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Objective: Suicide deaths and suicidal thoughts and be-
haviors are considered a public health emergency, yet their
underpinnings in the brain remain elusive. The authors ex-
amined the classification accuracy of individual, environ-
mental, and clinical characteristics, as well as multimodal
brain imagingcorrelates,of suicidal thoughtsandbehaviors in
a U.S. population-based sample of school-age children.

Methods: Children ages 9–10 years (N=7,994) from a
population-based sample from the Adolescent Brain Cog-
nitive Development study were assessed for lifetime suicidal
thoughts and behaviors. After quality control procedures,
structuralMRI (N=6,238), resting-state functionalMRI (N=4,134),
and task-based functional MRI (range, N=4,075–4,608) were
examined. Differences withWelch’s t test and equivalence tests,
with observed effect sizes (Cohen’s d) and their 90% confidence
intervals ,|0.15|, were examined. Classification accuracy was
examinedwithareaunderprecision-recall curves (AUPRCs).

Results: Among the 7,994 unrelated children (females,
N53,757, 47.0%), those with lifetime suicidal thoughts and
behaviors based on child (N5684, 8.6%), caregiver (N5654,

8.2%), and concordant (N5198, 2.5%) reports had higher
levels of social adversity and psychopathology, among
themselves and their caregivers, compared with never-
suicidal children (N56,854, 85.7%). Only one imaging test
survived statistical correction: caregiver-reported suicidal
thoughts and behaviors were associated with a thinner left
bank of the superior temporal sulcus. On the basis of the
prespecified bounds of |0.15|, approximately 48% of the
groupmean differences for child-reported suicidal thoughts
and behaviors comparisons and approximately 22% for
caregiver-reported suicidal thoughts and behaviors com-
parisons were considered equivalent. All observed effect
sizes were relatively small (d#|0.30|), and both non-imaging
and imaging correlates had low classification accuracy
(AUPRC #0.10).

Conclusions: Commonly applied neuroimaging measures
did not reveal a discrete brain signature related to suicidal
thoughts and behaviors in youths. Improved approaches to
the neurobiology of suicide are critically needed.
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Rates of suicide deaths and suicidal thoughts and behaviors
have risen by more than 50% among young people in the past
decade (www.who.int/data/gho) (1, 2), making suicide the
secondleadingcauseofdeathamongthoseages10–19years(1,3).
Whereas individual, environmental, and clinical risk factors for
suicidal thoughts and behaviors have been well established
(4–13), includinginthesampleanalyzedinthepresentstudy(14),
these factors have demonstrated low predictive validity (15–17).
In response, the number of studies examining neurobiolog-
ical underpinnings of suicidal thoughts and behaviors has
grown exponentially in the past two decades (18). Never-
theless, our understanding of the neural mechanisms un-
derlying suicidal thoughts and behaviors and their utility
remains poor, especially in young children, for several reasons.

First, it is still unclear whether findings from neuro-
imaging studies examining suicidal thoughts and behaviors
apply to children, becausemost studies have been conducted
using adult samples. Second, results of these studies have
been inconsistent. Whereas systematic reviews on the topic
suggest that suicidal thoughts and behaviors are associated
with abnormalities in regions involved in affective processing
and impulsive regulation, the specific regions highlighted in
each review differ, and all emphasize the modest sample
sizes, heterogeneity, and lack of replicability across studies
(18–21). In addition, meta-analyses of structural and func-
tional imaging studies have failed to find differences between
suicidal andnon-suicidal participants (22–24), and those that
found differences either were based on a small number of
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studies or reported inconsistent findings (24, 25). Third, it is
unclear whether the effect sizes of any described neural
correlatesof suicidal thoughts andbehaviorsare largeenough
to have clinical utility. Studies with small sample sizes have
limited power to detect differences (19). However, finding no
difference does not mean that the difference equals zero; the
observed effect size could be considered large enough to be
meaningful. On the other hand, studies with large sample
sizes are more powered to detect small differences, yet the
observed effect size of such differences may be too small for
practical purposes (23). To examine whether an observed
effect size is large enough to be consideredmeaningful, one can
test for equivalence (26), an approach originally employed in
the field of pharmacokinetics (27) with the aim of showing
that a new, cheaper drug was practically as effective as an
existing one.

