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A B S T R A C T

Structural brain deficits are linked to risk for suicidal behavior. However, there is disagreement about the nature
of these deficits, probably due to the heterogeneity of suicidal behavior in terms of the suicidal act's lethality. We
hypothesized that individuals with major depressive disorder (MDD) and history of more lethal suicide attempts
would have lower gray matter volume (GMV) of the prefrontal regions and insula compared with MDD lower-
lethality attempters and MDD non-attempters. We collected structural MRI scans on 91 individuals with MDD;
11 with history of higher-lethality suicide attempts, 14 with lower-lethality attempts, and 66 were non-at-
tempters. Differences in GMV between these three groups were examined using both regions-of-interest (ROI)
and brain-wide voxel-based morphometry (VBM) analyses. Both ROI and VBM analyses showed that higher-
lethality suicide attempters have greater GMV of the prefrontal cortical regions and insula, compared with the
other two groups. Although this contrasts with our hypothesis, the observed larger prefrontal cortex GMV in
higher-lethality suicide attempters may underlie the set of attributes observed previously in this suicidal sub-
group, including enhanced suicide attempt planning, greater response inhibition, and delayed reward cap-
abilities. Future studies should further examine the role of these brain regions in relation to suicidal intent and
planning.

1. Introduction

Suicide is a major public health problem (World Health
Organization, 2016). There is a high attributable risk for suicidal acts
associated with major depressive disorder (MDD) (Bernal et al., 2007).
In USA, approximately 75% of suicide decedents are identified to have a
history of depressive disorder (Stone et al., 2018). Among adults aged
18 years and older, for each suicide there are about 30 adults who re-
ported making a suicide attempt (Center for Disease Control and
Prevention (CDC), 2015; Substance Abuse and Mental Health Services
Administration (SAMHSA), 2013), but thus far, clinicians must rely on
the individual's willingness to report their intentions or past history of
attempts to identify those at elevated risk. Identifying biomarkers of
suicidal behavior in depression may aid in predicting and preventing
future suicide.

Structural brain deficits have been linked to increased risk for

suicidal behavior (van Heeringen et al., 2014; van Heeringen and
Mann, 2014) although there is disagreement over the exact nature and
location of these deficits. Whereas some postmortem studies show that
depressed suicide decedents have lower neuron density in dorsal and
ventral prefrontal cortex (Underwood et al., 2012), and smaller hip-
pocampi (Altshuler et al., 1990), others report larger fibrous astrocytes
in anterior cingulate (Torres-Platas et al., 2011) compared with sudden-
death controls. In vivo structural neuroimaging studies in MDD with
suicidal behavior also report mixed results. The majority (Colle et al.,
2015; Cyprien et al., 2011; Ding et al., 2015; Dombrovski et al., 2012;
Hwang et al., 2010; Lee et al., 2016a; Monkul et al., 2007; Pan et al.,
2015; Wagner et al., 2011), but not all (Gifuni et al., 2016), of these
studies show that MDD suicide attempters, compared with MDD non-
attempters (or healthy controls), have lower gray matter volume (GMV)
in a wide variety of regions, mostly involving prefrontal cortex (PFC).
Interestingly, Gifuni et al. (2016) reported that lethality of suicidal
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behavior correlates negatively with the volume of the nucleus ac-
cumbens in depressed patients, suggesting a possible association of
regional brain volume deficits with specific aspects of suicidal behavior.

Discrepant findings also exist in studies of suicide attempters with
borderline personality disorder (Soloff et al., 2012), bipolar disorder
(Benedetti et al., 2011; Duarte et al., 2017; Johnston et al., 2017; Lijffijt
et al., 2014; Matsuo et al., 2010) and psychotic disorders (Aguilar et al.,
2008; Giakoumatos et al., 2013; Rüsch et al., 2008; Spoletini et al.,
2011). Again, some of these studies observed that the GMV changes are
confined to high-lethality suicide attempters (Duarte et al., 2017; Soloff
et al., 2012) with evidence of positive correlation between suicidal act
lethality and the orbitofrontal cortex (OFC) and insula GMV
(Duarte et al., 2017).

