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Brain cortical and subcortical morphology in adolescents
with depression and a history of suicide attempt
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Background: Suicidal behaviours are a major source of mortality and morbidity among adolescents. Given the maturational changes
that occur in cortical and subcortical structures during adolescence, we tested whether atypical brain structural measurements were
associated with a history of suicide attempt. Methods: We assessed 3 groups of adolescents (n = 92; 79% female, mean age
15.9 years, range 11.6-18.1 years): patients with a depressive disorder and a history of suicide attempt (n = 28); patient controls, who
had a depressive disorder but no history of suicide attempt (n = 34); and healthy controls (n = 30). We derived regional cortical thickness
and surface area, and subcortical volumes, from T,-weighted anatomic MRI scans acquired at 3 T. Results: We found significant group
differences in surface area in the prefrontal, temporal and parietal regions, as well as in the volume of several subcortical nuclei
(Pror < 0.05), but not in cortical thickness. Post hoc analyses indicated that morphological alterations primarily differentiated patients with
a history of suicide attempt from healthy controls, but not from patient controls. However, patients with a history of suicide attempt
exhibited positive correlations between age and cortical thickness in the temporal cortices and right insula, and between age and right
putamen volume (i.e., thicker regional cortex and larger subcortical volumes with age). These correlations were negative in both patient
controls and healthy controls (i.e., thinner regional cortex and smaller subcortical volumes). Limitations: Sample sizes, cross-sectional
findings and psychiatric heterogeneity were limitations of this study. Conclusion: Macroscopic structural differences in several brain
regions differentiated adolescents with a history of suicide attempt from healthy controls, but not from patient controls. However, adoles-
cents with a history of suicide attempt may present with atypical maturation of specific cortical and subcortical regions that might contrib-

ute to the risk of suicidal behaviour.

Introduction

Suicide is the second leading cause of death in adolescents.!
A recent survey of college students showed that lifetime
prevalence of suicidal ideation, plans and attempts were
32.7%, 17.5% and 4.3%, respectively, and that the onset of
suicidal thoughts and behaviours occurred before age
16 years in 75% of cases.? Examining suicidality in ado-
lescence is critical, given that this period is associated with
the sharpest increase in suicidal thoughts and behaviours.?
Further, suicidality in adolescence is associated with poorer
adult outcomes in terms of future suicide risk and increased
risk of psychopathology and functional impairment.*

There are significant challenges in conducting suicide risk
assessment. For instance, self-report measures of suicidality
are limited by reporting biases (e.g., concealing suicidality to

avoid anticipated negative consequences) and high temporal
variability (i.e., moment-to-moment fluctuations in self-
reported suicidal ideation®). Moreover, classical clinical and
demographic risk factors are of limited predictive value.®
Theoretical models of suicidal behaviours increasingly em-
phasize the critical role of neurobiological factors.” Accord-
ingly, new approaches are needed to identify neural markers
associated with the emergence of suicidal behaviours during
adolescence. Furthermore, identifying adolescent biomark-
ers could provide malleable therapeutic targets during early
intervention and expand our developmental understanding
of adult suicidality.

Advances in neuroimaging research suggest that measures
of brain function and structure may represent relevant
avenues of investigation.?’ More recent structural studies®’
have used surface-based morphometry, which decomposes
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cortical volume into its 2 primary components: cortical surface
area and thickness. These components have distinct evolu-
tionary origins'® and are regulated by different genetic and
cellular processes.!'? A recent meta-analysis with 18925 adult
participants (6448 with depression, of whom 694 had a his-
tory of suicide attempt) indicated that on average, people
with depression who had attempted suicide had a lower left
inferior parietal lobe surface area than people with depres-
sion who had not attempted suicide,’® but the 2 groups
showed no differences in cortical thickness. In addition to
identifying differences in cortical surface area, the same
meta-analysis found that smaller volumes of the bilateral
thalami and right pallidum characterized people who had
attempted suicide compared to clinical controls. These struc-
tural variations were located in key integrative regions,
encoding reward-oriented behaviour, social cognition, affect
regulation or higher-order cognition.'*!® Hence, disruptions
in cortical and subcortical networks might mediate adult
suicidal behaviours through complex emotional and behav-
ioural mechanisms.!® The origin of macroscopic neural alter-
ations associated with adult suicidal behaviours remains un-
clear, further highlighting the need to examine neuroimaging
correlates in younger cohorts.