In the present study, we employed data from a large
population-based sample from the Adolescent Brain Cogni-
tive Development (ABCD) study (https://abcdstudy.org) (28,
29) to examine the correlates of suicidal behaviors using a
multi-informant approach. In children ages 9–10 years, we
first examined the classification accuracy (i.e., predicted
probability of an observation of belonging to a class [e.g.,
suicide case compared with never-suicidal case]) of indi-
vidual, environmental, and clinical correlates of suicidal
thoughts and behaviors that have been shown to differ in the
present sample (14). Next, we sought to identify associations
between suicidal thoughts and behaviors and brain mor-
phometry, functional connectivity at rest, and functional
measures during three tasks. Specifically, we examined
neural correlates of processes that have been implicated in
suicidal behavior in clinical and at-risk samples of youths,
namely, reward processing (30–33) with the monetary in-
centive delay task (34), inhibitory control (35, 36) with the
stop-signal task (37), and working memory and affective
processing (38–41) with an emotional version of the N-back
task (42). We tested for differences in these measures using
a traditional null hypothesis significance test and com-
plemented our analyses with equivalence testing (26) to
examine whether observed effect sizes were large enough to
be considered meaningful based on a prespecified bench-
mark. Finally, we examined the ability of neural correlates to
classify suicide cases in our sample and analyzed this in re-
lation to non-imaging correlates of suicidal thoughts and
behaviors.

METHODS

The ABCD Study
All data used here were accessed from the ABCD Study
Curated Annual Release, 2.1 (available on request from the
National Institute of Mental Health Data Archive [https://
data-archive.nimh.nih.gov/abcd]). The baseline ABCD sam-
ple comprises 11,875 children from 22 sites across the United
States that match the demographic profile of the American
Community Survey (29). The institutional review board at

theUniversity of California, SanDiego, was responsible for
the ethical oversight of the ABCD study. The present study
is based on data from 7,994 unrelated ABCD participants
for whom complete self-report and caregiver data on
childhood suicidal thoughts and behaviors were available.
The neuroimaging analyses involved subsamples based
on the availability of high-quality MRI data for each mo-
dality (see the Methods section and Figure S1 in the online
supplement).

Determination of Childhood Suicidal Thoughts and
Behaviors
Suicidal thoughts and behaviors in children were assessed
using the child and caregiver report of the computerized
Kiddie Schedule for Affective Disorders and Schizophrenia
for DSM-5–Present and Lifetime Version (K-SADS-PL) (43).
A detailed description of the assessment is provided in the
Methods section in the online supplement. On the basis of
children and caregiver reports, four suicidal thoughts and
behaviors groups were computed: child-reported suicidal
thoughts andbehaviors, caregiver-reported suicidal thoughts
and behaviors, concordantly reported suicidal thoughts and
behaviors (i.e., both the child and the parent endorse at least
one item, theoverlapbetweenthefirst twogroups), andnever
suicidal (i.e., both the child and the parent do not endorse any
item). Analyses were conducted on the basis of all three
suicidal thoughts and behaviors groups compared with the
never-suicidal group.

In addition, on the basis of previous reports suggesting
that some suicidal thoughts and behaviors phenotypes are
more likely to be associated with neural correlates (22, 44),
we also performed secondary analyses of three other groups
of participants: those with lifetime suicide attempts, those
with current suicidal thoughts and behaviors (as opposed
to lifetime), and those with lifetime suicidal thoughts and
behaviors and family history of suicide attempt or death by
suicide in parents. Given the small number of participants
meeting these criteria in the present sample, we computed
these groups by combining child and caregiver reports.

Individual and Environmental Characteristics
We examined the classification accuracy of individual and
environmental characteristics, as well as clinical factors of the
child and caregivers that have been associated with suicidal
thoughtsandbehaviors inprevious studies (4–6, 8–10, 12) and in
the present sample (14). Detailed descriptions of these factors
and the instruments employed to assess these variables are
presented in Table S1 in the online supplement.

Neuroimaging
High-resolution T1-weighted images, as well as resting-
state and task-based fMRI data, were obtained at each ABCD
study site using 3-TMRI systems. In this study, we examined
cortical thickness (68 parcellations), subcortical volumes
(18 parcellations), functional connectivity at rest (306 con-
nectivity indices), and neural activations (167 parcellations)
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evoked by three tasks: a modified monetary incentive delay
task (34), the stop-signal task (37), and the emotionalN-back
task (42, 45). To preserve statistical power, we analyzed each
modality separately rather than selecting only those chil-
dren who had high-quality data across all three of the im-
aging modalities (see Figure S1 in the online supplement).
Detailed descriptions of the acquisition protocols, quality-
control procedures, imaging processing, and analyses of
the ABCD study have been published previously (28, 46)
and are summarized in the Methods section in the online
supplement.

Statistical Analysis
All analyses compared never-suicidal children with those
with endorsed suicidal thoughts and behaviors. A detailed
rationale and description of the tests is presented in the
Methods section in the online supplement.

Analysis of individual and environmental characteristics.
Group differences in psychosocial factors were examined
with Welch’s t tests (47), to allow for unequal number of
observations, and with chi-square tests. Results were con-
sidered significant at a p value,0.05with false discovery rate
(FDR) correction for multiple comparisons. We further es-
timated effect sizes (Cohen’s d) of mean and frequency dif-
ferences andexamined the classification accuracyof themost
robust correlates calculating the area under precision-recall
curve (AUPRC) (for further details, see the Methods section
in the online supplement).