One reason for the disagreement in the literature may be the het-
erogeneity of suicidal behavior, particularly in terms of lethality and
intent. Suicidal behavior varies from very lethal to low-lethality at-
tempts, and from impulsive attempts to carefully planned and de-
termined attempts (Chaudhury et al., 2016; Keilp et al., 2014). Re-
search samples where one type of attempt is overrepresented can
potentially yield different results compared with other studies. High-
lethality suicide attempts are characterized by more planning and a
lower chance of rescue (Beck et al., 1975; Stengel, 1964). Individuals
who make such attempts may resemble suicide decedents demo-
graphically and clinically (Chaudhury et al., 2016), as well as in terms
of brain biology (Mann and Malone, 1997).

To reduce the impact of the heterogeneity of suicidal behavior on
findings, and to focus on nonfatal suicidal behavior that is potentially
more closely related to suicide, this study sought to examine potential
neuroanatomical abnormalities in medication-free individuals with
MDD and history of at least one higher-lethality suicide attempt defined
on the basis of having caused significant medical damage. We compared
the GMV of 5 a priori regions-of-interest (ROIs), involving the prefrontal
areas and insula, in this group to MDD participants with a history of
lower-lethality attempts and MDD without a history of prior suicide
attempts. We hypothesized that depressed higher-lethality suicide at-
tempters would show lower GMV in the 5 a priori ROIs. We also con-
ducted exploratory whole-brain analysis using voxel-based morpho-
metry (VBM) to confirm our findings. Additionally, we examined the
possible effects of current depression and suicidal ideation severity,
lifetime impulsiveness and aggression, cognitive control capability, and
time since the most recent suicide attempt on any observed group dif-
ferences in GMV.

2. Methods

2.1. Participants

Participants were recruited through multiple study protocols in the
Molecular Imaging and Neuropathology Division (MIND) Clinic at The
New York State Psychiatric Institute (NYSPI) and Columbia University
Medical Center (New York, NY). These protocols were approved by the
NYSPI Institutional Review Board and all participants gave written in-
formed consent. Participants included in the current study were se-
lected based on the availability of structural MRI scan and relevant
clinical and neuropsychological data. Ninety-one participants who met
DSM-IV criteria for major depressive disorder (MDD) were included. A
medical lethality scale (Beck et al., 1975) was used to classify partici-
pants into higher-lethality suicide attempters with a lethality score of at
least 3 or above (physical injury sufficient to require medical inter-
vention) (N=11), lower-lethality suicide attempters with a lethality
score of 2 or less (N=14), and non-attempters (N=66) (see
Section 2.2 below for details). Inclusion criteria were assessed through
clinical interview, chart review, review of systems, physical examina-
tion, routine blood tests, pregnancy test, urine toxicology, and ECG.
Inclusion criteria included: 1) 18–65 years of age; 2) DSM-IV diagnosis
of MDD as assessed using the Structured Clinical Interview for DSM-IV

(SCID) (First et al., 1995); 3) Hamilton Depression Rating Scale-17 item
score ≥ 16 (HDRS) (Hamilton, 1960); and 4) capacity to provide in-
formed consent. Exclusion criteria included: 1) unstable medical con-
ditions (i.e., any active illness that may affect the brain such as blood
dyscrasias, lymphomas, endocrinopathies, renal failure, chronic ob-
structive lung disease, systemic autoimmune disorders or malignancy);
2) current alcohol or substance use disorder (past diagnosis allowed if
in remission for ≥6 months); 3) other current or past major psychiatric
disorders such as bipolar disorder or schizophrenia (comorbid anxiety
disorders were not excluded); 4) pregnancy, currently lactating, plan-
ning to conceive during the course of study participation or abortion in
the past two months; 5) dementia; 6) any other neurological disease or
prior head trauma with evidence of consequent cognitive impairment;
7) first-degree family history of schizophrenia if the participant is less
than 33 years old (mean age of onset of schizophrenia plus two stan-
dard deviations) (Sham et al., 1994) to exclude possible prodromal
phase of schizophrenia; 8) currently taking fluoxetine (due to long half-
life); 9) metal implants or paramagnetic objects contained within the
body (including heart pacemaker, shrapnel, or surgical prostheses)
which may present a risk to the subject or interfere with the MR scan;
and 10) claustrophobia significant enough to interfere with MRI scan-
ning. Patients on antidepressant treatment at the time of enrollment
underwent a medication washout and were drug-free for at least two
weeks prior to neuroimaging except for the as-needed use of benzo-
diazepines for anxiety.

