the RRRS) was negatively correlated with the left (r=
−0.35, n=73, p=0.002), and right accumbens volume (r=

Table 1 Sociodemographic and clinical characteristics of the three groups

Healthy Controls
(n=91)

Patient Controls
(n=89)

Suicide Attempters
(n=73)

Omnibus
F/Chi2/t

p Post-hoc

Male Gender, N (%) 62 (68.1) 43 (48.3) 28 (38.4) 15.4 <0.001 HC>PC, SA

Age, mean (SD) 38.3 (8.2) 39.4 (9.5) 39.2 (10.6) 0.3 0.7

Years of education, N (%) 15.2 (2.3) 14.3 (2.5) 13.9 (2.2) 7.3 0.001 HC>PC, SA

NART (% correct), mean (SD) 0.73 (0.14) 0.72 (0.11) 0.69 (0.11) 1.6 0.2

HDRS, mean (SD) 0.9 (1.3) 3.6 (2.3) 3.1 (2.3) 43.9 <0.001 HC<PC, SA

BDI, mean (SD) 1.0 (2.4) 5.3 (5.2) 5.3 (4.7) 30.3 <0.001 HC<PC, SA

Age at first mood episode, mean (SD) – 25.6 (8.8) 25.2 (11.2) 0.2 0.8

Number of depressive episodes, mean (SD) – 4.9 (8.0) 5.6 (7.8) −0.6 0.6

Bipolar disorder, N (%) – 32 (36.0) 32 (43.8) 1.0 0.3

Number of hypo(manic) episodes, mean (SD) – 3.0 (7.7) 3.5 (8.8) −0.4 0.7

Anxiety disorders, current, N (%) – 31 (34.8) 30 (41.1) 0.7 0.4

OCD, current, N (%) – 3 (3.4) 1 (1.4) 0.7 0.4

Alcohol/substance abuse, past, N (%) – 26 (29.2) 17 (23.3) 0.7 0.4

BIS10, mean (SD) 58.2 (16.1) 57.2 (16.1) 58.3 (16.1) 0.1 0.9

Psychotropic medication, N (%) – 52 (58.4) 52 (71.2) 2.9 0.1

Antidepressant, N (%) – 28 (31.5) 27 (37.0) 0.6 0.5

Lithium, N (%) – 15 (16.9) 14 (19.2) 0.1 0.7

Antipsychotics, N (%) – 6 (6.7) 19 (26.0) 11.4 0.001 PC<SA

Anticonvulsivants, N (%) – 15 (16.9) 17 (23.3) 1.1 0.3

Anxiolytics and hypnotics, N (%) – 16 (18.0) 23 (31.5) 4.0 0.05 PC<SA

Age at first suicide attempt, mean [min-max] – – 26.8 [11–59] – –

Number of suicide attempts, mean [min-max] – – 2.7 [1–10] – –

Suicide intent scale, total score, most severe act,
mean [min-max]

– – 414.5 [2–26] – –

Risk rescue rating scale, total score, most severe act,
mean [min-max]

– – 39.5 [25–57] – –

BIS10, barratt impulsivity scale version 10; NART, national adult reading test;HDRS, hamilton depression rating scale; BDI, beck depression inventory;
OCD, obsessive compulsive disorder; HC, healthy controls; PC, patient controls; SA, suicide attempters; SD, standard deviation
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−0.41, n=73, p<0.0005). Scatterplots summarize these results
(Fig. 1). Removing two outliers did not modify the results.
After controlling for the effect of sample, gender, age, intra-
cranial volume, BIS scores, NART scores, bipolar status and
medication using partial correlations, these associations
remained significant. The impulsivity score on the BIS did
not correlate significantly with accumbens volumes when
controlling for sample. HAMD negatively correlated with
the right pallidum (r=−0.35, n=253, p=0.002). BDI and
SIS did not correlate with any subcortical volumes.

Secondary analyses: effect of psychotropic medication

In order to determine the effect of medication on subcortical
volumes in patients with mood disorders (PC and SA togeth-
er), we conducted a MANCOVA controlling for sample and
intracranial volume.Medication status as a whole did not have
a significant overall effect on subcortical volumes (Wilks
lambda F=1.246, p=0.2). When examining medication type,
we did not find any effect of antidepressants, lithium, or anti-
epileptics on subcortical volumes. However, antipsychotics
were associated with a general group effect on subcortical
volumes (Wilks Lambda F=1.801; p=0.04; partial Eta
square=0.17). More specifically, antipsychotics were associ-
ated with smaller bilateral hippocampus and left ventral dien-
cephalon. Additionally, benzodiazepines and hypnotics also
had a significant global effect on subcortical volumes (Wilks’
Lambda F=2.10, p=0.01, partial Eta Squared=0.19) with
smaller bilateral hippocampus.