Analysis of differences and equivalence of neuroimaging data.
We examined differences in neuroimaging measures be-
tween groups with Welch’s t tests to account for unequal
number of observations. We examined equivalence of mean
differences (i.e., whether observed effect sizes of mean dif-
ferences were meaningful effects) with equivalence tests
(which also included Welch’s t tests to account for unequal
numberof observations). Inequivalence testing, theobserved
data are statistically compared against an equivalence in-
terval specified a priori (d), defined by upper (DU) and lower
(2DL) equivalence bounds. The aim of equivalence testing is
to reject the null hypothesis that the observed effect size
(Cohen’s d) is at least as extreme as a prespecified smallest
effect size of interest. We used the two one-sided tests
(TOST) procedure (26, 48), implemented with the TOSTtwo
function from the library TOSTER in R. Given the present
sample size and previous results from a large sample (23), the
upper (DU) and lower (2DL) equivalence bounds were
specified as conservative d values of 20.15 and 0.15 (i.e.,
smallest effect size of interest=|0.15|), which correspond to
traditional notions of a small effect size (49). That is, effect
sizeswith 90%confidence intervalswithin [20.15, 0.15]were
considered statistically equivalent (i.e., not meaningful ef-
fects). The threshold for statistical significance for both tests
was set at a p value,0.05 after applying FDR correction for
multiple comparisons.

Analysis of classification accuracy. Classification accuracy of
themost robust differences in both non-imaging and imaging
datawasestimatedwith the areaunderprecision-recall curve
(AUPRC), which provides more accurate information on the
performance of a prediction model than the widely used
receiver operating characteristic curve in cases where there
is an imbalance in the observations between the two classes
(50). Precision, or positive predictive value, can be defined as
how good a model is at predicting true positive cases. Recall,
or sensitivity, can be defined as how good a model is at
predicting all the true positive cases. A perfect model would
have an AUPRC of 1, as in a receiver operating characteristic
curve. However, whereas in a receiver operating character-
istic curve a random classifier would have an area under the
curve close to0.50, inprecision recall curves that valuewould
be close to the prevalence of positive cases in the population,
calculated as y=P/(P+N) (e.g., AUPRC=0.10, if the prevalence
is 10%) (for further details, see the Methods section in the
online supplement).

RESULTS

Prevalence of Suicidal Thoughts and Behaviors in the
Sample
The four groups based on suicidal thoughts and behaviors
were categorized as follows: child-reported suicidal thoughts
and behaviors (N=684, 8.6%), caregiver-reported suicidal
thoughts and behaviors (N=654, 8.2%), concordantly re-
ported suicidal thoughts and behaviors (N=198, 2.5%), and
never suicidal (N=6,854, 85.7%). Among participants with
endorsed suicidal thoughts and behaviors, either by the child
or the caregiver (N=1,140, 14.3%), there was an agreement of
17.4% (N=198).

Lifetime suicidal ideation without attempts (including
passive, active, and plans) by the child was endorsed by
577 children (7.2% of the sample, 84.4% of cases) and
615 caregivers (7.7% of the sample, 94% of cases). Lifetime
suicide attempts by the child were endorsed by 107 children
(1.3%of the sample, 15.6%of cases) and 39 caregivers (0.5%of
the sample, 6% of cases). Current suicidal thoughts and be-
haviors in the child were endorsed by 183 children (2.3% of
the sample, 27% of the cases) and 119 caregivers (1.5% of the
sample, 18.2% of cases). The number of case subjects with
lifetime suicidal thoughts and behaviors and family history of
suicide attempt or death by suicide was 68 based on child
reports (0.9% of the sample, 9.9% of cases) and 90 based on
caregiver reports (1.1%of the sample, 13.8%of cases).The rate
of suicidal behaviors reported by either the children or the
caregivers and the rateofpositiveagreement foreach itemare
presented in Table S2 in the online supplement.

Individual and Environmental Characteristics
A full report of suicidal thoughts and behavior correlates
in the study sample has been published elsewhere (14). A
summary of the descriptive statistics and differences of in-
dividual, environmental, and clinical characteristics between
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the suicidal thoughts and behaviors groups is presented in
Table S3 in the online supplement. We further examined
current and lifetime mental health problems among care-
givers. Several variables differed at pFDR,0.05 between the
three groups with suicidal thoughts and behaviors and the
never-suicidal group. For these variables, we estimated effect
sizes and classification accuracy with the AUPRC (Table 1).
Absolute effect sizes (Cohen’s d) of non-imaging correlates of
suicidal thoughts and behaviors ranged from 0.14 to 0.87 for
child report, from 0.29 to 1.42 for caregiver report, and from
0.33 to 1.47 for concordantly reported suicidal thoughts and
behaviors. Overall, the smallest effect sizes of significant
correlateswere for sexof the child, economic problems in the
past year, and use ofmental health services by the father. The
largest effect sizes of significant correlates were for child-
reported family conflict, child psychopathology (14), and

caregiver current and lifetime mental health problems, es-
pecially in the mother. General psychopathological symp-
toms, behavioral disorders (i.e., oppositional defiant disorder
and conduct disorder), and posttraumatic stress disorder
(PTSD) had the largest effect.

