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Background
Despite efforts to predict suicide risk in children, the ability to
reliably identify who will engage in suicide thoughts or beha-
viours has remained unsuccessful.

Aims
We apply a novel machine-learning approach and examine
whether children with suicide thoughts or behaviours could be
differentiated from children without suicide thoughts or beha-
viours based on a combination of traditional (sociodemographic,
physical health, social–environmental, clinical psychiatric) risk
factors, but alsomore novel risk factors (cognitive, neuroimaging
and genetic characteristics).

Method
The study included 5885 unrelated children (50% female, 67%
White, 9–11 years of age) from the Adolescent Brain Cognitive
Development (ABCD) study. We performed penalised logistic
regression analysis to distinguish between: (a) children with
current or past suicide thoughts or behaviours; (b) childrenwith a
mental illness but no suicide thoughts or behaviours (clinical
controls); and (c) healthy control children (no suicide thoughts or
behaviours and no history of mental illness). The model was
subsequently validated with data from seven independent sites
involved in the ABCD study (n = 1712).

Results
Our results showed that we were able to distinguish the suicide
thoughts or behaviours group from healthy controls (area under

the receiver operating characteristics curve: 0.80 child-report,
0.81 for parent-report) and clinical controls (0.71 child-report
and 0.76–0.77 parent-report). However, we could not distinguish
children with suicidal ideation from those who attempted suicide
(AUROC: 0.55–0.58 child-report; 0.49–0.53 parent-report). The
factors that differentiated the suicide thoughts or behaviours
group from the clinical control group included family conflict,
prodromal psychosis symptoms, impulsivity, depression severity
and history of mental health treatment.

Conclusions
This work highlights that mostly clinical psychiatric factors were
able to distinguish children with suicide thoughts or behaviours
from children without suicide thoughts or behaviours. Future
research is needed to determine if these variables prospectively
predict subsequent suicidal behaviour.
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Suicidal thoughts and behaviours in adolescence

Despite national and international prevention efforts aimed at redu-
cing suicide risk, the rate of suicide still continues to rise globally.1

Suicidal thoughts and behaviours typically emerge during adolescence,
and their incidence rates rise sharply from childhood to adolescence.2

Suicide is the second leading cause of death for young people between
10 and 24 years of age.3,4 To better target prevention and intervention
efforts, we must increase our understanding of risk factors for suicidal
thoughts and behaviours in children and adolescents.

Risk factors for suicidal thoughts and behaviours in
adolescence

Two studies have investigated risk factors associated with suicidal
thoughts and behaviours in a very large sample of children
between the ages of 9 and 11 (n = 11 875) in the Adolescent Brain
Cognitive Development (ABCD) study.5–7 DeVille et al6 examined
social–environmental factors using generalised linear mixed-
effects models and revealed that higher levels of family conflict
was associated with suicidal ideation and low parental monitoring

was associated with both ideation and attempt. Janiri et al5 exam-
ined a broader range of potential risk and protective factors for sui-
cidality using logistic regression and also showed that higher levels
of family conflict was a risk factor for suicidality, the presence of
child psychopathology and longer weekend screen time were also
found to be risk factors, whereas greater parental supervision and
positive school involvement were protective factors.

The findings that poor family coherence and support are
associated with suicidal ideation in children are in line with the inter-
personal–psychological model and the integrated motivational–
volitional model of suicidal behaviour, in which the feeling of being
alone and non-supported (thwarted belongingness) is an important
risk factor for suicidal ideation and attempt.8,9 However, sociodemo-
graphic and clinical factors that have been identified previously to be
associated with suicide thoughts and behaviours have not led to
improved prediction of suicide thoughts or behaviours.10 Therefore,
there is a need for research into novel measures associated with
suicide thoughts and behaviours such as genetics or regional brain
activity that have been shown to play a role in these thoughts and
behaviour in adolescents.11 In addition, these studies have not exam-
ined whether a combination of factors, instead of examining associa-
tions per risk factor, distinguishes children with and without suicidal* Joint first authors.
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thoughts or behaviour. Combining different types of risk factors may
improve classification over use of individual risk factors.

Aims

To address these gaps, we examine whether a combination of a
broad range of traditional risk factors (sociodemographic, physical
health, social–environmental, clinical psychiatric characteristics)
and novel risk factors (cognitive, neuroimaging and genetic charac-
teristics) in almost 6000 unrelated children in the ABCD study
could together differentiate children with a lifetime history of sui-
cidal thoughts and/or suicide attempt and two control groups. As
a large number of children in the suicidal thoughts and behaviour
group also have a psychiatric disorder, the control groups were:
(a) children without psychiatric disorder (healthy controls), (b) chil-
dren with psychiatric disorders but no history of suicidal thoughts
or behaviour (clinical controls). To this end, we used binomial pena-
lised logistic regression and a feature selection approach, which can
determine which type of measures contribute most to the classifica-
tion of suicide thoughts or behaviours.