Several neuroimaging studies have reported an association
between cortical morphometric alterations and a history of
suicidal behaviours in adolescents, although not all studies
have found statistically significant differences between pa-
tients with and without a history of suicide attempt. For in-
stance, adolescents (age 12-17 years) with major depressive
disorder (MDD) and a history of suicide attempt have, on
average, smaller grey matter volume in the right superior
temporal gyrus than healthy controls, but not adolescents
with MDD and no history of suicide attempt.”” Smaller vol-
umes in the superior temporal gyrus were also found in a
group of adolescents with treatment-resistant depression
who had attempted suicide (age 12-21 years) compared to a
group of healthy controls.’® In slightly older patients (age 14—
25 years) with a mood disorder (MDD or bipolar disorder),
Fan and colleagues' found that a history of suicide attempt
was associated with smaller volumes in the ventromedial and
dorsolateral prefrontal cortices. Further, youth with MDD and
a history of suicide attempt were characterized by smaller vol-
umes in the dorsomedial prefrontal region compared to con-
trols with a mood disorder but without a history of suicide
attempt. Researchers also found that a history of suicide
attempt in youth (age 14-25 years) with bipolar disorder was
associated with smaller left lateral orbitofrontal volume than
healthy controls but not patient controls. One longitudinal
investigation of suicide risk in the same sample also found
that smaller ventral anterior prefrontal volume at baseline
predicted suicide attempts during a 3-year follow-up period,
although the authors found no change in grey matter vol-
ume.?! Hence, suicidal behaviours in youth are associated
with structural anomalies in prefrontal and temporal regions,
which might be linked to neurobehavioural alterations associ-
ated with adolescent suicide risk.?? Indeed, adolescent suicide
risk has been mainly associated with cognitive control and
decision-making deficits, but the exact mapping of these def-

icits to structural alterations remains unknown. Investigating
surface area or cortical thickness as biomarkers of adolescent
suicide risk represents an important step in elucidating the
neurocognitive mechanisms that predispose youth to suicidal
behaviours.

There is less evidence linking morphological characteris-
tics in subcortical structure with adolescent suicidal behav-
iours. One study found an association between striatal grey
matter volume and adolescent suicidality, but only when
examining implicit associations between the self and suicide-
related content.” Cross-sectional studies have also suggested
an association between hippocampal volumes and history of
suicide attempt in youth with bipolar disorder, but not
youth with MDD."?! Thus, additional studies are warranted
to clarify the potential role of subcortical volumes as suicide
biomarkers in adolescence. It is particularly important to
examine subcortical volumes in conjunction with cortical
structures, because the interactions of these structures are
thought to be involved not only in the physiopathology of
suicide,’ but also more generally in the emergence of adoles-
cent problematic behaviour.?

Studies have mainly examined global group differences in
brain measures, but adolescence is characterized by substan-
tial neurodevelopmental change over this relatively short
period. Recent neuroimaging analyses combining several
samples of adolescents suggest that cortical thinning is the
primary factor that drives nonlinear decreases in cortical vol-
ume.”® Whereas some cortical regions show a decrease in
thickness (e.g., lateral prefrontal cortex), others show either
an increase or decrease (e.g., anterior cingulate).? Further-
more, changes in surface area — partly independent of
changes in cortical thickness — also occur in a regionally spe-
cific manner.” Importantly, subcortical structures also con-
tinue to undergo maturational changes during adolescence.”
The relationship between these maturational changes and the
emergence of suicidal behaviours during adolescence re-
mains unknown. Additional studies should examine whether
age-related factors affect the association between brain struc-
tural variation and suicidal behaviours in adolescence.