However, in terms of classification accuracy, this was
either verypoorornotbetter thanwhatwouldbe expectedby
chance. Specifically, the AUPRC ranged from 0.04 to 0.20 for
child-reported suicidal thoughts and behaviors, from 0.03 to
0.30 for caregiver-reported suicidal thoughts and behaviors,
and from 0.01 to 0.15 for concordantly reported suicidal
thoughts and behaviors.

Differences and Equivalence of Neuroimaging Data
The sample sizes of the groups for each imaging modality
analyzed are presented inFigure S1 in the online supplement.

TABLE 1. Effect sizes and predictive value of the most consistent differences in individual, environmental, and clinical characteristics
between suicidal thoughts and behaviors groups, by informanta

Child-Reported
(N=684, 8.6%)

Caregiver-Reported
(N=654, 8.2%)

Concordantly Reported
(N=198, 2.5%)

Characteristics |d| AUPRC |d| AUPRC |d| AUPRC

Individual
Sex (% male) 0.17 0.04 0.29 0.03 0.33 0.01
Exposure to stressful events (%) 0.18 0.06 0.36 0.05 0.35 0.02

Environmental, family, and school
Economic problems in the past year (%) 0.22 0.07 0.31 0.07 0.33 0.02
Family conflict, caregiver report

(mean6SD)
0.18 0.11 0.49 0.14 0.44 0.05

Family conflict, child report (mean6SD) 0.52 0.15 0.40 0.13 0.64 0.06
Positive school environment (mean6SD) 0.44 0.07 0.36 0.07 0.61 0.02

Individual clinical
General psychopathology, T-scores

(CBCL) (mean6SD)
0.62 0.18 1.16 0.30 1.33 0.15

Current psychiatric disorders, caregiver
report (%)

Any disorder 0.37 0.07 0.78 0.06 0.87 0.02
Any depressive disorder 0.38 0.12 0.60 0.13 0.72 0.05
Any anxiety disorder 0.35 0.10 0.62 0.10 0.77 0.04
ADHD 0.37 0.10 0.71 0.11 0.77 0.04
Oppositional defiant disorder 0.52 0.13 0.91 0.16 0.97 0.06
Conduct disorder 0.59 0.15 1.07 0.20 1.05 0.08
PTSD 0.87 0.20 1.42 0.30 1.47 0.15

Family clinical
General psychopathology T-scores (ASR)

(mean6SD)
0.35 0.13 0.66 0.17 0.74 0.06

Maternal mental health service use (%) 0.25 0.06 0.51 0.05 0.64 0.02
Paternal mental health service use (%) 0.14 0.07 0.31 0.07 0.37 0.02
Maternal mental health hospitalization (%) 0.40 0.12 0.63 0.13 0.77 0.05
Paternal mental health hospitalization (%) 0.31 0.11 0.44 0.11 0.57 0.04
Maternal history of depression (%) 0.27 0.07 0.53 0.07 0.67 0.02
Paternal history of depression (%) 0.30 0.09 0.45 0.09 0.58 0.03
Maternal history of suicide attempt or

death (%)
0.50 0.13 0.73 0.15 0.81 0.06

Paternal history of suicide attempt or
death (%)

0.48 0.13 0.58 0.14 0.83 0.06

Maternal alcohol or substance use during
pregnancy (%)

0.29 0.10 0.31 0.10 0.34 0.03

a Effect sizes areCohen’sdpresented inabsolute values; all falsediscovery ratecorrectedpvalues,0.05. ADHD=attentiondeficit hyperactivity disorder; ASR=Adult
Self-Report; AUPRC=area under precision recall curve; CBCL=Child Behavior Checklist; PTSD=posttraumatic stress disorder.
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Foreachmodality,wereport thecombined resultsof applying
traditional null hypothesis Welch’s t tests and equivalence
tests, after applying FDR correction for multiple compari-
sons. The distribution of results is shown in Figure 1.

Results at the corrected level and uncorrected level for all
modalities are summarized in Tables S4 and S5 in the online
supplement, along with brain measures, if any, that were
statistically different and not statistically equivalent across
two or more group comparisons.