2.2. Clinical and neuropsychological measures

Diagnosis of MDD was based on the Structured Clinical Interview for
DSM-IV (SCID I) (First et al., 1995). The Beck Depression Inventory
(BDI) (Beck et al., 1961) and the Hamilton Depression Rating Scale
(HDRS) (Hamilton, 1960) assessed self- and clinician-rated depression
severity, respectively. Lifetime history of impulsiveness and aggression
were assessed using the Barratt Impulsiveness Scale (BIS)
(Barratt, 1985) and the Brown-Goodwin Aggression Inventory (B-G)
(Brown et al., 1979), respectively.

Suicide history was assessed with the Columbia Suicide History
Form (Oquendo et al., 2003a), which carefully distinguishes between
different forms of suicidal behavior and non-suicidal self-injurious be-
havior. To be considered suicide attempter, the participant must have
history of at least one actual suicide attempt defined as: “A potentially
self-injurious act committed with at least some wish to die, as a result of
act. Behavior was in part thought of as method to kill oneself. Intent
does not have to be 100%. If there is any intent/desire to die associated
with the act, then it can be considered an actual suicide attempt. There
does not have to be any injury or harm, just the potential for injury or
harm (e.g., If person pulls trigger while gun is in mouth but gun is
broken so no injury results, this is considered an attempt”. Participants
who had other forms of suicidal behavior such as aborted or interrupted
suicide attempt, but no actual suicide attempts, were not considered
suicide attempters.

Suicidal ideation was evaluated using the Beck Scale for Suicidal
Ideation (SSI) (Beck et al., 1979). Suicide intent was assessed using the
Beck Suicide Intent Scale (Beck et al., 1974) for the most recent as well
as the maximum-lethality suicide attempt. Lethality of these suicide
attempts was assessed using a medical damage rating scale that scored
physical injury resulting from an attempt (Beck et al., 1975). This scale
measures the medical lethality of any suicide attempt for one of eight
possible methods (sedative drugs, non-sedative drugs and other sub-
stances, shooting, immolation, drowning, cutting, jumping, hanging) on
an ordinal scale from 0 (minimal or no damage) to 8 (death). Since the
primary aim of this study is to identify structural brain abnormalities
related to higher-lethality suicide attempters, we classified the suicide
attempters into two groups by performing a median split for the leth-
ality score of the maximum-lethality attempt. Higher lethality suicide
attempters included participants with suicide attempts that were scored
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a lethality scoring of three or more (at minimum, mild physical injury
requiring medical intervention). Given that the cut-off lethality score
between these two groups (i.e., score of ≥3) is lower than the score
used to distinguish between high vs. low lethality attempts in the lit-
erature (Keilp et al., 2014; Oquendo et al., 2009), we used the terms
“higher” and “lower” lethality attempters.

The computerized Stroop task, described elsewhere (Keilp et al.,
2008; Rizk et al., 2017), was used to assess cognitive control as part of
our exploratory analyses to provide context for our initial findings. This
task was adapted from standard color/word versions of the task
(Macleod, 1991), using a single item presentation and a button press
response. Briefly, three blocks of conditions were presented, in a
manner similar to the standard paper-and-pencil task: a Word condition
(identify color names in black letters), a Color condition (identify the
color of a string of four X's displayed in one of the three colors), and a
Color/Word condition (identify display color of a stimulus containing
an incongruous color name, ignoring the text). Auditory feedback was
provided for correct and incorrect responses. Word and Color blocks

had 45 stimulus trials; Color/Word block had 90 trials. Percent Stroop
Interference (percent change in median reaction time to color/word vs.
color responses) was used to summarize performance. This has been
used as an indicator of cognitive inhibition by others (Snyder, 2013),
and our group (Keilp et al., 2008; Keilp et al., 2013; Keilp et al., 2001;
Kikuchi et al., 2012; Rizk et al., 2017).