In addition to examining risk for suicidal thoughts and beha-
viours, it is important to identify factors that distinguish between
individuals who only think about suicide (suicidal ideation) and
those who attempt suicide (see for example12,13). This is relevant
as it has been shown that only a third of individuals with suicidal
thoughts actually attempt suicide14 and the identification of
factors that differentiate these individuals may further inform
targeted prevention and intervention efforts. Therefore, as a final
aim, we examined which factors differentiated children with
(a history of) suicidal ideation, but no history of suicidal behaviour,
and those that have attempted suicide during their lives.

Method

Participants

All data included in this study were collected as part of the ABCD
study (Annual Release 2.1; https://nda.nih.gov/abcd). Data were
drawn from the baseline measurement of the ABCD study, which
included data from 11 875 children between the ages of 9 and 11
assessed at 22 sites across the USA. The recruitment method and
inclusion and exclusion criteria of the ABCD study are described
elsewhere.7 All adolescents provided written assent and their
parents provided consent. The Institutional Review Board of the
University of California at San Diego approved the study protocol
and data collection and is responsible for ethical oversight.

In the current study, we only included unrelated children,
leading to a sample size of 9985 children (see Supplementary
Note 1 and Supplementary Figure 1; available at https://doi.org/
10.1192/bjp.2022.7). In addition, nine children were excluded
because of missing sociodemographic data, and 4000 children
were excluded because of missing neuroimaging data or excluded
as a result of the low quality of neuroimaging data (as suggested
by the ABCD team). This resulted in a total sample size of 5885
children for the current analysis (50% female, 67% White).

Definition of outcome groups

Suicidal thoughts and behaviours (interrupted, aborted or actual
suicide attempt) and psychiatric diagnoses were assessed using the
child-and parent-reported version of the computerised Kiddie
Schedule for Affective Disorders and Schizophrenia for DSM-5
(K-SADS-5).15 As previous findings showed low correspondence
between parent- and child-reported suicide thoughts or behaviours
in the ABCD sample,5 we created two suicide thoughts or beha-
viours outcome variables, one for each (see Supplementary Note 2

for more details on group definitions). Children with comorbid psy-
chiatric disorders were not excluded from the suicide thoughts or
behaviours group. The definitions for the healthy control and clin-
ical control groups were the same across parent and child outcome
variables, however, because of differences in the suicide thoughts or
behaviours outcome, the sample of the healthy control and clinical
control groups also differed.

For the parent-reported suicide thoughts or behaviours outcome
variable, we created three groups based on the K-SADS-5 diagnostic
information:

(a) healthy control group (no parent-reported or child-reported
psychiatric diagnosis was present and no parent-reported
lifetime history of suicidal thoughts and behaviour; n = 2415);

(b) clinical control group (a parent-reported or child-reported psy-
chiatric diagnosis was present, but there was no lifetime parent-
reported history of suicidal thoughts or behaviour; n = 2976);

(c) suicide thoughts or behaviours group (lifetime parent-reported
suicidal thoughts or behaviour was reported; n = 494).

The child-reported suicide thoughts or behaviours outcome
variable included the following three groups:

(a) healthy control group (no parent-reported or child-reported
psychiatric diagnosis was present and no child-reported life-
time history of suicidal thoughts or behaviour; n = 2367);

(b) clinical control group (a parent-reported or child-reported psy-
chiatric diagnosis was present, but there was no lifetime child-
reported history of suicidal thoughts or behaviour; n = 2985);

(c) suicide thoughts or behaviours group (lifetime child-reported
suicidal thoughts or behaviour was reported; n = 528).

In addition, ancillary analyses were performed on the indivi-
duals that were in the same group according to both the parent
and child outcome variables (see Supplementary Note 3 and
Supplementary Table 3).

For secondary analyses, we created two additional outcome
variables to distinguish children with lifetime suicidal thoughts
(ideation) from children with a history of suicidal behaviour
(attempt). The child-reported outcome variable included 461
children with self-reported suicidal ideation but no history of
attempt and 67 children with a self-reported history of suicide
attempt. The parent-reported suicide ideation and suicide attempt
outcome variables included 464 children with suicidal ideation
but no history of attempt, and 30 children with a history of
suicide attempt (see Supplementary Note 4 for more details on
group definitions).

Risk factors

Seven sociodemographic, 13 physical health, 28 social–environmental,
56 clinical psychiatric, 14 cognitive functioning, 88 neuroimaging
and five genetic variables were included, based on available
literature, as classifiers of group status (for a detailed overview of all
included measures please see Supplementary Note 5 and 6, and
Supplementary Table 1).