Brain structural imaging. Among the 86 regions examined,
only the left bankof the superior temporal sulcuswas found to
be significantly thinner in the caregiver-reported suicidal
thoughts and behaviors group than in the never-suicidal
group after applying FDR correction (d=20.17, 95% CI=
20.26, 20.08, pFDR=0.019) (Figures 1 and 2; see also Tables
S6–S8 in the online supplement). In addition, on the basis of
ourprespecifiedboundsof60.15, this effectwas largeenough
to be considered meaningful. Thickness in the superior
temporal sulcuswas not associatedwith having a parentwith
a history of suicide or attempt (t=20.59, df=5969, p=0.557).
However, it was associated with level of income (r=0.05,
df=5679, p,0.001), having economic problems in the past
year (t=3.11, df=6727, p=0.002, d=0.10), caregiver’s highest
level of education achieved (r=0.05, df=6227, p,0.001),

history of mental health hospitalizations in the mother
(t=2.36, df=6016, p=0.018, d=0.14), and history of depression
in either the mother or the father (t=2.13, df=5976, p=0.033,
d=0.06). Nevertheless, in a multivariate analysis including
caregiver-reported suicidal thoughts and behaviors as a
predictor, only suicidal thoughts and behaviors remained
significantly associated with lower thickness in the superior
temporal sulcus (b=20.04, t=22.93, df=5040, p=0.003).

All the remaining regions were not statistically different
(all pFDR values .0.05). Of these, most regions were statis-
tically equivalent (i.e., effect sizes were practically zero)
for the child-reported suicidal thoughts and behaviors
comparison (62 regions [72.1%], d range,20.07, 0.07) and for
the caregiver-reported suicidal thoughts and behaviors
comparison (76 regions [88.4%], d range=20.06, 0.07). In
contrast, for the concordantly reported suicidal thoughts and
behaviors comparisons, all regions were found not to be
statistically equivalent (i.e., 90% confidence intervals for
Cohen’s d included zero and overlapped with at least one
of the |0.15| bounds), with d ranging from 20.23 to 0.23
(Figure 1, see also Figures S2–S7 in the online supplement).

Resting-state functional imaging. Among the 306 functional
connectivity measures, none were statistically different after
applying FDR correction (all pFDR values .0.05) (Figure 1;

FIGURE 1. Percentage of outcomes of Welch’s t test and equivalence test for each imaging modality by suicidal thoughts and behaviors
group comparisona
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a For each informant, structural MRI (sMRI) was used to examine 86 regions, resting-state functional MRI (rs-fMRI) was used to examine 306 connectivity
indices, and task-based fMRIwasused toexamineactivations in167 regions.Bothnoevidenceofdifference (Welch’s t test, falsediscovery ratecorrected
p (pFDR) $0.05, 95% CI includes zero) and evidence of difference (Welch’s t test, pFDR ,0.05, 95% CI does not include zero) were observed. Both
evidence of equivalence (equivalence test, pFDR,0.05, 90%CI does not overlap with bounds) and no evidence of equivalence (equivalence test, pFDR
$0.05, 90% CI overlaps with bound[s]) were observed.
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see also Tables S9–S11). In addition, most functional con-
nectivity measures were statistically equivalent (i.e., effect
sizes were practically zero) for the child-reported suicidal
thoughts and behaviors comparison (170 [55.6%], d range,
20.04, 0.04). In contrast, for the caregiver-reported and
concordantly reported suicidal thoughts and behaviors com-
parisons, all functional connectivity measures were found
not to be statistically equivalent (i.e., 90% confidence inter-
vals for Cohen’s d included zero and overlapped with at least
one of the |0.15| bounds), with d ranging from 20.18 to 0.20
and 20.34 to 0.28, respectively (see Figures S8–S10 in the
online supplement).

Task-based functional imaging. Results of Welch’s t test and
equivalence tests for eachof the tasks andcontrasts examined
are shown in Figures 1 and 3 (see also Tables S12–S35 and
Figures S11–S60 in the online supplement). Briefly, among
the 167 region-of-interest mean activations examined for
each of the three tasks and eight contrasts, none were sta-
tistically different after applying FDR correction (all pFDR
values .0.05).

Of the region-of-interest mean activations, the number
of statistically equivalent measures ranged between 0 and
126 (0%275.4%, d range, 20.05, 0.05) for the child report
comparison, 0 and 116 (0%269.5%, d range,20.04, 0.04) for
the caregiver report comparison, and none for the concor-
dantly reported suicidal thoughts and behaviors comparison

(Figures 1 and 3; see also Figure S60 in the online supple-
ment). No evidence of equivalence was found for 41–167
(24.6%2100%, d range, 20.17, 0.16), 51–167 (30.5%2
100%, d range, 20.17, 0.20), and 167 (100%, d range, 20.34,
0.25) of region-of-interest mean activations for child-
reported, caregiver-reported, and concordantly reported
suicidal thoughts and behaviors comparisons, respectively.
The monetary incentive delay task showed the higher
rates of region-of-interest activations that were statistically
equivalent, followed by the stop-signal task and the emotional
N-back (Figures 1 and 3; see also Figure S60 in the online
supplement).

