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Abstract

Background: Bipolar disorder (BD) conveys the highest risk of suicide of all mental disorders. 

We sought to externally validate a risk calculator (RC) of suicide attempts developed in youth with 

BD from the Course and Outcome of Bipolar Youth (COBY) study in an adult sample.

Methods: A prospective cohort of adults with BD from the National Institute of Mental Health 

Collaborative Depression Study (CDS; N=427; mean (+/− SD) age at intake (36 +/− 13 years)) 

was secondarily analyzed to validate the COBY RC for one-year risk of suicide attempts/deaths. 
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Nine of the ten predictor variables from the COBY RC were available in the CDS and used: age, 

age of mood disorder onset, first and second (partial) degree family history of suicide, history 

of psychotic symptoms, substance use disorder, prior suicide attempt, socioeconomic status, and 

non-suicidal self-injury (prospectively, incompletely at baseline).

Results: Over a mean (SD) follow-up of 19(10) years, 29% of the CDS sample attempted 

suicide. The RC predicted suicide attempts/deaths over one-year follow-up with an area under the 

receiver operating characteristic curve (AUC) of 0.78 (95% CI 0.75–0.80). The RC performed 

slightly better in those with a younger age of mood disorder onset.

Limitations: Clinical samples may limit generalizability; the RC does not assess more acute 

suicide risk.

Conclusions: One-year risk of suicide attempts/deaths can be predicted with acceptable 

accuracy in youth and adults with BD, comparable to commonly used RCs to predict 

cardiovascular risk. This RC may help identify higher-risk individuals with BD for personalized 

treatment and research. https://cobysuicideattemptsrc.shinyapps.io/Shiny

Keywords

Bipolar disorder; Personalized medicine; Prospective cohort study; Risk calculator; Suicide 
attempts

1. Introduction

Risk calculators (RCs) are clinical tools that use an optimally identified set of predictors to 

compute the probability of some specified event for a specific patient. An abundance of RCs 

have been validated and implemented for varied aspects of medical practice (e.g., cancer, 

cardiovascular disease (CVD), surgery) (1). While many of these RCs have found their way 

into other areas of medical practice, psychiatry has been arguably slow to adopt quantitative 

measures of individual risk into clinical practice (2). Of the models that have been developed 

in psychiatry, only about 20% underwent external validation in an independent sample, 

and those assessing clinical utility have focused only on predicting risk of developing a 

psychotic disorder (3).

There are few psychiatric RCs focused on bipolar disorder (BD) (<6% compared to >24% 

for psychotic disorders, >9% for post-traumatic stress disorder, >34% for depression) (3), 

which is striking given the well-described heterogeneity in the course of illness of BD (4, 

5). Our group has developed four RCs to assess the individual prognosis of individuals with 

BD: 1) a 5-year RC for estimating risk of BD onset among offspring of parents with BD 

(6); 2) a 5-year RC for progression from BD not-otherwise specified (BD-NOS) to bipolar 

I disorder (BD-I) or bipolar II disorder (BD-2) in youth (7); 3) a 6-month to 5-year RC for 

mood recurrence in youth (8) with BD that was externally validated in an adult sample (9); 

and 4) a 1-year RC for suicide attempts in youth with BD (10).

Suicide represents an outcome for which risk estimation is of great interest, especially in 

BD, which is associated with approximately 20–30 times the general population risk of 

suicide, the highest of mental disorders (11). Suicide risk assessment is a routine part of 
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psychiatric practice, and this largely relates to the assessment of acute suicide risk (12). 

Validated tools for the assessment of acute risk remain elusive. However, tools for more 

intermediate risk assessment do provide some value to both clinical practice and research 

and their development has been more promising. Goldstein et al. developed a RC using 

data from the Course of Outcome of Bipolar Youth (COBY) study to estimate one-year 

risk of suicide attempts among individuals with early-onset BD (10). This RC included 

10 predictors selected from the existing literature and was built from a training sample. 

In the holdout (test) sample, the calculator was able to predict one year risk of suicide 

attempts with an area under the receiver operating characteristic curve (AUC) of 0.82 

with a sensitivity of 37% at 95% specificity. This level of accuracy may be adequate for 

cost-effective suicide risk prevention strategies based on statistical models in U.S. primary 

care of suicide risk calculators (13) and the accuracy is on par with other risk prediction 

models routinely used in medicine (14).