In summary, few studies have examined the association
between brain morphological features and suicidal behav-
iours in adolescents. Those that have explored this topic
have reported inconsistent findings and have not generally
accounted for developmental changes and individual vari-
ability, focusing instead on mean group differences. In the
current study, we aimed at addressing these important gaps
in the literature. We examined a large clinical sample of well-
characterized adolescents with depression, with and with-
out a history of suicide attempt, from a specialized psychi-
atric outpatient clinic in which adolescents with complex cases
of depression receive mental health care. We recruited only
patients with depressive disorders to limit clinical hetero-
geneity. First, as previously done, we sought to replicate
cross-sectional findings relating cortical morphology to
adolescent suicidal behaviours, using a well-validated ana-
lytic pipeline that examined both cortical thickness and
surface area. We also examined group differences in sub-
cortical volumes (striatum, amygdala, hippocampus,
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thalamus). Based on previous work conducted in adoles-
cents, we hypothesized that adolescent suicidal behaviours
would be associated with anomalies in cortical surface and
thickness located mainly in the frontal, insular or temporal
cortex. In line with neuropsychiatric and neurodevelopmen-
tal models,”” we hypothesized that cortical regions associ-
ated with suicidal behaviour would be characterized by re-
duced surface area and increased cortical thickness. For
subcortical regions, we hypothesized that a history of sui-
cidal behaviour would be associated with relative atrophy in
subcortical limbic regions (striatum, amygdala or hippocam-
pus). We expected that most structural differences associ-
ated with adolescent suicidal behaviours would also be
found in adolescents who had depression but no history of
suicide attempt, given the overlaps in psychiatric symptom-
atology in this group. Second, we examined the interaction
of age and morphological measures in each group, which we
posited would be significant if atypical maturational trajec-
tories underlay suicide risk. Because cortical thickness tends
to decline linearly in the age range of our sample, we
expected that an abnormal neurodevelopmental trajectory
associated with suicidal behaviours would present as either
attenuation or reversal of the linear trends found in adoles-
cents without a history of suicide attempt.

Methods
Participants

We recruited a total of 104 adolescents, aged 11-18 years,
and categorized them into 1 of 3 groups: adolescents with a
depressive disorder and a history of at least 1 suicide
attempt (n = 30; 26 female); adolescents with a depressive
disorder and no history of suicide attempt (patient controls;
n = 38; 34 female); and adolescents with no history of a psy-
chiatric disorder or suicide attempt (healthy controls; n = 36;
26 female). Exclusion criteria included neurological disor-
ders (e.g., epilepsy, brain tumour), traumatic brain injury
(> 1 minute loss of consciousness, neuroimaging anomaly,
persistent post-concussive symptoms), autism spectrum dis-
order, bipolar disorder, psychotic disorder, IQ less than 70,
pregnancy and any contraindication for MRI imaging. Given
the evidence that some phenotypes associated with suicide
attempts are heritable, including neuroimaging markers,*%
a family history of suicide attempt was an additional exclu-
sion criterion for the healthy control group (but not for the
patient control group). Three participants (1 patient control
and 2 healthy controls) did not complete the MRI assessment
because of claustrophobia or refusal. Nine participants were
excluded from analyses because of poor scan quality. There-
fore, analyses included 28 adolescents with a depressive dis-
order and a history of suicide attempt, 34 patient controls
and 30 healthy controls.

Recruitment took place from September 2012 to January
2019, primarily at the Depressive Disorders Clinic for
adolescents at the Douglas Institute in Montréal, Quebec,
Canada; additional participants were recruited from existing
studies or referred from child psychiatrists in affiliated

community clinics. Access to these specialized psychiatry
services were limited to pediatric populations, which led to
the pragmatic decision to include only participants aged
18 years or younger. Healthy controls were recruited from
the community through advertisements posted in schools,
local clinics and hospitals, youth centres and groups of
parents on social media. Participants were initially screened
via phone interview by a trained research assistant. All
participants were compensated financially ($50 for the
complete assessment), and consent was obtained from
adolescents and a least 1 of their parents or legal guardians.
The research protocol was approved by the Douglas
Institute Research Ethics Board.

Assessments

Consistent with the recommendations for a consistent
nomenclature of suicidal events,**?! a suicide attempt was de-
fined as a self-injurious behaviour carried out with some
intent to die; therefore, aborted and interrupted suicide
attempts (attempts halted by the participant or another per-
son before being carried out) and nonsuicidal self-injuries
were not included. Similarly, patients with exclusively non-
suicidal self-injuries were excluded from the group of
patients with a history of suicide attempt. We characterized
suicidal behaviours using the Suicide History Questionnaire
(in-house questionnaire), cross-validated with notes from the
patient’s medical files (reviewed by A.J.G.) and through a
clinical interview with a child and adolescent psychiatrist
(J.R.). All participants were interviewed using the Kiddie
Schedule for Affective Disorders and Schizophrenia — Pres-
ent and Lifetime.??% This assessment characterized the type
of depressive disorder (MDD, depressive disorder not other-
wise specified or dysthymia), along with psychiatric comor-
bidities. The clinical interview also assessed whether partici-
pants had a lifetime history of nonsuicidal self-injury. We
also assessed current depressive symptoms using the self-
report Beck Depression Inventory-II.* We measured partici-
pants” intelligence (IQ) using the Wechsler Intelligence Scale
for Children, 4th edition,® in participants younger than
17 years and the Wechsler Adult Intelligence Scale, 4th edi-
tion,* in participants 17 years and older.