Classification Accuracy of Neuroimaging Data
Overall, observed effect sizeswere small, especially for child-
reported and caregiver-reported suicidal thoughts and be-
haviors analyses. Maximum effect sizes for child-reported,
caregiver-reported, and concordant analyses were |0.17|, |0.20|,
and |0.34|, respectively (see Table S36 in the online supple-
ment). On the basis of the lowest and highest 90% confidence
interval bounds, all results would have been statistically
equivalent if thresholds were |0.29|, |0.33|, and |0.56| for
child-reported, caregiver-reported, and concordantly re-
ported suicidal thoughts and behaviors comparisons,
respectively.

For child-reported and caregiver-reported suicidal thoughts
and behaviors comparisons, only 23 tests (0.67%) resulted in

FIGURE 2. Equivalence testing for mean differences in brain cortical thickness and subcortical volumes relating to suicidal thoughts and
behaviorsa
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a Panel A shows the distribution of t-values from equivalence tests comparing the regional means between the never-suicidal group (N=5,381) and the
child-reported suicidal thoughts and behaviors group (N=525), and panel B shows the caregiver-reported suicidal thoughts and behaviors group
(N=482).Higher t-values (i.e., darkergreen) suggest equivalencebetweengroups.As indicatedby theasterisk, only the left bankof the temporal sulcus in
the caregiver-reported suicidal thoughts and behaviors analysis was statistically different and not statistically equivalent after false discovery rate
correction.
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an effect size equal to or
greater than our smallest ef-
fect size of interest (d$|0.15|)
(Figure 4, see also Table S37
in the online supplement).
These included lower thick-
ness of the left bank of
the superior temporal sulcus,
aberrant connectivity of the
default and cingulo-parietal
network with the hippocam-
pusandothersubcortical areas,
and aberrant task-elicited ac-
tivation of frontal, temporal,
and parieto-occipital areas,
and the insula.TheAUPRCof
these observed effect sizes
ranged from 0.07 to 0.10. On
the basis of the prevalence of
suicidal thoughts and be-
haviors in child and caregiver
reports in our sample (ap-
proximately 8.5%), these can
be considered random clas-
sifiers. The AUPRC of the
largest effect size, found in
the sensorimotor mouth-visual
area connectivity in the con-
cordantgroupanalysis (d=0.34,
95% CI=20.55, 20.12), was
0.02.

Neuroimaging Correlates
of High-Risk Suicidal
Thoughts and Behaviors
Groups
The sample size of the groups
for each imaging modality
analyzed is presented in Ta-
ble S38 in the online supple-
ment, and a summary of the
findings in high-risk groups
in terms of difference and
equivalence of means is pre-
sented in Table S39 in the
online supplement. For case
subjects with current suici-
dal thoughts and behaviors
or lifetime suicidal thoughts
and behaviors with a family
history of suicide attempt or
death, all results were not
statistically different and not
statistically equivalent after
applying FDR correction (all
pFDR values.0.05). The same

FIGURE 3. Equivalence testing for mean differences in functional activation during the monetary
incentive delay task, the stop-signal task, and emotionalN-back task relating to suicidal thoughts and
behaviorsa
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a Panel A shows distribution of absolute t-values from equivalence tests comparing the regional means between
the never-suicidal group and the child-reported suicidal thoughts and behaviors group, and panel B shows the
caregiver-reported suicidal thoughts and behaviors group. Higher t-values (i.e., darker green) suggest equiv-
alence between groups. No statistical differences were found after applying false discovery rate correction for
multiple comparisons. The remaining contrasts are presented in Figure S60 in the online supplement.
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was true for case subjects with lifetime suicide attempt,
with two exceptions: during the stop-signal task, children
with lifetime suicide attempt showed higher activation in
the left pallidum when they were expected to inhibit a re-
sponse but did not (d=0.47, 95% CI=0.20, 0.74, pFDR=0.028)
and lower activation in the right ventral diencephalon
when they succeeded in inhibiting a response (d=0.56, 95%
CI=0.28, 0.84, pFDR=0.013). However, the classification ac-
curacy of these two findings was not better than what would

be expected by chance, with
AUPRCs of 0.02 and 0.01,
respectively.

DISCUSSION

In a large U.S. population-
based sample of school-age
children, we found that en-
dorsement of suicidal thoughts
and behaviors was strongly
associated with higher levels
of psychopathology and so-
cial adversity, but these fac-
tors had poor classification
accuracy. In terms of neural
correlates, over the 5,000
tests performed to examine
differences in structuralMRI
and resting-state and task-
based fMRI, only one sur-
vived correction, in which
suicidal thoughts and behav-
iors were associated with
thinner left bank of the su-
perior temporal sulcus. Nev-
ertheless, effect sizes of neural
correlates were very small,
and their ability to classify
case subjects with suicidal
thoughts and behaviors was
not better than what would
be expected by chance.