Statistical analysis
Training and independent validation data-sets

In order to perform the binomial penalised logistic regression ana-
lysis, a training data-set, consisting of two-thirds of the data, and a
validation data-set (or hold-out sample), consisting of one-third of
the data, were created by randomly splitting the data according to
the data collection site to ensure the generalisation of model per-
formance to independent sites (see Fig. 1). When the groups were
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based on the child-reported suicide thoughts or behaviours the
training data-set consisted of 4168 children and the validation
data-set of 1712 children (see Supplementary Table 2). The training
data-set based on parent-reported suicide thoughts or behaviours
included 4172 children and the validation data-set 1713 children.

Classification of group status in the training set

Binomial penalised logistic regression analysis was performed using
the package glmnet in R.16 This was applied to a combination of all
measures in the training set to distinguish between (a) the healthy
control group; (b) the clinical control group and (c) the suicide
thoughts or behaviours group.

The binomial penalised logistic regression builds a sparse model
by adding a penalty that prevents overfitting. This approach com-
bines two types of penalties or regularisations. A Ridge penalty
shrinks coefficients, making their contribution to the model small,
and a Lasso penalty forces some coefficients to zero, meaning that
the feature is not selected for the model. A combination of the
two penalties allows for feature selection as well as for features to
have a small contribution to the model. Binomial penalised regres-
sion was performed with different penalties (alpha levels: 0.25, 0.5,
0.75 and 1), varying between a Lasso penalty (alpha = 1) and a com-
bination of Lasso and Ridge penalties (elastic net; alpha’s between
0.25 and 0.75). Ten-fold cross validation was applied by dividing
the training data-set into ten sets, and within each cross-validation

fold, nine out of ten sets were combined to form the training set and
one was used as the test set. This was repeated ten times. The glmnet
package determined the optimal lambda value by identifying
the lambda associated with the minimum Brier score. In each
cross-validation fold we imputed missing values using the caret
package17 in the test set and training set separately, in order to
prevent data leakage.

Binomial analyses comparing two groups were run (healthy
control versus clinical control, clinical control versus suicide
thoughts or behaviours and healthy control versus suicide thoughts
or behaviours groups). Binomial analyses were performed instead of
multinomial analyses, as a set of clinical psychiatric measures were
only non-zero in the clinical control and suicide thoughts or beha-
viours groups. As the suicide thoughts or behaviours group was
smaller than the clinical control and healthy control groups, we
undersampled these larger groups within each cross-validation
fold to match the size of the suicide thoughts or behaviours group
by randomly selecting participants from the healthy control and
clinical control groups. In additional analyses we performed the
abovementioned analyses again using a nested alpha function
(please see Supplementary Note 7 for a description and the results).

The performance of the model was assessed using the area under
the receiver operating characteristics curve (AUROC). AUROC
represents the proportion of times an individual from a positive
class (for example suicide thoughts or behaviours group) is ranked
below an individual from a negative class (for example healthy

ABCD data

Penalised logistic regression

•

•
•

10 repeats of ten fold cross
validation in training set
4 different a (penalty)
Permutation testing

Feature selection

Create Ridge model

Test generalisability

Apply model to validation
data-set to test generalisability
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Fig. 1 Flow chart to describe the analysis procedure. The ABCD data was split into a training and test set.

The training set was used to do a penalised logistic regression in tenfold cross validation and repeat this ten times with four different combinations of the Lasso and Ridge penalty.
Features that had a coefficient higher than 0 in 90% or more of the repeats were selected to create a Ridge logistic regression to differentiate groups. This Ridge model was then
tested on the test data-set. In addition, the same procedure was repeated only including risk factors from one modality.
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control group). In addition, sensitivity, specificity, average of the sen-
sitivity and specificity (accuracy) were calculated. Permutation testing
(by comparing the AUROC against the AUROC of the same proced-
ure repeated 1000 with permuted group labels) was used to examine if
the model performed significantly above chance level classification.
To identify the features that contributed most to the classification
model, the features that had a coefficient of more than zero in at
least 90% of the subsamples were selected.

Generalisation to the independent validation set

The features that were selected in at least 90% of the subsamples at
each alpha (0.25, 0.50, 0.75, 1.00) in the training data-set were used
to classify group membership in the independent validation set.
This validation set consisted of seven sites from the ABCD study
that were kept separate to ensure independence. This analysis was
done to test the generalisability of the classification model to inde-
pendent sites and participants. The selected features at each alpha
were used in a Ridge logistic regression in the whole training set;
this model was then tested on the independent validation set.

Modality-specific classification

In order to examine the individual contribution of the different
modalities to the classification of the suicide thoughts or behaviours
groups, we repeated the aforementioned analysis, but only including
specific types of measures, thus performing separate analyses for
sociodemographic, physical health, social–environmental, clinical psy-
chiatric, cognitive functioning, neuroimaging and genetic measures.