2.3. Image acquisition

All MRI scans were acquired using a 3T SignaHDx scanner (General
Electric Medical Systems, Milwaukee, WI) at the New York State
Psychiatric Institute ((NYSPI). Seventy-two scans were performed using
an 8-channel head coil (4 higher-lethality suicide attempters, 11 lower-
lethality suicide attempters and 57 non-attempters) and 19 scans were
performed using a 32-channel head coil (7 higher-lethality suicide at-
tempters, 3 lower-lethality suicide attempters and 9 non-attempters).

T1-weighted MRI scans were acquired using the following para-
meters: TR =∼ 6 ms, TE=minimum 2400 ms, flip angle= 9,

Fig. 1. a) Sagittal, axial and coronal brain views showing the extension of the 5 a priori regions-of-interest. b) Box and Whisker plot showing the means and standard
deviations of the gray matter volume (adjusted for age, sex, total intracranial volume and head coil type) in the 5 a priori regions-of-interest across higher-lethality
suicide attempters, lower-lethality attempters and non-attempters. Abbreviations: cACC= caudal anterior cingulate cortex, dlPFC=dorsolateral prefrontal cortex,
OFC=orbitofrontal cortex, rACC= rostral anterior cingulate cortex.
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FOV=25.6 cm×25.6 cm, slice thickness= 1 mm, number of
slices= 164, matrix size= 256×256 pixels. All 32-channel scans
were performed with TI= 450 and flip angle= 12, while the 8-channel
coil scans were scanned with flip angle= 9, with some subjects
(N= 36) having TI= 500 and the remainder (N= 36) having
TI= 900. In a preliminary analysis, we found that head coil type, but
not the sequence parameters (p > 0.05 for all ROIs), had an effect on
ROI GMV values so we included the type of head coil as a covariate (in
addition to age, sex and total intracranial volume (TIV)) in all analyses.
Detailed quality control using visual inspection was performed to rule
out any motion artifacts and gross neuropathology.

2.4. Image processing

2.4.1. Preprocessing
The T1-weighted images were processed with Statistical Parametric

Mapping 8 (SPM8) software package (www.fil.ion.ucl.ac.uk/spm;
Wellcome Department of Imaging Neuroscience) using Voxel-based
Morphometry 8 (VBM8) toolbox (http://dbm.neuro.uni-jena.de/vbm/).
Images were bias corrected, segmented, and spatially normalized to
standard Montreal Neurological Institute (MNI) space at a voxel size of
1.5× 1.5×1.5 mm3 using 12-parameter affine linear transformation
and diffeomorphic anatomical registration through exponentiated lie
algebra (DARTEL) (Ashburner, 2007). To preserve the actual gray
matter values locally, segmented gray matter images were multiplied
by the measure of warped and unwarped structures derived from the
nonlinear step of the spatial normalization. The modulated gray matter
volume (referred to as GMV) images were smoothed with an isotropic
Gaussian kernel of 8 mm full width half maximum (FWHM).

2.4.2. ROI determination
A standard space ROI atlas was used to label regions on VBM

images. The Desikan-Killiany atlas was used (Desikan et al., 2006) with
ROI GMV calculated as the average VBM value within each region.

ROIs (Fig. 1a) were selected based on results from previous struc-
tural and functional neuroimaging studies on suicidal behavior. ROIs
included dorsolateral prefrontal cortex (dlPFC) (Giakoumatos et al.,
2013; Jollant et al., 2008; Oquendo et al., 2003b), orbitofrontal cortex
(OFC) (Jollant et al., 2008; Monkul et al., 2007; Oquendo et al., 2003b;
Soloff et al., 2012), insula (Giakoumatos et al., 2013; Soloff et al.,
2012), rostral and caudal anterior cingulate cortex (rACC and cACC)
(Dombrovski et al., 2013; Oquendo et al., 2003b; Pan et al., 2011). ROIs
were averaged bilaterally to minimize the number of comparisons.