Discussion

We present here findings from the largest neuroimaging study
conducted in suicidal behavior and mood disorders to date, with
a specific design for investigating vulnerability to suicidal behav-
ior taking into account comorbidmood disorders. Exploring sub-
cortical nuclei volumes measured by 1.5 T MRI and using the
surface-based morphometry tool Freesurfer, no significant group
differences were detected in any of the 8 regions after controlling
for sample and intracranial volumes. However, analysis revealed
a negative correlation between the size of the accumbens nuclei
and the lethality of the last suicidal act.

Our findings, based on a large population, do not support
reports of volumetric differences in subcortical structures previ-
ously identified in suicidal behavior. Our results suggest that sui-
cidal risk in mood disorders is inherently uncorrelated with sub-
cortical volumes. The discrepancy with prior reports might be
attributable to methodological differences including smaller sam-
ples increasing the risk of type-I errors, non-automatized tracing
technique, the use of more liberal statistical threshold or idiosyn-
cratic sample characteristics. Alternatively, differences in other
reports could be explained by a higher intensity of the magnetic
field used, although most positive reports used similar magnetic
intensity (1.5 T) or similar voxel size (1×1×1mm). For instance,
Monkul et al. (Monkul et al. 2007), using a manual tracing tech-
nique and a 1.5 T magnetic field, found that suicide attempters
had larger right amygdala. However, their sample consisted of
only 7 suicide attempters, all females with MDD. Our own
subanalysis in females with MDD, which comprised 23 SA, 30

Table 2 Comparison of subcortical volumes between the three groups, and effect sizes between suicide attempters and patient controls

Regions Side Uncorrected volumes in mm3 (means±standard deviation) General LinearModel* Cohen’s d for SA vs. PC (95 % CI)

Healthy Controls Patient Controls Suicide Attempters F p-value

Thalamus R 7539.5±725.7 7338.6±704.6 7161.5±804.6 1.06 0.35 0.09 (−0.22:0.40)
L 7553.7±837.0 7378.9±743.4 7121.0±880.7 0.33 0.72 0.19 (−0.12:0.50)

Caudate R 3637.2±538.8 3532.8±484.6 3463.7±446.9 0.29 0.75 0.02 (−0.29:0.33)
L 3725.2±498.6 3607.7±515.7 3535.9±435.2 0.29 0.75 0.01 (−0.30:0.32)

Putamen R 5181.4±745.3 5011.4±612.8 4975.4±667.8 1.22 0.30 −0.08 (−0.39:0.23)
L 5457.8±793.8 5298.3±678.8 5219.0±708.9 0.83 0.44 −0.02 (−0.33:0.29)

Pallidum R 1443.5±221.6 1469.8±195.9 1467.2±198.9 3.70 0.03 −0.13 (−0.44:0.18)
L 1692.8±217.1 1615.8±189.2 1630.8±194.7 3.45 0.03 −0.25 (−0.56:0.06)

Hippocampus R 4324.5±458.6 4113.0±451.8 4093.6±468.8 1.66 0.19 −0.12 (−0.43:0.19)
L 4195.7±569.7 4064.6±464.8 4015.3±456.8 0.03 0.97 −0.06 (−0.37:0.25)

Amygdala R 1544.5±200.7 1520.0±199.8 1481.3±178.0 0.35 0.70 0.04 (−0.27:0.35)
L 1545.0±195.1 1476.2±218.6 1439.3±184.7 0.97 0.38 0.02 (−0.29:0.33)

Accumbens R 525.5±116.7 516.3±105.3 514.2±114.7 0.09 0.92 −0.03 (−0.34:0.28)
L 530.4±109.1 513.2±102.2 494.3±108.7 0.03 0.97 0.07 (−0.24:0.38)

Ventral diencephalon R 4093.8±445.6 3935.1±397.4 3885.3±430.7 1.57 0.21 −0.12 (−0.43:0.19)
L 4282.8±496.1 4109.5±452.7 4021.5±443.3 1.12 0.33 −0.03 (−0.34:0.28)

* covarying for sample and intracranial volume. R, right; L, left; SA, suicide attempters; PC, patient controls; CI, confidence interval
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PC and 29 HC, found no significant association with the right or
left amygdala, nor any other subcortical regions. Spoletini et al.
(Spoletini et al. 2011) with a larger sample of schizophrenic pa-
tients and using FSL, also reported increased amygdala volume
(using 3 Tmagnetic field but similarly sizedmillimetric voxel). In
contrast, Soloff et al. (Soloff et al. 2012) found no amygdalar
differences between SA and PC in patients with borderline per-
sonality disorder using voxel-based morphometry (VBM).