Factors that differentiate ideators from individuals who attempted
suicide

To examine which factors differentiate between children with a
history of attempt from those with suicidal ideation but no
history of suicide attempt, the abovementioned binomial penalised
logistic regression analysis was performed again with a different
outcome variable. For this analysis, the data-set was again divided
into a training set and validation set using the same site split as in
the main analysis, and the same approach (including the binomial
penalised logistic regression with cross validation, feature selection
and Ridge regression) was used to test generalisability; however,
only five folds were used because the sample size was smaller.

Results

Participant characteristics

Age, gender, lifetime psychiatric diagnosis and self-reported suicidal
thoughts or behaviours are presented in Table 1 for the three groups
(healthy controls, clinical controls and suicide thoughts or beha-
viours) based on child-reported and parent-reported suicidal
thoughts or behaviours.

Classification of suicide thoughts or behaviours group
Classification of suicide thoughts or behaviours group: cross-validation
model performance

Results of the analysis using the child-reported suicide thoughts or
behaviours group measures are presented in Table 2. AUROC values
were highest when differentiating the healthy control and suicide
thoughts or behaviours groups (0.80 across the different alpha
levels), and were lowest for the comparison between healthy control
and clinical control groups (AUROC 0.69, Supplementary Figure 2).

A similar pattern was observed for the results of the analyses
using the parent-reported suicide thoughts or behaviours group
measures (see Table 2), with the highest AUROC observed for the

healthy control versus suicide thoughts or behaviours comparison
(0.81) and lowest for the healthy control versus clinical control com-
parison (range: 0.68–0.69). ROC curves, cross-validation curves and
Brier scores are presented in the Supplementary Figures 3–5 and
Supplementary Table 4.

Feature selection

Results of the feature selection analysis are presented in
Supplementary Table 5 and 6 for the child-reported and parent-
reported suicide thoughts or behaviours groups, respectively.
Although the same measures were included in both analyses, the
factors that distinguished the child-reported suicide thoughts or
behaviours group from the clinical controls were family conflict,
prodromal psychotic symptoms, impulsivity (UPPS-P18 negative
urgency and lack of planning subscales) and the CBCL19 depression
subscale score. The factors that differentiated the clinical controls
from the individuals in the parent-reported suicide thoughts or
behaviours group included the CBCL depression subscales
(anxious depression, DSM-5 depression), CBCL conduct disorder
subscale score, CBCL internalising and externalising broad
band scores and a history of mental health service use or
treatment. Plots of the stability of each predictor within repeated
cross-validation folds are presented in the Supplementary
Figure 6. In addition, we examined the results using a stricter
feature selection approach (see Supplementary Note 8 for a
description and results).

Generalisation to the independent validation data-set

The AUROC in the independent validation data-set (seven separate
ABCD sites) using the most contributing features selected (see
above), was in line with the AUROCs achieved in the training
data-set (see Supplementary Tables 7 and 8). Classifying healthy
control versus suicide thoughts or behaviours groups, the
AUROC ranged between 0.78 and 0.79 using the child-reported
suicide thoughts or behaviours group measure and between 0.81
and 0.82 using the parent-reported suicide thoughts or behaviours
group measure, using the features that were selected in the training
data-set at different alphas. Classifying the healthy control versus
clinical control groups, the AUROC ranged between 0.70 and 0.71
using the child-reported group measure and between 0.70 and
0.71 using the parent-reported measure. Finally, classifying the
clinical control versus suicide thoughts or behaviours groups, the
AUROC ranged between 0.70 and 0.71 when using the child-
reported measure and between 0.70 and 0.71 when using the
parent-reported measure.

Modality-specific classification

Results of these analyses are presented in Supplementary Table 9
and 10 for the child-reported and parent-reported suicide thoughts
or behaviours group analyses, respectively. For both the classifica-
tion of the child- and parent-reported suicide thoughts or
behaviours group status, the clinical psychiatric (AUROC
child-reported: 0.68; parent-reported: 0.77–0.78), physical health
(AUROC range child-reported: 0.58–0.73; parent-reported: 0.63–
0.77), cognitive functioning (AUROC range child-reported: 0.59–
0.71; parent-reported: 0.53–0.64) and social–environmental
factors (AUROC range child-reported: 0.62–0.74; parent-reported:
0.62–0.73) best classified suicide thoughts or behaviours groups,
in contrast to neuroimaging (AUROC range child-reported:
0.50–0.52; parent-reported: 0.49–0.51), sociodemographic mea-
sures (AUROC range child-reported: 0.54–0.58; parent-reported:
0.53–0.61) and genetic characteristics (AUROC range child-reported:
0.51–0.57; parent-reported: 0.52–0.55).
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Table 1 Participant characteristics