2.5. Statistical analysis

In preliminary analyses, data were statistically evaluated using IBM
SPSS Statistics (SPSS Inc., Chicago, Illinois, USA, Version 24.0). All
quantitative variables, by diagnostic group, were checked for normal
distribution and outliers. Comparisons of demographic and clinical
variables between the higher-lethality suicide attempters, lower-leth-
ality suicide attempters and non-attempters were performed using one-
way analysis of variance (ANOVA) for continuous variables and Chi-
square analyses for categorical variables. The relationship between
lethality and intent of the highest lethality suicide attempt was tested
using Spearman's correlation analysis. Given that research shows that
GMV may be affected by individual differences in handedness (Sun and
Walsh, 2006), educational level (Arenaza-Urquijo et al., 2013), history
of substance use disorder (Thayer et al., 2017) or comorbid borderline
personality disorder (Soloff et al., 2012), we performed preliminary
analyses to check if these variables have any effect on GMV in the
current study. These analyses yielded no significant association be-
tween these factors and GMV.

For the ROI analysis, we fitted a linear mixed-effects model with the
GMV values as outcome, region, group (categorical variable with three
levels), age, sex, TIV and head coil type as fixed effects, and subject as

the random effect, in order to properly account for the covariance
structure of the data. There was strong evidence for different variances
across regions and so our linear mixed model allowed a different var-
iance for each region. This ROI analysis was performed using R version
3.3.3 (http://cran.r-project.org). Power calculation showed that, with
our sample sizes, based on summary statistics taken from the data, it is
possible to perform determine hypothetical differences that could be
detected with 80% power. We can do this separately for each region
and for each comparison (i.e., higher-lethality vs. lower-lethality at-
tempters and higher-lethality attempters vs. non-attempters), giving 10
minimally detectable effect sizes in all. This calculation varies con-
siderably from region to region and from comparison to comparison
based on volumes and sizes of comparison groups (66 non-attempters,
but only 14 lower-lethality attempters). Overall, we are 80% powered
to detect differences from as small as 8% to as large as 20.4%.

Possible confounding effect of clinical variables (current depression
severity, suicidal ideation, life-time impulsiveness, aggression history,
Stroop task interference, and time passed since most recent attempt
[>5 years vs. <5 years]) were examined by refitting the linear mixed-
effects model as above also including each of these variables in turn as
an additional fixed effect.

For the voxel-wise analysis, a one-way ANOVA was performed in
SPM8 to compare the smoothed gray matter maps of higher-lethality
suicide attempters, lower-lethality attempters and non-attempters’
scans with age, sex, TIV and head coil type as covariates of no interest.
The statistical parametric maps were thresholded at a voxel-level p-
value of <0.001 and a cluster-level FWE corrected p-value of <0.05.

3. Results

3.1. Demographic, clinical, and neuropsychological measures

Demographic and clinical characteristics (N=91) are shown in
Table 1. The higher-lethality suicide attempters, lower-lethality suicide
attempters and non-attempters did not differ in terms of age, sex, race,
ethnicity and handedness. Current suicidal ideation scores were higher
in higher-lethality attempters compared with the other two groups. No
statistically significant difference was found between the three groups
regarding depression severity, impulsiveness, lifetime aggression or
Stroop interference scores.

The two groups of attempters did not differ in the number of life-
time suicide attempts, suicide intent for the most lethal attempt or time
passed since the most recent attempt. Within the suicide attempter
group, the lethality of the most lethal suicide attempt did not correlate
with intent (Spearman's rho=0.233, p=0.297).

3.2. Image analysis

3.2.1. ROI analysis
Considering all ROIs simultaneously, GMV differed between higher-

lethality attempters, lower-lethality attempters, and non-attempters
(F(2, 85)= 5.261, p=0.007), with evidence of heterogeneity of this
effect across regions (region× group interaction: F(8, 352) = 2.110,
p=0.034). Exploratory post hoc individual ROI comparisons within the
model (Fig. 1b) showed that, compared with the MDD lower-lethality
attempters, the MDD higher-lethality suicide attempters had greater
GMV in OFC (p=0.002), rACC (p=0.006), cACC (p=0.034), and
insula (p=0.009) but not in dlPFC (p=0.126). Also, compared with
the MDD non-attempters, the MDD higher-lethality suicide attempters
had greater GMV in dlPFC (p=0.042), OFC (p < 0.001), insula
(p=0.001), but not in rACC (p=0.089) or cACC (p=0.106).