Similarly, we found no volumetric differences in basal gan-
glia structures between SA and controls. This contrasts with
reports of smaller right caudate nuclei (Vang et al. 2010;
Wagner et al. 2011) and globus pallidus (Vang et al. 2010)
using VBM or Freesurfer. Again, these prior reports had lim-
ited numbers of subjects which increase the likelihood of false
positives: Wagner et al. (Wagner et al. 2011) had only 15
depressed subjects Bat high risk for suicide^ (some of them
had never attempted suicide but had a family history of sui-
cide) and Vang et al. (Vang et al. 2010) had only 7 SA, which
were compared to 6 HC therefore limiting any definitive con-
clusion. In larger samples and using VBM, Benedetti et al.
(Benedetti et al. 2011) reported smaller Bbasal ganglia^ in 19
SA vs. 38 PC with bipolar disorder, and Dombrovski et al.
(Dombrovski et al. 2012) found reduced putamen, but not
pallidum or caudate, voxels counts in 13 elderly SA vs. 20
PC with depression. Only the report by Dombrovski et al.
employed high magnetic filed (3 T), affording a better resolu-
tion, which could explain a difference with our findings.

The thalamus was previously implicated in the suicidal diath-
esis through neuroimaging studies showing reduced grey matter
volumes in SAwith bipolar (Benedetti et al. 2011) and psychotic
disorders (Giakoumatos et al. 2013) (using VBM or Freesurfer,
respectively). Our findings were not consistent with this in either
our complete population or the bipolar patient sub-group. A lack
of association was also reported by Spoletini and colleagues
(Spoletini et al. 2011) whereas Lopez-Larson et al. (Lopez-
Larson et al. 2013) reported increased thalamic volumes in SA
vs PC in a complex population of depressed veterans with mild
traumatic brain injury, using Freesurfer.

Finally, to our knowledge, hippocampal volume, although
largely investigated in relation to mood disorders (Videbech
and Ravnkilde 2004) and trauma history (Frodl and O’Keane
2013), was never directly associated with suicidal behavior
(Soloff et al. 2012). Our study confirms the lack of a direct
relationship. It is possible that hippocampal alterations are
mainly the result of early traumatic events and, therefore, only
affect a subset of SA (Turecki et al. 2012).

Although nucleus accumbens volumes did not discriminate
attempters and non-attempters in general, our analyses suggest
that this structure could modulate the lethality of the suicidal
act i.e., medical consequences of the act. In as much as suicide
is not a homogenous behavior at the clinical level, it is unlike-
ly a homogenous phenomenon at the biological level. The
common issue of phenotypic heterogeneity in psychiatry
(Kapur et al. 2012) may explain the difficulty in finding reli-
able, reproducible group differences. Moreover, suicidal be-
haviors are complex acts varying in terms of intent,
planification, or lethality.

Previous neuroimaging studies have suggested that some
brain regions may modulate certain aspects of suicidal acts. Ac-
tivity at rest in the medial prefrontal and anterior cingulate corti-
ces has been correlated with impulsivity and suicidal intent
(Oquendo et al. 2003). Correlations between basal ganglia struc-
tures and suicidal dimensions, or factors relevant to suicide, have
also been found. For example, smaller putamen in elderly suicid-
al patients has been correlated with higher reward delay
discounting (Dombrovski et al. 2012). Vang et al. (Vang et al.
2010) found a negative correlation between globus pallidus vol-
umes and measures of impulsivity in suicidal patients (although
we could not confirm this latter association in our study).