Child-reported suicide thoughts or behaviours groups Parent-reported suicide thoughts or behaviours groups

Healthy control
group (n = 2367)

Clinical control group
(n = 2985)

Suicidal ideation/ attempt
group (n = 528)

Healthy control group
(n = 2415)

Clinical control group
(n = 2976)

Suicidal ideation/attempt
group (n = 494)

Age, in months: mean (s.d.) 119 (7.44) 119 (7.38) 119 (7.52) 119 (7.44) 119 (7.37) 120 (7.60)
Gender, % female 52.9 47.5 45.1 53.0 48.4 38.5
Lifetime bipolar disorder (parent-reported), n (%) NA 297 (9.9) 44 (8.3) NA 275 (9.2) 69 (14.0)
Lifetime bipolar disorder (child-reported), n (%) NA 394 (13.2) 113 (21.4) NA 435 (14.6) 68 (13.8)
Lifetime depressive disorder (parent-reported), n (%) NA 289 (9.7) 62 (11.7) NA 238 (8.0) 115 (23.3)
Lifetime depressive disorder (child-reported), n (%) NA 192 (6.4) 74 (14.0) NA 218 (7.3) 43 (8.7)
Lifetime ADHD (parent-reported), n (%) NA 956 (32.0) 154 (29.2) NA 911 (30.6) 205 (41.5)
Lifetime psychotic disorder (parent-reported), n (%) NA 120 (4.0) 19 (3.6) NA 101 (3.4) 38 (7.7)
Lifetime panic disorder (parent-reported), n (%) NA 41 (1.4) 10 (1.9) NA 33 (1.1) 18 (3.6)
Lifetime social anxiety (parent-reported), n (%) NA 278 (9.3) 35 (6.6) NA 246 (8.3) 67 (13.6)
Lifetime eating disorder (parent-reported), n (%) NA 549 (18.4) 56 (10.6) NA 558 (18.8) 52 (10.5)
Lifetime specific phobia (parent-reported), n (%) NA 1413 (47.3) 162 (30.7) NA 1380 (46.4) 199 (40.3)
Lifetime GAD (parent-reported), n (%) NA 290 (9.7) 60 (11.4) NA 244 (8.2) 107 (21.7)
Lifetime anxiety disorder (child-reported), n (%) NA 127 (4.3) 49 (9.3) NA 150 (5.0) 26 (5.3)
Lifetime OCD (parent-reported), n (%) NA 478 (16.0) 87 (16.5) NA 461 (15.5) 108 (21.9)
Lifetime PTSD (parent-reported), n (%) NA 197 (6.6) 60 (11.4) NA 172 (5.8) 86 (17.4)
Lifetime substance use disorder (parent-reported), n (%) NA 8 (0.3) 1 (0.2) NA 6 (0.2) 3 (0.6)
Lifetime passive suicidal ideation (child-reported) NA NA 386 (73.1) NA NA 423 (85.6)
Lifetime active non-specific suicidal ideation (child-reported) NA NA 275 (52.1) NA NA 232 (47.0)
Lifetime active suicidal ideation +method (child-reported) NA NA 77 (14.6) NA NA 59 (11.9)
Lifetime active suicidal ideation + intent (child-reported) NA NA 35 (6.6) NA NA 27 (5.5)
Lifetime active suicidal ideation + plan (child-reported) NA NA 28 (5.3) NA NA 10 (2.0)
Lifetime preparatory actions toward suicidal behaviour (child-

reported)
NA NA 24 (4.5) NA NA 33 (6.7)

Lifetime interrupted suicide attempt (child-reported) NA NA 8 (1.5) NA NA 4 (0.8)
Lifetime aborted suicide attempt (child-reported) NA NA 28 (5.3) NA NA 6 (1.2)
Lifetime actual suicide attempt (child-reported) NA NA 37 (7.0) NA NA 23 (4.7)

ADHD, attention-deficit hyperactivity disorder; GAD, generalised anxiety disorder; OCD, obsessive–compulsive disorder; PTSD, post-traumatic stress disorder.
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Similar to the aforementioned results, the highest AUROC
values were observed for the healthy control versus suicide thoughts
or behaviours comparison. Statistical analyses of the performance of
the different modalities can be found in Supplementary Note 9 and
Tables 11 and 12.

Classification of ideators versus individuals who
attempted suicide

Results of the analysis used to classify child-reported suicidal idea-
tion versus suicidal attempt are presented in Table 3. AUROC
values varied between 0.55 and 0.58 across the different alpha
levels. Results of the same analysis, but using the parent-reported

group measure showed similar results (AUROC range: 0.49–0.53;
see Table 3). As the results show that it is not possible to distinguish
these two groups, no further feature selection or modality-specific
classification was performed.