Re-running the model with each of the clinical variables as an ad-
ditional covariate, the main effect of group on GMV remained sig-
nificant. That was true when including BDI score (F(2, 80)= 5.887,
p=0.004), HDRS score (F(2, 82)= 5.367, p=0.006), SSI score (F(2,
81)= 7.311, p=0.001), BIS score (F(2, 65)= 6.633, p=0.002), B-G
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score (F(2, 76)= 4.438, p=0.015), Stroop task interference (F(2,
84) = 5.290, p=0.007) and time since most recent attempt (F(1,
19) = 5.496, p=0.030).

3.2.2. Voxel-wise analysis
Compared with lower-lethality suicide attempters and non-attemp-

ters, higher-lethality attempters had greater GMV in a large cluster
(size= 1500 voxels, cluster-level p(FWE) < 0.001, maximum T-
score= 4.02 at MNI coordinates 4,50,12) mainly encompassing the
right prefrontal lobe (Fig. 2). No clusters were identified where lower-
lethality attempters or non-attempters had greater GMV than other
groups.

4. Discussion

The current study examined the neuroanatomical correlates of

higher-lethality suicidal behavior in medication-free adults with major
depression. Contrary to our hypothesis, individuals with MDD and a
history of at least one higher-lethality suicide attempt had greater gray
matter volume of prefrontal regions and insula compared to MDD
participants with a history of lower-lethality suicide attempters and
MDD participants with no history of suicide attempts. This association
was not explained by current depression or suicidal ideation severity,
lifetime severity of impulsiveness or aggression, cognitive control
ability or time passed since the most recent suicide attempt, as the
association remained significant after controlling for these variables.

The regions found to be larger in higher-lethality suicide attempters
largely contribute to cognitive control of thoughts and emotions.
Specifically, the OFC (particularly its lateral part), dlPFC and ACC play
significant roles in cognitive reappraisal of negative emotions (Buhle
et al., 2014; Ochsner et al., 2012). Further, the dlPFC and ACC subserve
the attention control network (Leung et al., 2009; MacDonald et al.,
2000; Shenhav et al., 2016), and the dlPFC has been particularly linked
to planning of action sequences (Goel, 2002; Otto et al., 2013; Owen,
2005; Tanji et al., 2007). Besides its well-known function in negative
emotional processing (Adolphs, 2003; Ochsner et al., 2002), some
studies showed the anterior insula play an essential role in voluntary
control and intentional actions (Brass and Haggard, 2010; Nelson et al.,
2010).

It may seem counterintuitive that higher-lethality suicide attemp-
ters had larger volumes of brain regions sub-serving planning, inten-
tional actions, executive functions, and emotion regulation. However,
previous studies showed that a subset of higher-lethality suicide at-
tempters has a high degree of planning prior to the suicidal act
(Chaudhury et al., 2016), and lower delayed discounting
(Dombrovski et al., 2011) and thus can suppress their desire for im-
mediate satisfaction in favor of delayed reward. Higher-lethality

Table 1
Demographic and clinical characteristics of the study sample.

Variable MDD higher-lethality suicide attempters
(N=11)

MDD lower-lethality suicide attempters
(N=14)

MDD suicide non-attempters
(N=66)

Analysis

Demographic characteristics
N % N % N % χ2 pa

Sex; Female 5 45 9 64.3 46 70 2.487 0.305
Race; White 5 45 7 50 44 67.7 13.499 0.118
Handedness; Right 7 63.6 10 71.4 52 78.8 2.692 0.315

Range Mean (SD) Range Mean (SD) Range Mean (SD) F pb

Age (years) 18–56 33.4 (14.3) 19–60 35.9 (12.8) 18–64 34.5 (11) 0.151 0.860
Education (years) 11–18 14.3 (2.9) 11–22 15.7 (3.7) 11–22 16.1 (2.6) 1.630 0.202
Clinical & neuropsychological measures
Beck Depression Inventory 13–38 23.6 (10.0) 13–38 26.1 (9.1) 13–47 24.3 (9.0) 0.270 0.764
Hamilton Depression Rating Scale