Imaging procedure

We acquired structural T,-weighted MRI brain scans at the
Douglas Brain Imaging Centre using a Siemens Magnetom
Trio (Tim System 3 T, MR B17) MRI scanner with a 12-channel
head coil. We used a magnetization-prepared rapid gradient
echo sequence with the following parameters: repetition time
2300 ms; echo time 2.98 ms; flip angle = 9°; field of view
256 mm, voxel size 1 mm?® isotropic; acquisition time 9.25 min.

MRI preprocessing and data extraction
Structural MRIs underwent reconstruction using the fully

automated and well validated segmentation software Free-
Surfer v5.3,7 which is open-source and freely available
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(http:/ /surfer.nmr.mgh.harvard.edu/). Surface-based mor-
phometry® yielded estimations of cortical surface (area at
pial surface) and thickness (distance between the pia matter
and the underlying grey-white matter interface). We also
visually inspected brain segmentations of the cortex and sub-
cortical grey matter regions, focusing on overall image qual-
ity, including motion artifacts and the overall accuracy of
whole-brain volumetric segmentations and the reconstructed
surfaces. Scans that were of poor quality because of wide-
spread segmentation errors were excluded from the analysis.
No manual editing was performed.

We extracted the average cortical thickness and surface
area of the 34 bilateral cortical regions defined by the
Desikan-Killiany surface atlas,® as well as the volume of
7 bilateral subcortical structures (nucleus accumbens, cau-
date nucleus, putamen, pallidum, thalamus, amygdala
and hippocampus).

Statistical analyses

We performed all statistical analyses in R v3.6.0, imple-
mented in Rstudio v1.1.383.*! We first examined group dif-
ferences using univariate general linear models (1-way
analyses of covariance), with morphological features as the
dependent variables and group status (patients with a his-
tory of suicide attempt, patient controls and healthy con-
trols) as the independent variable. All models included age,
sex and IQ as covariates. Models with cortical surface area
and subcortical volumes also included intracranial volume
as a covariate. We used a 5% false discovery rate (FDR)* to
correct for multiple comparisons; we applied this separately
for each parameter tested (cortical thickness estimates, sur-
face area estimates and subcortical volumes). The p: values
are reported as g values. We calculated effect sizes for signif-
icant group differences using Hedges’ d. Sensitivity analyses
tested the effect of medication type (antidepressants, mood
stabilizers, adjunct low-dose neuroleptics, benzodiazepines
or stimulants). For these analyses, each medication class was
coded as a dummy variable (0 = no medication, 1 = medica-
tion) and included separately in the aforementioned linear
regression models.

Next, to examine whether morphometric features (cortical
thickness, cortical surface area and subcortical volumes) were
differentially related to age in each group, we conducted
linear regression models using the interaction of age and
group, controlling for sex, IQ and intracranial volume (only
for cortical surface areas and cortical thickness). We con-
ducted additional sensitivity analyses to rule out the effect of
psychotropic medication, in the same manner as for the basic
linear models (see above). When the interaction of age and
group was significant (p < 0.05), we conducted post hoc
group comparisons of the correlation coefficients between
age and morphometric features (residualized for sex and IQ).
We conducted these group comparisons with a bootstrap-
ping procedure (5000 repetitions) that computed differences
between correlation coefficients (r to z converted with
Fisher’s transformation). Confidence intervals (95%) that
excluded 0 were deemed significant.*®