Ultimately, external validation is required before suicide RCs can be brought into clinical 

practice. The baseline and longitudinal data collection in COBY was comparable to that of 

the National Institute of Mental Health Collaborative Depression Study (CDS). Our group 

has previously used CDS data to externally validate a RC for recurrence of mood episodes 

that was derived in COBY (9). Prior analyses of the CDS cohort have identified several risk 

factors for suicide attempts or death including depressive symptoms, male sex, hopelessness, 

prior suicide attempts, psychotic symptoms, and substance abuse (15–18). For this analysis, 

we sought to externally validate the Goldstein et al. one-year suicide RC that was developed 

from the COBY data (10) using CDS data, in a substantially older sample of individuals 

diagnosed with BD between 1978 and 1981.

2. Method

2.1 Participants

The prospective cohort studies, COBY and CDS, enrolled youth and adults respectively 

and have been described in more detail elsewhere (19, 20). From 2000 to 2006, COBY 

initially enrolled 413 youth with BD who met Diagnostic and Statistical Manual of Mental 

Disorders, fourth edition (DSM-IV) (21) criteria for BD-I, BD-II, or operationalized COBY 

criteria for BD-NOS (see (19), for BD-NOS criteria). For the development of the suicide 

RC from COBY, a sample of 394 participants who completed at least two follow-up visits 

was utilized, with half the sample used to train the RC, and the other half held out to test 

the RC independently (10). The CDS enrolled a clinical sample of participants with mood 

disorders, including those with BD-1 and BD-II, between 1978 and 1981 (22, 23). For the 

current external validation analyses, a sample of 427 BD-I and BD-II CDS participants were 

utilized.

Institutional Review Board / Research Ethics Board approval was obtained from each 

participating institution in COBY and CDS. In COBY, informed consent/assent was 

obtained from participants and their parents. In CDS, written informed consent was obtained 

from participants.
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2.2 Measures

CDS participants had a baseline assessment with the Schedule for Affective Disorders 

and Schizophrenia (SADS) (24) and the Personal History of Depressive Disorders (23). 

Depressive episode severity was captured on a 6-point ordinal scale via the Longitudinal 

Interval Follow-up Evaluation (LIFE) using Psychiatric Status Ratings (PSRs) (25). Age 

of mood disorder onset was obtained from the SADS using Research Diagnostic Criteria 

(RDC). The presence of psychotic symptoms and substance use disorder was further 

assessed at both baseline and follow-up. Socioeconomic status was assessed using the 

five-point Hollingshead-Redlich scale (26). Non-suicidal self-injury (NSSI) was not assessed 

at baseline for those with a history of suicide attempts. History of suicide attempt at baseline 

was collected in the SADS and thereafter assessed prospectively in follow-up. The SADS 

included an item for lifetime suicide attempt severity. If this item met the lowest two severity 

ratings for both intent and actual medical threat, this was classified as NSSI at baseline. 

For intent, this would correspond to, “obviously no intent, purely manipulative” or “not 

sure or only minimal intent” and, for threat, this would correspond to “no danger (e.g., 

no effects, held pills in hand)”, or “minimal (e.g., scratch on wrist)”. NSSI was captured 

over follow-up using the same measures, consistent with the methods of Goldstein et al. 

(10). A family history of suicide attempts was obtained from the family history study 

which has been detailed elsewhere (27, 28). While COBY assessed family history in first- 

and second-degree relatives, in the CDS, family history was obtained only in first-degree 

relatives and half-siblings. Other second-degree relative data were not available.

2.3 Statistical Methods

We trained the previously published COBY youth suicide attempts RC with the 10 predictor 

variables: 1) age of mood disorder onset; 2) NSSI; 3) current age; 4) psychosis; 5) 

socioeconomic status (SES); 6) most severe depressive symptoms in the past 6 months; 7) 

history of suicide attempt; 8) family history of suicidal behavior; 9) substance use disorder 

(SUD); and 10) lifetime history of physical/sexual abuse. We utilized boosted multinomial 

classification trees (29), a useful model for these data because it implicitly incorporates 

interactions between predictors and has been shown to effectively predict mood episodes 

in COBY and elsewhere (8, 30). We then calibrated one-year risk predictions via Platt 

scaling (31). To avoid overfitting, we split the COBY sample into approximately equal 

training and testing sets. The training set was then used to train the RC, and the testing set 

was used to independently test the RC. The training set was further subdivided into five 

folds so that Platt scaling could be performed via cross-validation (~40 participants and 

>500 observations per fold) (32). We designed and implemented an algorithm to optimize 

balance between randomized sets and folds in suicide attempt rates, with randomization at 

the participant level (i.e., repeated measurements within-participant were confined to the 

same fold).