Discussion

Main findings

In a large sample of almost 6000 unrelated children, we examined
whether a combination of non-biological (sociodemographic, phys-
ical health, clinical psychiatric, cognitive, psychosocial) and bio-
logical (neuroimaging and genetic) factors could differentiate

Table 2 Classification of suicide thoughts or behaviours groups (child-reported and parent-reported): results of binomial penalised logistic regression
analysis

Comparison groups and alpha value AUROC AUROC, s.d. Sensitivity Specificity Accuracy PPV NPV

Child-reported suicide thoughts or behaviours
Healthy control versus clinical control
0.25 0.687 0.022 0.692 0.578 0.635 0.621 0.652
0.50 0.687 0.026 0.696 0.576 0.636 0.621 0.654
0.75 0.689 0.029 0.695 0.575 0.635 0.621 0.653
1.00 0.688 0.028 0.693 0.579 0.636 0.622 0.653
Healthy control versus suicide thoughts or behaviours
0.25 0.795 0.042 0.688 0.768 0.728 0.748 0.711
0.50 0.796 0.046 0.684 0.771 0.727 0.749 0.709
0.75 0.796 0.049 0.681 0.761 0.721 0.740 0.705
1.00 0.797 0.049 0.683 0.772 0.728 0.750 0.709
Clinical control versus suicide thoughts or behaviours
0.25 0.705 0.054 0.593 0.693 0.643 0.659 0.630
0.50 0.715 0.059 0.602 0.710 0.656 0.674 0.640
0.75 0.705 0.058 0.599 0.696 0.648 0.663 0.635
1.00 0.712 0.061 0.596 0.708 0.652 0.671 0.637
Parent-reported suicide thoughts or behaviours
Healthy control versus clinical control
0.25 0.684 0.027 0.675 0.585 0.630 0.619 0.643
0.50 0.686 0.028 0.678 0.586 0.632 0.621 0.645
0.75 0.685 0.030 0.680 0.584 0.632 0.620 0.646
1.00 0.686 0.026 0.676 0.588 0.632 0.621 0.645
Healthy control versus suicide thoughts or behaviours
0.25 0.811 0.045 0.667 0.805 0.736 0.774 0.707
0.50 0.809 0.048 0.672 0.794 0.733 0.765 0.708
0.75 0.810 0.047 0.666 0.801 0.733 0.770 0.706
1.00 0.808 0.048 0.668 0.789 0.729 0.760 0.704
Clinical control versus suicide thoughts or behaviours
0.25 0.765 0.057 0.635 0.749 0.692 0.716 0.672
0.50 0.769 0.052 0.642 0.760 0.701 0.728 0.680
0.75 0.761 0.053 0.643 0.748 0.696 0.718 0.677
1.00 0.774 0.049 0.649 0.760 0.704 0.730 0.684

AUROC, area under the receiver operating characteristics curve; PPV, positive predictive value; NPV, negative predictive value.

Table 3 Classification of suicidal ideation versus suicidal behaviour (child-reported and parent-reported): results of binomial penalised logistic
regression analysis

Comparison and alpha value AUROC AUROC, s.d. Sensitivity Specificity Accuracy PPV NPV

Child-reported suicide thoughts or behaviours
Ideation versus suicidal behaviour
0.25 0.580 0.146 0.659 0.460 0.559 0.549 0.574
0.50 0.559 0.130 0.691 0.413 0.552 0.541 0.572
0.75 0.546 0.104 0.722 0.352 0.537 0.527 0.559
1.00 0.558 0.119 0.707 0.371 0.539 0.529 0.559
Parent-reported suicide thoughts or behaviours
Ideation versus suicidal behaviour
0.25 0.486 0.195 0.634 0.358 0.496 0.497 0.495
0.50 0.521 0.179 0.729 0.313 0.521 0.515 0.536
0.75 0.519 0.168 0.692 0.318 0.505 0.504 0.508
1.00 0.533 0.213 0.705 0.318 0.512 0.509 0.519

AUROC, area under the receiver operating characteristics curve; PPV, positive predictive value; NPV, negative predictive value.
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healthy children, children with psychiatric disorder but no history
of suicidal thoughts or behaviour, and children with a lifetime
history of suicidal thoughts or suicide attempt. Binomial penalised
logistic regression analysis showed that the suicide thoughts or
behaviours group could be distinguished from the healthy
control (AUROC range 0.80 child-report, 0.81 parent-report) and
clinical control groups (0.71 child-report and 0.76–0.77 parent-
report), but the ability to differentiate the clinical control and
healthy control groups was less accurate (AUROC 0.69 child-
report and 0.68–0.69 parent-report). These results may be explained
by the fact that the children with most severe psychiatric symptoms
may have been included in the suicide thoughts or behaviours
group, thereby reducing the differences between the clinical
control and healthy control groups.