Results
Group demographic and clinical characteristics

The demographic and clinical characteristics of the 3 groups
of adolescents are presented in Table 1. Female sex was pre-
dominant, but not different across groups (x> = 1.4, p = 0.5).
The mean (+ standard deviation [SD]) age of all participants
was 15.9 + 1.3 years (range 11.6-18.1). Analysis of variance
revealed a significant age difference between groups (F,s = 3.3,
p = 0.04), but the post hoc Tukey test did not show any differ-
ence when groups were compared directly. Race/ethnicity
was similar across groups. Level of parental education (our
proxy measure of socioeconomic status*) indicated a higher
proportion of parents whose highest educational achieve-
ment was elementary school in patients with a history of
suicide attempt than in healthy controls. Diagnoses of de-
pressive disorders differed slightly between patient groups:
we found a higher rate of depressive disorder not otherwise
specified relative to MDD in patients with a history of suicide
attempt than in patient controls. Although the 2 patient
groups did not differ in rates of attention-deficit/hyperactivity
disorder diagnosis, stimulant use was more prevalent in pa-
tients with a history of suicide attempt than in patient con-
trols. As expected, the 2 patient groups had levels of depres-
sive symptoms that were similar, but higher than those of the
healthy control group. Finally, among patients with a history
of suicide attempt, the average (mean + SD) time between the
last suicide attempt and the scanning session was 12.5 +
10.8 months (range 0.8-42.3). The average number of suicide
attempts was 2.0 + 1.6 (range 1-7) and the average age at first
suicide attempt was 14.4 + 1.3 years (range 10.6-16.6).

Group differences in brain morphometry

Analyses of covariance yielded significant group differences in
surface area (g < 0.05) in 9 prefrontal regions (bilateral medial
orbitofrontal cortex, right lateral orbitofrontal cortex, bilateral
rostral middle frontal, left pars triangularis, right superior fron-
tal, right precentral, left insula), 5 temporal regions (bilateral
middle temporal, bilateral superior temporal, right fusiform)
and 3 parietal regions (bilateral precuneus, right supramar-
ginal; Figure 1 left and Appendix 1, Table S1, available at
jpn.ca/200198-al). Post hoc group comparisons indicated
smaller surface area in patients with a history of suicide
attempt than in healthy controls in all 17 regions, but no signifi-
cant differences between patients with a history of suicide at-
tempt and patient controls. Five regions that differed between
patients with a history of suicide attempt and healthy controls
did not differ significantly between patient controls and
healthy controls: the left medial orbitofrontal cortex, the right
lateral orbitofrontal cortex, the right rostral middle frontal cor-
tex, the right superior frontal cortex and the right precentral
cortex. No region was uniquely different between patient con-
trols and healthy controls. The largest effect sizes between pa-
tients with a history of suicide attempt and healthy controls
were in the right medial and lateral orbitofrontal cortex (g =
0.82 and 0.66, respectively) and the bilateral precuneus (left g =
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Table 1: Demographic and clinical characteristics of the 3 groups

Group*t Group comparison
Patients with a history Healthy
of suicide attempt Patient controls controls
Characteristic (n=28) (n=34) (n =30) X3 F p value Post hoc
Female 24 (86) 27 (79) 22 (73) x=1.4 0.5 —
Age, yr 16.2+1.0 16.1+15 154 +1.3 F,e=3.3 0.04 —
Race/ethnicity
Asian <5 <5 <5 x%=0.3 0.9
Black <5 0 <5 x%.=5.8 0.06
White 21 (75) 26 (76) 21 (70) x%.=0.4 0.8
Indigenous <5 6 (18) <5 x%=4.0 0.1
Latin 0 <5 <5 x=2.4 0.3
Multiethnic <5 <5 0 x%=2.0 0.4
Parental educationt
Elementary school 7 (25) 3(9) 0(0) x%=12.3 0.002 Patients with a history of
suicide attempt > patient
controls, healthy controls
High school 5(18) 6 (18) 6 (20) x%=0.1 1.0
College 4 (14) 3(9) 6 (20) x%=25 0.3
University 12 (43) 22 (65) 17 (57) =27 0.3
1Q score§ 102.3 + 15.9 108.4 + 13.7 110.5+13.0 F,=2.3 0.1 —
Beck Depression Scale |l score 30.1 +12.9 248 +12.5 6.0 +6.0 F,e =39.5 < 0.001 Patients with a history of
suicide attempt, patient
controls > healthy
controls
Psychiatric diagnosis/history
Major depressive disorder 14 (50) 25 (74) — x%=3.6 0.06 —
Dysthymia 5(18) 7 (21) — x%=0.1 0.8 —
Depressive disorder not 10 (36) 4(12) — x%=5.0 0.03 Patients with a history of
otherwise specified suicide attempt > patient
controls
Anxiety disorder/post-traumatic 12 (43) 17 (50) — x%=0.6 0.43 —
stress disorder
Eating disorder <5 <5 — x%=0.1 0.8 —
Attention-deficit/hyperactivity 9 (32) 4(12) — x=1.8 0.2 —
disorder
Nonsuicidal self-injury, lifetime 24 (86) 22 (65) — x2,=0.5 0.5
history
Psychotropic medication
Antidepressant 14 (50) 21 (62) — x%=0.4 0.5 —
Mood stabilizer <5 <5 — x%=0.02 0.9 -
Low-dose neuroleptic 11 (39) 9 (26) — =12 0.3 —
Benzodiazepine <5 <5 — %% =0.02 0.9 —
Stimulant 8(29) <5 — x%=5.8 0.02 Patients with a history of

suicide attempt > patient
controls

Data are presented as n (%) or mean =+ standard deviation. Findings were significant at p < 0.05.