The rate of reported sui-
cidal thoughts and behav-
iors in our sample was in line
with rates found in prepu-
bertal and school-age chil-
dren (51, 52), which is lower
than incommunity samples of
adolescents and young adults
(4–7, 53). Child and caregiver
reports of suicidal thoughts
and behaviors were not con-
sistent, which is a common
observation in adolescents
and young adults, in whom

nondisclosure may involve concerns about stigmatization,
difficulties in communication, andunavailability of social and
family support (54).

In this sample, suicidal thoughts and behaviors were as-
sociated with higher psychosocial adversity and clinical
correlates, thus replicating a number of studies (14). The
effect sizes of these associations ranged from small to large,
with the largest effect sizes being linked to clinical charac-
teristics in the child and caregivers and child-reported family

FIGURE 4. Observed effect sizes of mean differences for each imaging modality by suicidal thoughts
and behaviors group comparisona
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conflict. For example, behavioral disorders such as opposi-
tional defiant disorder and conduct disorder, aswell as PTSD,
had effect sizes .1. The strongest association of suicidal
behaviors with externalizing rather than internalizing be-
haviors is consistent with reports on prepubertal children
(10, 11). However, regardless of the effect sizes, the classifi-
cation accuracy of non-imaging correlates either was no
better than random selection or was extremely poor, which
is in line with previous reports (16).

In terms of neuroimaging correlates, at the uncorrected
level, we found several regions associated with suicidal
thoughts and behaviors not consistently reported in the lit-
erature (18), and those regions that we found that had been
reported (e.g., aberrant thickness in the medial orbitofrontal
gyrus, aberrant connectivity in the default mode and salience
networks, and aberrant task-elicited activations in the tem-
poral lobe and insula) differed in directionality or specific
regions involved (18, 40, 41, 55–58). Moreover, after false
discovery rate correction,weonly founda thinner left bankof
the superior temporal sulcus in the caregiver-reported sui-
cidal thoughts and behaviors analysis. Similar findings in
cortical thickness have been found in adults with schizo-
phrenia (59), and reduced volume but not thickness in this
same region has been found in adolescents with a history of
suicide attempt (60).The superior temporal region is part of
a neural network involved in inhibitory control and emo-
tion processing in social contexts and has been associated
with lethality of attempts and impulsivity (61). Secondary
analyses in those with lifetime suicide attempts showed
altered activation during inhibitory control in the pallidum
and the ventral diencephalon. The latter has been associ-
ated with suicidal ideation, but not attempts, in adults with
depression (62). No associations were found with current
suicidal thoughts and behaviors or lifetime suicidal thoughts
and behaviors with family history of suicide attempt or
death.

Regardless of differences, and based on our prespecified
conservative bound of |0.15|, we showed that around half of
the group means for child-reported suicidal thoughts and be-
haviors comparisons (approximately 48%) and one-fifth for
parent-reported suicidal thoughts and behaviors comparisons
(approximately 22%) were equivalent (i.e., not a meaningful
effect). Thesewouldhavebeennearly 100%equivalentwith a
prespecified bound of |0.30|, which is still small. In the case
of the concordant group and the high-risk groups, all ob-
served effect sizes of mean differences were not statistically
equivalent (i.e., meaningful effects). In these cases, where
there was no difference but effects were not statistically
equivalent, the data were insufficient to draw conclusions.
With our conservative smallest effect size of interest of |0.15|,
the equivalence bounds became narrower, and the concor-
dant and high-risk groups should have had a larger sample
size in order to obtain a sufficiently narrow confidence in-
terval to conclude that the observed effect sizes were sta-
tistically equivalent (i.e., not a meaningful effect). While
widely employed, the choice of a d=|0.15| for the equivalence

tests was, of course, arbitrary and only meant as an indicator
of potential clinical meaningfulness. Our power calculations
indicated that our sample sizes in this study could be used to
detect such differences at a standard statistical significance
threshold and power (a=0.05 and 12b=0.80; see also the
online supplement), at least for structural MRI. Obviously,
even larger samples would be required to detect such dif-
ferences after the application of correction for multiple
comparisons.Thispoints to the fact that,much like in thefield
of genetics, power—and therefore sample size—may be a
limitation for the discovery of brain networks significantly
contributing to clinical phenotypes, such as suicidality.
Equally, our findings indicate that, at least for the phenotypes
studied here, brain effects are most likely to be small.