Our model generalised to independent data (separate ABCD
recruitment sites (AUROC range child-report: 0.70–0.79; 0.70–
0.82 parent-report)). The analyses for groups based on parent-
and child-reported measures were performed separately, as a
recent study5 showed low correspondence between parent-reported
and child-reported measures of suicidal thoughts and behaviours in
the ABCD study. The AUROCs of these analyses were very similar,
as we were able to distinguish the groups based on both the parent-
and child-reportedmeasures. Children with a lifetime history of sui-
cidal ideation could not be distinguished from those with a lifetime
history of suicide attempt (AUROC range 0.55–0.58 child-report;
0.49–0.53 parent-report).

Predictive value

The classification of suicide thoughts or behaviours and identifying
contributing risk factors are important aims in suicide research as it
may help identify those at risk and help target prevention and inter-
vention efforts. In this study, when discriminating the suicide
thoughts or behaviours group from the clinical control group, the
positive predictive value varied between 0.66 and 0.73, whereas
the negative predictive value varied between 0.63 and 0.68. This
means that around three out of ten children were misclassified as
belonging to the suicide thoughts or behaviours group although
they had no history of suicide thoughts or behaviours, and similarly,
around three out of ten children were misclassified as belonging to
the clinical control group although they did have a history of suicide
thoughts or behaviours.

Although the PPV in our study is higher than observed in a
meta-analysis that used psychological and biological risk instru-
ments to predict suicidal behaviour, the sensitivity observed is
lower than the sensitivity of existing suicide scales in predicting
suicide attempt,20–22 and therefore our classification model is not
yet sufficient to be used as a clinical decision tool. Risk assessment
using traditional suicide scales may therefore outperform our multi-
modal prediction. Our findings are in line with three meta-analyses
that showed that (a combination of) psychological or biological
measures were limited in their ability to predict suicide or suicidal
behaviour21–23 showing that classification of suicidal thoughts and
behaviours is complex, and adding to the current debate around
precision medicine in suicide research (see for example24).

Classification per modality

When the risk factors were divided into separate modalities to
examine their unimodal predictive characteristics, the AUROC
values for social–environmental, physical, cognitive and clinical
psychiatric modalities were higher than the AUROC values for neu-
roimaging, genetic and sociodemographic modalities. This finding
was in line with the strongest contributing features when all predic-
tors were combined in one analysis, as these features were mainly
from the social–environmental and clinical psychiatric categories.

The functional magnetic resonance imaging-based measures
included did not seem to contribute to the classification of children
with suicide thoughts or behaviours.

In contrast to these findings, previous studies have found that
functional brain alterations in the prefrontal cortex are related to
suicide thoughts or behaviours25,26 and contribute to the classifica-
tion of youth who are suicidal.27 However, our findings are consist-
ent with a neuroimaging-specific evaluation of this same cohort, in
which no association was found between suicidal thoughts and
behaviours and functional neuroimaging measures.28 These
discrepant findings between ABCD and other studies could poten-
tially be explained by the younger age of participants in the ABCD
study, the fact that ABCD is a population study or methodological
issues that have been described elsewhere.29 In addition, the
polygenic risk scores included in the analysis also did not contribute
to classification, which is in line with previous studies that show that
the polygenic risk score for major depressive disorder only
explained a small part of the variation in self-injurious behaviour.30

Individual features that contribute to classification of
suicide thoughts or behaviours

Most features that contributed to the model classifying the healthy
control and suicide thoughts or behaviours groups also contributed
when classifying the clinical control group from the healthy control
group. When the suicide thoughts or behaviours group was differ-
entiated from the clinical control group, family conflict, prodromal
psychosis, severity of mental health symptoms and measures of
impulsivity were among the features that contributed most to the
model’s predictions. These findings highlight the potential need
for clinicians to consider alternative interventions, including
family-based psychological interventions to decrease family
conflict31 or neuropsychological training to increase cognitive
control and planning abilities; and emotional regulation skills,
distress tolerance training or mindfulness-based interventions in
order to decrease negative urgency and modulate impulsivity in
individuals who are suicidal. Surprisingly, parent-reported
child mental health service use predicted parent-reported
suicide thoughts or behaviours, but not child-reported suicide
thoughts or behaviours, further highlighting the low correspond-
ence between parent- and child-reported suicide thoughts or
behaviours.