We then externally validated the COBY RC using longitudinal data from CDS, estimating 

AUC for one-year predictions of suicide attempt risk. Of note, as the CDS dataset did 

not include history of physical/sexual abuse, this variable could not be entered into the 

RC when estimating risk of suicide attempts in CDS, so 9 out of 10 predictor variables 

were available. Fortunately, the model used to train the RC is designed to accommodate 
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missing predictor values, meaning there was no need to retrain the RC. Sensitivity analyses 

assessed performance: 1) stratified by age of onset; and 2) restricting the outcome to 

suicide death. An exploratory, post hoc analysis assessed the RC score over time in those 

who died by suicide compared to a subsample of at least five age matched comparison 

participants per case. Model reduction was explored using feature reduction algorithms 

(greedy backward selection and hill climb) to simplify the RC, training models with 7 or 

fewer predictors on COBY and then evaluating AUC and sensitivity at 95% specificity 

in the CDS. The 95% specificity threshold was selected for comparison to the work 

of Ross et al (13). Models were trained on the COBY sample and selected based on 

performance in the CDS sample to avoid overfitting. The risk calculator can be found at 

https://cobysuicideattemptsrc.shinyapps.io/Shiny/.

3. Results

3.1 CDS External Validation Sample Characteristics

The CDS external validation sample included 427 participants with a prospective diagnosis 

of BD-I or BD-II (mean age at intake 36.3 ± 13.2; 58% female; 66% BD-I). Participants 

were followed for a median of 22 years. Over follow-up, we observed a total of 346 suicide 

attempts and 18 suicide deaths in the CDS sample. Relevant sociodemographic and clinical 

characteristics are shown in Table 1.

3.2 Comparison Between CDS External Validation and COBY Sample Characteristics

As compared to the COBY sample, the CDS external validation sample was much older 

on average (age at intake 36.3 vs. 12.7 years, p<0.001) and with substantially later mean 

ages of mood disorder onset (23.9 vs. 9.3 years, p<0.001). CDS also featured a greater 

representation of female participants and less frequent substance use disorder, NSSI, and 

family history of suicide attempts as compared to COBY (Table 1, p-values<0.04). Further, 

the CDS sample was followed nearly twice as long as the COBY sample (median follow-up 

durations = 22 vs. 13 years). Despite these differences, CDS and COBY participants had 

comparable rates of suicide attempts both over follow-up (28.6% vs. 26.9%, respectively) 

and lifetime (52.2% vs. 46.7%, respectively).

3.3 CDS External Validation Sample Risk Calculator

The RC showed good prediction of suicide attempts over the subsequent year, with an AUC 

of 0.78 (95% CI 0.75 – 0.80) in the CDS external validation sample, compared to 0.82 

from COBY. The Receiver Operator Characteristic (ROC) curves from the CDS external 

validation and the validation of the COBY holdout sample are illustrated in Figure 1. In 

the CDS external validation sample, at a specificity of 95% (as noted above selected based 

on the work of Ross et al. (13)), the sensitivity was 29%, the positive predictive value 

was 14%, and the negative predictive value was 98%. For the validation of the COBY 

holdout sample, again with 95% specificity, sensitivity was 37%, positive predictive value 

was 28%, and negative predictive value was 97%. As shown in Figure 2, calibration of 

CDS predictions was good among observations from the lower half of the estimated risk 

distribution; however, predictions among observations from the upper half of the estimated 

risk distribution were underestimated, as demonstrated by observed risk exceeding predicted 
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risk. To test the robustness of the RC, we individually removed each predictor from the 

model, as shown in Table 2, and re-estimated AUCs for predictions in the CDS external 

and COBY holdout samples. AUC decrements ranged from −0.01 to −0.10, with the 

largest decrement resulting from the removal of major depression symptom severity over 

the previous six months. AUCs were more robust to removal of predictor variables when 

validating on the COBY holdout sample compared to the CDS external validation sample 

except for removing age of mood disorder onset, which had a slightly smaller impact on the 

AUC in the CDS external validation sample compared to the COBY holdout sample (AUC 

decrements: −0.01 vs. −0.03).

3.4 CDS External Validation Sample Risk Calculator Sensitivity Analyses

Given that the COBY sample included only participants with early age of mood disorder 

onset, we conducted a sensitivity analysis to see how the RC performed on the CDS external 

validation sample separately among those with an early-onset (<21 years of age, n=195) 

vs. late-onset (≥21 years of age, n=232) mood disorder. RC performance was slightly 

better in the early-onset subsample (which more closely matched the COBY sample) than 

in the late-onset subsample (AUCs: 0.79 vs. 0.75). When specifically assessing the RC’s 

ability to discriminate between suicide deaths and nonevents, the AUC is unchanged (0.78). 