(17-item)
16-25 19.9 (3.7) 16–25 17.5 (4.7) 16–31 17.9 (5.0) 0.890 0.415

Barratt Impulsivity Scale 23-87 52.1 (19.6) 36–65 49.3 (10.1) 21–95 52.0 (14.9) 0.142 0.868
Brown Goodwin Aggression Scale 10–26 17.0 (5.5) 10–24 17.1 (4.1) 10–32 16.4 (3.7) 0.236 0.791
Stroop Interference$ 0.050–0.820 0.348 (0.267) 0.010–0.730 0.280 (0.190) -0.020–1.040 0.317 (0.221) 0.296 0.744

N % N % N % χ2 pc

Comorbid anxiety disorder 4 36.4 7 50.0 30 45.5 0.236 0.887
Past substance use disorder 1 9.1 2 14.3 8 12.1 0.289 0.951
Borderline personality disorder 6 54.5 3 21.4 4 6.1 15.147 <0.001

Range Mean (SD) Range Mean (SD) Range Mean (SD) F pb

Suicide history
Scale for suicidal ideation 0–33 16.7 (13.1) 0–24 6.3 (7.6) 0–21 3.9 (5.7) 15.137 <0.001
Number of actual suicide attempts 1–6 2.3 (1.7) 1–7 2.1 (1.7) 0.086 0.773
Suicide intent score of maximum-

lethality attempt
6–25 16.2 (5.7) 11–24 16.7 (4.1) 0.067 0.798

Lethality score of maximum-
lethality attempt

3–7 3.6 (1.2) 0-2 0.7 (0.8) 51.693 <0.001

N % N % χ2 pa

Recency of last attempt; <5 years 7 63.6 6 42.9 1.066 0.428

Abbreviations: MDD=major depressive disorder
a Chi-square analysis.
b One-way ANOVA.
c Fisher's Exact test.
$ Score negatively scaled. Higher scores indicate poorer performance.

Fig. 2. Results from an optimized voxel-based morphometry analysis, showing
coronal, sagittal and axial views of the cluster (size= 1500 voxels, maximum T-
score= 4.02 at MNI coordinates x,y,z=4,50,12) with greater gray matter
volume in higher-lethality suicide attempters compared to lower-lethality at-
tempters and non-attempters at a voxel-level p-value of <0.001 and a cluster-
level FWE corrected p-value of <0.05.
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depressed suicide attempters also perform better on an object alterna-
tion task, indicating greater executive control, and response organiza-
tion (Keilp et al., 2014), compared with lower-lethality suicidal at-
tempters. Interestingly, Vang et al. (2010) looked at the differences in
brain subcortical volumes between a sample of suicide attempters with
a high intent to die and healthy controls. They found this subgroup of
attempters had smaller globus pallidus volumes that in turn correlated
negatively with solidity, a measure of non-impulsive temperament.
Further, Dombrovski et al. (2012) found larger putamen and pallidum
in individuals with late-life depression and history of higher-lethality
suicide attempts compared with lower-lethality suicide attempters.
Collectively, these findings suggest that suicide attempters with higher
degree of suicidal act lethality may represent a non-impulsive sub-
group. In other words, the larger prefrontal regional volumes in this
group may relate to their better planning and response organization
abilities. Partially supporting this hypothesis is the established positive
moderate correlation between lethality and intent of suicide attempt
(van Heeringen and Mann, 2014), which was not found in our current
study, probably due to small sample size. Although we have not found
differences between higher-lethality suicide attempters, lower-lethality
attempters and non-attempters in terms of the impulsivity, aggression,
or cognitive control measures utilized in this study, these groups may
show differences in other domains of executive function not captured
by these measures.

An alternative explanation for our finding is that increased GMV in
the higher-lethality suicide attempters may represent a compensatory
process in response to chronic and elevated stress prior to the suicidal
act. Consistent with this hypothesis, Steiner et al. (2008) found elevated
microglial density in suicidal individuals suggesting that microglial
activation might be a consequence of pre-suicidal stress. This microglial
activation results in an increase in soma size and development of
thicker, branched processes (LaVoie et al., 2004), a change that may be
reflected in the observed greater volume of the brain regions in the
current study. However, this interpretation should be considered with
caution as the physiological mechanisms of increased regional brain
volume detected by VBM remain incompletely elucidated.