*Patients with a history of suicide attempt had a depressive disorder and a history of suicide attempt; patient controls had a depressive disorder but no history of suicide attempt; healthy

controls had no had no psychiatric disorder and no history of suicide attempt.
tPopulations of fewer than 5 have been rounded to protect patient privacy.
1One value was missing for a healthy control case.

§Wechsler Intelligence Scale for Children or Wechsler Adult Intelligence Scale.

0.64, right ¢ = 0.64). Group differences in regional surface area
remained significant when controlling for medication status.
The 3 groups did not differ significantly in terms of
regional cortical thickness (Appendix 1, Table S2).
The 3 groups did differ significantly in subcortical volumes
of the left amygdala (F,s = 7.66, 4 = 0.009), right thalamus
(Fo55 = 6.28, g = 0.013) and right nucleus accumbens (F,g = 7.15,

g = 0.009; Figure 1 right, Appendix 1, Table S3). Post hoc
group comparisons indicated smaller volumes in all 3 regions
in patients with a history of suicide attempt compared to
healthy controls, but not patient controls. The largest effect
size was found in the left amygdala (g = 0.74). Group differ-
ences in subcortical volumes remained significant when con-
trolling for medication status.
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Fig. 1: Group differences in cortical surface area (left) and subcortical volume (right). A—C: within-group analyses; D—E: between-

group comparisons. FDR = false discovery rate.

The effects of the covariates (sex, age, 1Q, intracranial vol-
ume) for each structural feature are reported in Appendix 1,
Tables S5 to S7.

Age x group interaction analyses

To explore the possibility that brain morphologic features
mature differently as a function of age and history of suicide
attempt, we examined the interactions of age and group.

We found no significant interaction of age and group for
cortical surface areas. In contrast, we did find significant
interactions of age and group for cortical thickness in the left
superior temporal cortex (F,z = 3.8, p = 0.03), right inferior
temporal cortex (F,5 = 4.4, p = 0.02) and right insula (F,s =
4.4, p = 0.02; Figure 2 left and Appendix 1, Table S4). Post hoc
analyses indicated significant differences in these regions
between patients with a history of suicide attempt and both
patient controls and healthy controls: whereas age was posi-
tively correlated with cortical thickness (adjusted for sex and
IQ) in patients with a history of suicide attempt, correlations
were negative in patient controls and healthy controls.

For subcortical regions, we found a significant interaction
of age and group for the volumes of the right putamen
(Fope = 7.6, p = 0.007) and left hippocampus (F,s = 4.7, p =
0.03; Figure 2 right and Appendix 1, Table S4). Post hoc
analyses yielded a significant difference only in the right
putamen between patients with a history of suicide attempt
and both patient controls and healthy controls; age and vol-
ume (adjusted for sex and IQ) were correlated positively in
patients with a history of suicide attempt and negatively in
patient controls and healthy controls.

Controlling for medication status did not affect the signifi-
cance of age x group interactions for regional cortical thick-
ness and subcortical volumes.

Discussion

The first objective of the current study was to examine
whether a history of suicide attempt in adolescents with de-
pression was associated with alterations in brain morphol-
ogy (including cortical surface area and thickness) and sub-
cortical volumes. We found smaller surface areas in
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Fig. 2: Regional correlations between age and cortical thickness and group comparisons for the interaction between age and subcortical

volumes. A—C: within-group analyses; D—E: between-group comparisons.

9 prefrontal regions, 5 temporal regions and 3 parietal re-
gions in patients with a history of suicide attempt than in
healthy controls, but these cortical alterations did not distin-
guish patients with a history of suicide attempt from patient
controls. Similarly, we found smaller subcortical volumes in
the left amygdala, right thalamus and right nucleus accum-
bens in patients with a history of suicide attempt than in
healthy controls, but not patient controls. Our findings also
indicated that cortical thickness was not different in patients
with a history of suicide attempt compared to patient con-
trols or healthy controls. Thus, our results suggest that pa-
tients with a history of suicide attempt show subtle altera-
tions in morphological measurements in a widespread
network of cortical and subcortical regions, but that these
changes do not distinguish patients with a history of suicide
attempt from patient controls.