Exploratory analysis of those who died by suicide showed on average their RC scores 

steadily increased over time approaching death. The RCs of age matched controls slightly 

decreased over time, as shown in Supplemental Figure 1.

3.5 Model Reduction

The correlations between predictor variables in both CDS and COBY samples are reported 

in Supplemental Figure 2. A reduced model requiring only five predictors (current age, 

depression severity, history of NSSI, history of suicide attempts, and substance use disorder) 

was identified using a greedy backward selection algorithm which demonstrated AUCs of 

0.77 in COBY and 0.78 in CDS as shown in Supplemental Table 1. At 95% specificity, this 

model demonstrated 29% sensitivity in COBY and 26% sensitivity in CDS.

4. Discussion

This analysis externally validated the one-year RC for suicide attempt that was developed 

in a high-risk sample with early-onset BD. Nine of the ten predictor variables from the 

COBY youth RC were available in the CDS and used: 1) age of mood disorder onset; 2) 

NSSI; 3) current age; 4) psychosis; 5) SES; 6) most severe depressive symptoms in the 

past 6 months; 7) history of suicide attempt; 8) family history of suicidal behavior; and 9) 

SUD. Two items were only partially captured. NSSI was available at baseline only for those 

without prior suicide attempts and family history of second-degree relatives was limited 

to half-siblings. This external validation is also notable for being conducted in an adult 

sample from two decades earlier. While the RC performed slightly better for those with 

early-onset BD, the performance of the sample overall approximates that used in practice 

for other medical conditions. For example, in CVD, external validation of the American 

College of Cardiology / American Heart Association Pooled Cohort Risk Equation for 

atherosclerotic CVD (33) demonstrated an AUC of 0.74 in predicting 5-year risk (34) and 
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external validation of the 2008 Framingham 5-year CVD RC (35) identified AUCs of 0.76–

0.77 (36). With a sensitivity of 29% at 95% specificity (again selected for comparison to 

work of Ross et al.), our model reaches the threshold estimated to provide good healthcare 

economic value in clinical practice (13). Other points on the curve could be selected, for 

example, with higher sensitivity and lower specificity. The model can be generated with 

missing variables and appears fairly robust to any single missing variable, with exception 

perhaps of severity of mood symptoms in the CDS, absence of which had less impact on the 

COBY sample.

In the CDS sample, in which suicide was more frequently observed than COBY (18 vs. 

2 deaths), the RC was similarly able to predict suicide death as an outcome. A model 

reduced to five key variables also demonstrates sufficient accuracy. In the CDS sample, the 

RC was also reasonably calibrated apart from some underestimation of risk for the highest 

risk groups. Those who died by suicide also had steadily increasing risk scores, which was 

particularly prominent in the decade before death, and in stark contrast to the declining risk 

scores of a cohort of age-matched comparison participants. This suggests that the trajectory 

of the risk score from this RC may also be valuable in identifying those at highest risk of 

suicide mortality.

This RC is distinct from other validated suicide RCs based on its focus on BD and 

the number of predictors. The Oxford Mental Illness and Suicide (OxMIS) tool uses 17 

predictors, compared to 10 predictors in the current RC. In an external validation sample 

with schizophrenia spectrum and BD, the OxMIS tool predicted suicide deaths at one 

year with an AUC of 0.70 (95% CI 0.69–0.71) (37), compared to the AUC of 0.78 in 

the current study for suicide attempts and deaths. The Durham Risk Score consists of a 

23-item checklist. Although not yet externally validated, this risk score was derived from 

a development sample that combined data from three U.S. prospective cohort studies and 

then validated in a holdout sample from those cohorts. The Durham Risk Score preformed 

with considerable accuracy, predicting three-year risk of suicide attempts with AUCs 

approximating 0.9 (38). Sequeira et al. (39) developed a RC using electronic medical record 

data from an academic mental health hospital. Initial validation revealed an accuracy of 0.73 

for death by suicide (sensitivity 22.9%) and 0.67 for suicide attempts (sensitivity 20.5%) 

at 4 years. Sensitivity for suicide attempt remained low (22.3%) on follow-up evaluation 

with two years of additional data. With missing data in the electronic medical record, scores 

could only be calculated for 38.5% of patients for suicide death and 45.5% for suicide 

attempts (39). The electronic medical record-based calculator of Walsh et al. fared better 

with prospective validation and recalibration in more general medical patients with an AUC 

of 0.80 across the academic medical center, although with a much lower AUC of 0.54 

in behavioral health for 30-day risk of suicide attempt (40). To date, accuracy has been 

unsatisfactory for electronic medical record-based measures in mental health settings.