To date, the mechanisms linking the nucleus accumbens and
the lethality of the suicidal act have not been investigated. How-
ever, based on related prior findings, some hypotheses can be
suggested. Lethality reflects the consequences of different
interacting factors including the level of suicidal intent, the choice
of a suicidal method and, to a certain degree, the physical resis-
tance of the individual. Of note, individuals committing more

Fig. 1 Correlation between
nucleus accumbens volumes and
the lethality of the last suicidal act
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lethal acts seem to be closer to suicide completers than low-
lethality attempters (Giner et al. 2014). In terms of the role of
the nucleus accumbens, it is located at Bthe interface between
cognition, emotion and action^ (Floresco 2014), receiving inputs
from the prefrontal cortex, hippocampus, basolateral amygdala
and ventral tegmental area, and projecting toward motor effec-
tors. This region has been involved in action selection (Leotti and
Delgado 2011), notably in situations of ambiguity, based on
goals defined by cortical regions. The nucleus accumbens may
particularly bias the intensity and direction of planned actions. In
a situation of suicidal crisis, the nucleus accumbens could there-
fore be implicated, not in committing a suicidal act per se, but in
selecting the specific actions associated with this act, with suicid-
al intent (the goal) being encoded by and transmitted from the
prefrontal cortex (Oquendo et al. 2003). Moreover, the nucleus
accumbens encodes positive prediction error (McGinty et al.
2013; Dombrovski et al. 2013), and is involved in decision-
making (Kuhnen and Knutson 2005). Impaired decision-
making has been robustly found in suicide attempters (Richard-
Devantoy et al. 2014), notably those using a violentmean (Jollant
et al. 2005). Use of violent suicidal means has in turn been
associated with more lethality (Giner et al. 2014). Dysfunctional
nucleus accumbens activity in some individuals may therefore
underlie disadvantageous decision-making, but also the choice of
a more violent mean in a stressful situation, increasing the risk of
serious medical consequences and death. Finally, the nucleus
accumbens has been associated with psychological pain process-
ing (O’Connor et al. 2008). Increased psychological pain has
been linked to increased risk of suicidal acts (Olie et al. 2010).
Moreover, a recent study suggest that mental pain interacts with
difficulty communicating to modulate lethality (Levi-Belz et al.
2014). Nucleus Accumbens may therefore be the link between
mental pain and suicide lethality. The link between these various
factors (lethality, mental pain, impaired decision-making, violent
acts) and the functional and structural integrity of the nucleus
accumbens should be further investigated in future studies.

Although not specifically designed to address this question,
secondary analyses emphasize the importance of taking into
account medication status when examining subcortical vol-
umes. We found antipsychotics and benzodiazepines to be
associated with reduced volumes of the hippocampus in all
patients together. A recent study in schizophrenia demonstrat-
ed that atypical antipsychotics were associated with decreased
left hippocampal volume, which correlated with a decrease in
serum BDNF levels (Rizos et al. 2014). There is limited neu-
roimaging evidence of the effect of antipsychotics on subcor-
tical volumes in mood disorders. This question necessitates
specific investigation.

Our study had several methodological limitations. The main
limitation in our analysis of subcortical nuclei was that our data
were pooled across three sites. This procedure added supple-
mentary heterogeneity because it was not designed as a priori
multi-center study, which resulted in different acquisition

parameters (slices, TE, TR) from two different scanners. Co-
varying for the sites was therefore necessary although it might
have decreased the power to detect differences (Glover et al.
2012). Nonetheless, the risk of type II errors may have been
counterbalanced by the large sample size (n=253) of
our study, which was balanced across the three sites
(see Supplementary Material). Indeed, analysis of corti-
cal regions in the same samples revealed significant
between-group differences in several prefrontal regions,
despite covarying for the effect of the sample (Ding
et al. in press). Secondly, given that data in males and
females were obtained with different scanning proce-
dures, examination of gender effects was not possible
to distinguish from difference in scanning techniques.
Our data were obtained with 1.5 T MRI scanners,
which might lack the necessary power to detect subtle
alterations. Higher isotropic resolution could theoretical-
ly render more accurate volumetric measurements of
subcortical brain structures (Wu et al. 2010) and reduce
systematic errors in registration (Simon et al. 1997).
Fourth, different results among studies that have inves-
tigated volumetric differences may stem from the use of
different analysis methods. Finally, we must take into
account the heterogeneity in the psychiatric populations
studied, which included moderately to severely ill and
often medicated patients in order to be representative.
Although, these medical factors were controlled for, this
may have, nonetheless , resul ted in addi t ional
heterogeneity.

In conclusion, this study adds new findings to the growing
literature on the neurocognitive basis of suicidal behavior. No
general association between subcortical volumes and suicidal
behaviors could be confirmed contrary to what has been found
in various cortical regions. New acquisition and analysis pro-
cedures may be necessary. However, our study also suggests
that the nucleus accumbens may modulate the lethality of
suicidal acts. More research is needed to understand the role
of subcortical structures, and their link with cortical regions, in
the development of the suicidal crisis and the modulation of
this complex behavior.
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