Indeed, in this study, observed effect sizes were rela-
tively small for all regions and connectivity indices tested
(d,|0.30|), which is in line with studies conducted in large
samples (23). This was even true within the concordant and
high-risk groups (with the only exceptions being the two
significant findings in those with suicide attempt). Small
effect sizes can still be clinically relevant if they can predict
clinical outcomes or treatment response or point to mech-
anistic pathways of disease (63). We therefore examined the
classification accuracy of the largest effect sizes in our
sample, as we didwith the non-imaging correlates.We found
that these were not better at classifying suicidal cases than
what one would get by selecting cases randomly from the
population. This is important because, ironically, the shift
from studying psychosocial risk factors to studying neuro-
biological biomarkers of suicidal thoughts and behaviors was
partly motivated by the poor sensitivity of the former in
predicting suicide (15–17), which we also showed in this
study. While the pattern of increasing suicide rates in young
people does not show signs of stopping, it is not yet clear
whether this change in focus of study is providing uswith any
benefit, especiallygiven thecostofneuroimaging studies.The
aim was to improve identification and prevention of suicidal
thoughts andbehaviors.However, to date, the evidence is still
weak for this purpose as a result of small sample sizes,
heterogeneity and inconsistency across studies, and, as fur-
ther shown in this study, small effect sizes with limited
classification accuracy. Non-imaging correlates, although
they also have low classification accuracy, at least have
moderate to large effect sizes, especially associated with
clinical characteristics. Therefore, addressing psychosocial
and clinical factors may be our best bet at this point. Nev-
ertheless, there is an urgent need to improve the study of
neurobiological biomarkers. In future studies, investigators
should aim their efforts at using othermethodologies, such as
machine learning (64, 65) and building models based on
aggregation of multiple variables, including neuroimaging,
psychosocial, clinical, and genetic correlates of suicidal be-
haviors, to increase predictive validity. That said, what our
results show is that vulnerability to suicidal thoughts and
behaviors does not appear to have a brain signature with a
strong enough effect in school-age children. However, this
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does not imply that suicidal thoughts and behaviors do not
have brain correlates; rather, it indicates that such associa-
tions, if any, may not be discernible using common neuro-
imaging measures at this age, for various reasons. First, it is
possible that what we call suicidal thoughts and behaviors in
children is different from suicidal thoughts and behaviors in
adolescents or adults. Historically, it was believed that pre-
puberal children could not have suicidal thoughts and be-
haviors because of their concrete operational thinking,which
limits their concept of causality, as well as the concepts of
death and finality (66, 67). However, current evidence sug-
gests that evenpreschoolers can showsuicidal behaviorswith
the intent to cause self-injury or death (66, 68), which is
agreed to be the essential quality of suicidal thoughts and
behaviors, regardless of an understanding of finality or le-
thality (67). Second, as brain organization evolves during the
adolescent years, also a time when more active suicidal be-
haviors emerge, it is plausible that neural correlates of sui-
cidal thoughts and behaviors become more evident as the
brainmatures. In that sense, investigation of the longitudinal
data from the ABCD study cohort, when such data become
available, will likely shed some light on these incongruent
findings across samples of different ages. Finally, it is also
plausible that we may not find a single correlate of suicidal
thoughts and behaviors in those adolescents. Suicide is
known to be a complex phenomenon, and based on works
fromaffective neuroscience (69, 70), it is likely that suicidal
behaviors are not discrete categories and thus do not have
one-to-one brain signatures. Comprehensive reviews on
the topic are a good reminder of that heterogeneity (18).
Future studies should combinemultiple types of correlates
and examine interrelated trajectories across factors that
might help us identify the shift to more active suicidal
behaviors at peak ages, such as late adolescence and early
adulthood.

Our study has some limitations. Because participants
weredrawn fromthe community, very fewhadactive suicidal
thoughts or behaviors—especially the latter—at the time of
scanning and therefore were not necessarily comparable to
clinical cases. This is important because some studies suggest
that suicidal ideation may have distinct clinical, genetic, and
imaging correlates comparedwith suicidal behaviors (18, 71).
We attempted to address these limitations by analyzing only
those individuals at highest risk, yet this approach reduced
considerably the number of participants and limited the
power to detect differences. Nevertheless, the majority of
effect sizes were small, which suggests that they would be
small even with larger sample sizes. Moreover, passive ide-
ation has been shown to be associated with significant psy-
chiatric comorbidity and to be similar to active ideation in
termsof risk factors (72), as also shown in this study.Whereas
using a community-based sample avoids referral bias andmay
aid in the identification of suicidal thoughts and behaviors in
nonclinical samples, future waves of the ABCD study should
capture the age-related increase in prevalence ofmore active
suicidal behaviors.

CONCLUSIONS

Vulnerability to suicidal thoughts and behaviors in young
children does not appear to have a discrete brain signature
when considering commonly used neuroimaging measures.
Moreover, observed effect sizes of imaging correlates of
suicidal thoughts and behaviors are small, with limited
classification accuracy. Improved approaches to the neuro-
biology of suicide are critically needed.
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