Of note, the direction of gray matter abnormalities in our study is
consistent with a recent study showing that high-lethality suicide at-
tempters with bipolar disorder have greater GMV in the insula and ACC
compared to low lethality attempters and non-attempters (Duarte et al.,
2017). Interestingly, in their meta-analyses of VBM studies in different
psychiatric diagnoses, Goodkind et al. (2015) argued that deficits in
dorsal ACC and anterior insula may represent a transdiagnostic pa-
thological process across major psychiatric disorders. Future studies
should test if volumetric changes in these regions is linked to high lethal
suicidal behavior across different psychiatric diagnoses.

In contrast to our finding, many previous studies reported that de-
pressed suicide attempters have lower GMV in different brain regions
compared with depressed non-attempters and healthy controls. These
include findings in the anterior cingulate cortex (Wagner et al., 2011),
lateral PFC (Ding et al., 2015), dorsomedial PFC (Hwang et al., 2010),
OFC (Ding et al., 2015; Monkul et al., 2007), temporal gyrus (Pan et al.,
2015), hippocampus (Colle et al., 2015), angular gyrus, cerebellum
(Lee et al., 2016a) and posterior third of corpus callosum
(Cyprien et al., 2011). The differences between these studies and the
current one may possibly be explained by the heterogeneity of suicidal
behavior in terms of degree of lethality and intent of suicidal act. We
have assessed the history and characteristics of suicide attempts more
thoroughly compared with previous studies with contrasting brain
structural findings. For example, most previous studies focused on the
differences between suicide attempters and non-attempters in general
and did not assess different forms of suicidal behavior (Colle et al.,
2015; Cyprien et al., 2011; Hwang et al., 2010; Lee et al., 2016b; Pan
et al., 2015; Wagner et al., 2011). Although (Ding et al., 2015) ex-
amined the relationship between lethality of suicide attempt and brain
regional volumes, they used a different measure for assessment of

lethality of suicidal behavior, namely the Risk Rescue Rating Scale
(Weisman and Worden, 1972). Another reason why our finding is dif-
ferent from some previous studies may be the differences in methodo-
logical approaches used by to calculate and analyze the GMV data.

4.1. Limitations

Median-split of the suicide attempters based on the degree of
medical lethality in this study resulted in a cut-off lethality score of 3,
which is lower than what has been previously used in literature to
distinguish the high vs. low lethality attempters. Although the modest
sample size of the high lethality suicide attempters may limit the gen-
eralizability of the findings, this study provides support for considering
the heterogeneity of suicidal behavior, particularly the lethality, in
analyses of underlying neurobiology. The mixed-effects model for ROI
analysis showed an overall effect of the group on GMV across regions.
However, post hoc individual ROI analysis showed that in some regions
the difference between higher-lethality suicide attempters and one of
the other two groups did not reach statistical significance (p = 0.1 for
dlPFC in higher-lethality vs. lower-lethality attempters, and for rACC
and cACC in higher-lethality attempters vs. non-attempters). It is not
uncommon to find a robust difference in the overall model combining
all brain regions and not in individual regions where the statistical
power is usually lower. Future studies should seek replication of the
findings in larger sample size that can more adequately do a post hoc
test of individual brain region. Without comparisons to a healthy con-
trol group, it is impossible to assess the degree of structural abnormality
of these findings or to conclude which group, attempters or non-at-
tempters, if either, show differences as compared to healthy controls.

4.2. Future directions

The current study provides evidence for structural brain changes
associated with higher-lethality suicidal behavior. We examined the
effect of specific neurocognitive and behavioral functions, including
attention control, impulsiveness and aggression, on the observed brain
structural findings of higher-lethality suicidal behavior. These assess-
ments map onto the cognitive domain of the National Institute of
Mental Health Research Domain Criteria (RDoC). Future work could
seek to more comprehensively relate relevant RDoC domains to suicide
risk and brain structural abnormalities. Additional studies are also re-
quired to determine whether the neural correlates of suicide risk are
shared across these psychiatric conditions or are diagnosis-specific.
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