Several of our findings in cortical regions were consistent
with the results of previous studies. Specifically, we repli-
cated findings in the right superior temporal gyrus that were
reported in 2 independent studies that also found smaller
volumes in adolescents with depression and a history of sui-
cide attempt'”!® than in healthy controls. In addition, volu-

metric anomalies in the orbitofrontal cortex were reported
compared to healthy controls in young patients with bipolar
disorder and a history of suicide attempt.* Our study sug-
gests that alterations in surface area, rather than cortical
thickness, explain these previously observed volumetric dif-
ferences associated with youth suicidal behaviours. With re-
spect to anomalies in subcortical structure, previous reports
in adolescent suicide behaviours are rare. Nevertheless, our
findings were consistent with converging evidence implicat-
ing alterations in limbic subcortical structures in adolescent
depressive disorders®® but also confirmed that these anoma-
lies were not reliable markers of suicide history, parallelling
reports in adult samples.*#” Although structural markers
may not enhance diagnostic capacities, our findings support
the view that neurobiological alterations contribute to the
suicidal diathesis. Additional neurobiological factors — at
the functional, neuronal, hormonal or molecular levels —
and environmental differences are probably involved in the
specific mechanisms involved in suicidal behaviours.”#
Although group comparisons did not yield robust differ-
ences, our analyses also suggested that the relationship be-
tween age and morphological measures is different in patients
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with a history of suicide attempt compared to both control
groups. These results should be interpreted with caution
given their exploratory nature, but they highlight a possible
link between atypical brain development and the emergence
of suicide risk in adolescents with depressive disorders. More
specifically, we found localized abnormalities in the relation-
ship between chronological age and cortical thickness in the
right insula and temporal regions. Although average cortical
thickness in those regions was negatively associated with age
in the patient control and healthy control groups (which is
normative in adolescents),* cortical thickness in these same
regions was positively associated with age in patients with a
history of suicide attempt. It should be noted that patients
with a history of suicide attempt and patient controls also dif-
fered meaningfully in their clinical profile (a larger number of
patients with depressive disorder not otherwise specified in
the group with a history of suicide attempt) and parental
background (lower levels of parental education among pa-
tients with a history of suicide attempt). Clinical and environ-
mental heterogeneity might at least partially explain some of
the observed effects, which could be parsed with longitudinal
studies in larger samples.

The insula has been associated with suicidality in adoles-
cents with depression. A recent study found that the insula
was among several regions with increased activity elicited
by implicit self-associations with death.>! Schwartz and col-
leagues™ found that longitudinal reductions in the coher-
ence of the salience network — which is typically anchored
in the insula® — was associated with change between the
worst severity of suicidal ideation and current levels of sui-
cidal ideation. Collectively, these results suggest that age-
related alterations in the insula are associated with adoles-
cent suicidal risk, particularly in relation to emotionally
salient or self-referential contexts.

Our exploratory analysis also suggests that age-related
anomalies in temporal thickness are associated with adoles-
cent suicidal behaviour. Interestingly, the temporal cortex is
the region with the most protracted grey matter change in ad-
olescence; some changes in cortical thickness continue well
into young adulthood.?* The temporal cortex — particularly
the superior temporal gyrus — is a highly associative region
that has been implicated in high-order semantic processing.>
Age-related anomalies in thickness of the temporal lobes have
been linked with autism,” a neurodevelopmental disorder
characterized by mentalization deficits. Hence, the possible
link between atypical adolescent maturation in the temporal
cortex and suicidal behaviour might be related to cognitive
processes involved in self-regulation or mentalization.

We also found an age-related association with grey matter
volume in the right putamen. Again, patients with a history
of suicide attempt were characterized by a positive correla-
tion between age and putamen volume, and the healthy con-
trols and patient controls were characterized by negative cor-
relations, consistent with normative developmental patterns
of the putamen during this stage.>® The putamen plays an im-
portant role in value-based decision-making and learning in
goal-directed behaviours.” Thus, abnormal maturation of the
putamen may be linked to impaired decision-making or to

other reward-based processes in adolescent suicidal behav-
iours. It is unclear whether maturational changes in subcorti-
cal regions are linked to abnormal function, as has been ob-
served at later stages of the lifespan.®