Classification of ideation versus attempt

Understanding that children will experience suicidal thoughts or
attempt suicide has important implications for suicide prevention
and clinical practice.32 In this cross-sectional study, we were
unable to differentiate children with suicidal thoughts from children
with a history of suicidal behaviour, potentially suggesting a shared
aetiology between ideation and attempt in this age group. A large
study in 16-year-olds showed that, compared with adolescents
with suicidal thoughts, those that attempted suicide were more
often exposed to self-harm by friends or family members, were
more likely to be diagnosed with a psychiatric disorder, more
often were female, exposed to trauma, more impulsive and had
specific personality characteristics (i.e. high sensation seeking and
low conscientiousness).33 A second large study conducted among
adolescents and young adults showed that acquired capability,
impulsivity, mental imagery about death and exposure to suicidal
behaviour were more common in those who attempted suicide
compared with ideators.13

Meta-analyses showed that traumatic life events, history of
abuse, drug use disorders and alterations in decision-making and
impulsivity were more common in individuals who attempted
suicide than ideators, whereas depression, alcohol use, hopelessness
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and sociodemographic variables did not differ between individuals
who attempted suicide and ideators.34,35 We were unable to include
some of the aforementioned variables in our logistic regression
model, which may explain why our classification performance
was poorer than that observed in previous studies. The variables
that contributed to the classification of the suicide thoughts or
behaviours group from the clinical control group, were unable to
distinguish ideation from an attempt, as they may be related to
suicidal thoughts and behaviour in general, and do not
differ between ideators and individuals who attempted suicide. In
addition, only 67 children reported a history of suicide attempt
and only 30 parents reported that their child had a history of
suicide attempt, which may have limited our power to detect
small effects. Finally, the young age of these participants may
have added additional noise to the classification, as a larger fraction
of the ideation group may attempt suicide in the future compared
with studies with older participants.

Strengths and limitations

This is the first study to combine multimodal features to classify
children with suicidal thoughts and behaviour from the clinical
control and healthy control participants in the ABCD study, and
builds on previous work by Janiri et al and DeVille et al.5,6

Compared with these previous studies, the strengths of this study
include the large sample size of unrelated participants, the
availability of many different types of predictors, including
clinical, sociodemographic, biological and cognitive measures, and
the use of an ecologically valid control group consisting of
children with a psychiatric disorder. An additional strength is
rigorous validation using cross validation and an independent
out-of-sample validation that avoids overly optimistic results
because of overfitting in the training set. The findings need to
be interpreted in the light of a few limitations, including the
cross-sectional nature of the data.

First, longitudinal data collection for participants enrolled in the
ABCD study is planned at 2-year intervals for a total of 10 years, and
future studies may build on these baseline models to predict suicidal
thoughts or behaviour throughout adolescence. Second, no mea-
sures of the severity or frequency of suicidal ideation or behaviour
were available, which limited our ability to examine specific sub-
groups with varying suicidal severity. Third, both static (for
example polygenic risk scores), early life (for example negative life
events) and transient (for example psychiatric symptoms) factors
were included as risk factors in the current study, as they can all con-
tribute to risk for suicide thoughts or behaviours. Although static
risk factors are unmodifiable and may not represent immediate
targets for suicide prevention, they may be important for identifica-
tion and classification of those at risk. In contrast, more dynamic
risk factors may represent better direct targets for suicide preven-
tion. Ecological monetary assessment lies at the dynamic end of
the spectrum and could potentially detect risk in real time, and
could therefore be considered in future studies. Fourth, the inde-
pendent hold-out sample used in this study was a single random
partition of the ABCD data. To ensure generalisability the model
should be tested in yet another independent data-set, preferably a
different data-set where similar measures were collected. Finally,
in this study, we showed the limited contribution of biological mea-
sures to classification, however, we may have missed interesting
associations as we included these measures as continuous measures
across the entire range. Future studies on these biological measures
could consider using a more sophisticated approach by first strati-
fying groups by certain clinical and/or biological characteristics
and then selecting a classification model that would be based on
this individual’s characteristics.

Implications

In conclusion, although results of this study revealed modest classi-
fication of suicide thoughts or behaviours-based groups in children,
which limits the use of this model as a clinical decision tool, this
study did reveal risk factors for suicide thoughts or behaviours in
children and points to potential treatment targets. Our study
shows that social–environment (family conflict), cognitive (impul-
sivity) and clinical measures (such as severity of prodromal psych-
osis symptoms, severity of depression) differentiate children with
and without a history of suicidal thoughts and behaviour. More
studies in a larger sample of individuals who have attempted
suicide are needed to confirm whether the factors identified in
our study differentiate those with ideation from those with a
history of attempt and prospectively predict subsequent suicidal
behaviour. In addition, future studies could determine whether
including additional variables (such as suicide-related measures)
improves classification. This work highlights the need for clinicians
to monitor children who present with multiple risk factors and may
inform future social–environmental interventions that may
contribute to suicide prevention in at-risk children.
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