Although our results could not be used to elucidate the
mechanisms that might underlie abnormal maturational pat-
terns in specific brain regions in adolescents with a history of
suicide attempt, several hypotheses can be generated for fu-
ture investigation. Macroscopic alterations in grey matter
have been linked to both microscopic changes in synaptic
density (pruning) and white matter development, such as
myelination.”% In key prefrontal and limbic regions in-
volved in stress reactivity, emotion and reward regulation,
several of these processes are highly sensitive to exposure to
early-life stress, and even prenatal conditions.®* Early-life
stress affects brain development through complex epigenetic
mechanisms, such as altered methylation patterns, histone
acetylation or expression of post-transcriptional regulators.'®
In addition, stress-linked neuroinflammation and glial altera-
tions might underlie the molecular mechanisms related to
atypical brain development in adolescents.*

Limitations

We should underscore a few limitations of this study. First,
although we recruited a large number of participants, we
may not have had sufficient statistical power to detect effects
that could survive a highly conservative level of correction.
Second, the age range was relatively wide, which limited
our capacity to fully account for developmental variability.
Nevertheless, this age range still enabled the detection of
age-related structural differences spanning adolescence.
Third, clinical heterogeneities among our sample — includ-
ing the characteristics of suicidal behaviours, psychiatric co-
morbidities, and familial and environmental factors — may
have affected our results and prevent generalization to other
clinical populations. It also remains possible that the patient
control group, which was recruited in a highly specialized
clinic, might have comprised adolescents who were at risk of
suicide but had not yet made an attempt. This unavoidable
misclassification probably reduced the differences between
the 2 patient groups. On the technical side, although the
automated procedure for subcortical segmentation we used
has been deployed in pediatric populations,* its subcortical
template was derived from adult brains (age > 18 years).”
Age-specific segmentation techniques might yield more
accurate measurements of subcortical volumes in the devel-
oping brain.®* Furthermore, the results might have been
constrained by the chosen parcellation (Desikan-Killiany
atlas), which might have reduced our capacity to detect vari-
ations crossing predetermined anatomic boundaries. Using
more fine-grained parcellations would require a larger sam-
ple. Additionally, recent data indicate that MRI head coils
with less than 32 channels might yield a less homogeneous
signal-to-noise ratio and alter tissue segmentation, suggest-
ing that improvement in scanning hardware might provide
more reliable structural findings.®® Finally, although control-
ling for medication status did not affect our findings, we did
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not account for more complex pharmacological effects, such
as dose effects, duration of treatment and interactions. Fu-
ture research with large-scale neuroimaging studies is re-
quired to disentangle the independent and mutual effect of
biological and psychosocial factors in adolescent suicide risk.

This study adds to our understanding of the brain struc-
tural mechanisms that may be associated with suicidal be-
haviours in adolescence, but several additional steps are
needed before structural neuroimaging is integrated into pre-
dictive algorithms for adolescent suicide risk. Indeed, our
main finding precludes the use of brain morphometric fea-
tures as discrete biomarkers of adolescent suicide risk. First,
it is critical that future studies corroborate our age-related
findings prospectively. Our results were generated at the
group level, but clinical use of brain maturational indices will
require quantifying deviations from normative developmen-
tal patterns. Second, approaching the brain as a complex net-
work and combining neuroimaging modalities might pro-
vide a more sensitive approach for the detection of people at
high risk. Finally, novel statistical methods using machine
learning might assist in the integration of multimodal neuro-
imaging assessments and provide classification algorithms
that are more accurate than traditional multivariate meth-
ods.** Finally, studies recruiting across a broader psychiatric
spectrum (including bipolar disorder, psychotic disorders
and other neuropsychiatric disorders) are needed to elucidate
whether risk-related neural markers are transdiagnostic or
disorder-specific biosignatures.

Conclusion

Our study suggests that subtle morphological alterations in
surface area in the prefrontal lobes and in the parietal and
temporal lobes, as well as in the volume of several subcortical
nuclei, are associated with a history of suicidal behaviours in
adolescents with depressive disorders. However, these alter-
ations may not be sufficient to identify patients at greatest
risk for suicidal behaviours in a group diagnosed with a de-
pressive disorder. Our findings also indicate atypical age-
related correlations among patients with a history of suicide
attempt relative to other groups in regions involved in
saliency processing, higher-order cognition and reward-
oriented behaviour, which might contribute to the risk of sui-
cidal behaviours in adolescents with depression.
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