A one-year suicide risk score offers several potential clinical, research, and economic 

benefits. One-year risk is easy to communicate to patients and families and therefore to 

interpret. It also represents a common duration for the follow-up after clinical trials (e.g., 

open-label extension) (41) or for longer-term trials, providing important insights into the 

enduring benefits or harms of a treatment. Specifically for suicide attempts, between 15–
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25% of people repeat self-harm within one year of an index episode, and present to the same 

hospital (42). A one-year risk score could be useful for identifying highest risk individuals 

for high-intensity, resource intensive interventions (e.g., day hospital program, dialectical 

behavioral therapy, and longer term outpatient outreach to patients and families). In a recent 

economic evaluation by Ross et al., a specificity of 95% and sensitivity of 25% from a 

primary care-based suicide risk prediction model could reduce suicide death rates by 1.6 

per 100,000 person years if it is used to target cognitive behavioral therapy, based on an 

estimated one-year intervention benefit (13). If utilized in a similar fashion, the current RC 

could allow health systems to direct care in a manner that could result in a meaningful 

reduction in suicide.

Strengths of the current analysis include the external validation of the RC with a distinctly 

different sample with BD. The RC had also been previously validated in a holdout COBY 

sample distinct from the derivation COBY sample. This suggests that the RC likely 

generalizes to other samples with BD, although as noted, calibration may be necessary 

if being used to estimate absolute, instead of simply relative risk, as was necessary for the 

highest risk portions of this CDS external validation sample. The CDS sample was also 

well-phenotyped and followed up for ascertainment of outcome. The risk calculator is easy 

to use and publicly available at https://cobysuicideattemptsrc.shinyapps.io/Shiny.

4.1 Limitations

Some limitations of the current study must be noted. The CDS external validation was 

racially homogeneous and external validation in racially and ethnically diverse samples 

is needed. Data for NSSI was incomplete at baseline for those with a history of suicide 

attempts and there is some risk for misclassification with our threshold for NSSI, although 

it was consistent to that of Goldstein et al. (10) Second degree family history data was 

also limited to half-siblings and therefore incompletely ascertained. Information was not 

available related to abuse histories. It is nonetheless noteworthy that the RC performed well 

despite missing or incomplete data for these three variables. This suggests the RC may be 

robust to missing variables, as was shown in the original COBY validation study. This was 

also seen in the CDS external validation study for all but the severity of the most severe 

depressive symptoms in the past three months.

5. Conclusions

In summary, despite application to a much older sample with a later onset of mood disorder 

from a different period and limited ability to assess some variables, we externally validated a 

one-year suicide RC using nine of ten variables. The included variables are easily accessible 

clinically. The performance of the RC was within a range of accuracy for RCs used 

clinically in other areas of medicine even following variable reduction to just five variables. 

This demonstrates that intermediate-term (one-year) suicide risk in BD can be assessed 

within an acceptable range. While more acute suicide risk predication remains a future goal, 

this one-year RC may be useful for targeted clinical interventions or for research seeking 

to enrich samples for higher suicide risk. Future research could also consider integration of 

these clinical variables with biological variables to improve prediction (43–45).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Receiver operating characteristic (ROC) curves for one-year predication of suicidal 
behavior.
The ROC curves compare the classification ability of the risk calculator in the CDS external 

validation sample (AUC=0.78) compared to the prior COBY holdout sample (AUC=0.82). 

AUC = Area Under the Curve, CDS = Collaborative Depression Study, COBY = Course and 

Outcome of Bipolar Youth study.
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Figure 2. Calibration plot for five-year test predictions.
Predicted versus observed one-year suicide risk are displayed for the CDS external 

validation and the COBY holdout sample. The risk calculator underestimated risk in the 

higher risk portion of the sample in the CDS external validation cohort. CDS = Collaborative 

Depression Study, COBY = Course and Outcome of Bipolar Youth study.
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Table 1.

Sample Comparisons of Demographic and Clinical Characteristics

Variable CDS (N=427) COBY (N=394) Test Stat p-value

Intake Age, mean (SD) 36.3 (13.2) 12.7 (3.3) t=35.78 <0.001

Female, % 58.1% 47.2% χ2=9.72 0.002

Socioeconomic Status, mean (SD) 3.4 (1.1) 3.4 (1.2) t=0.10 0.92

Intake Diagnosis

 % Bipolar I Disorder 65.6% 59.9%
χ2=213.69 <0.001

 % Bipolar II Disorder 34.4% 7.1%

 % BD Not-Otherwise-Specified 0.0% 33.0%

Age of Mood Onset, mean (SD) 23.9 (10.2) 9.3 (3.9) t=27.60 <0.001

Psychosis, % 42.6% 37.1% χ2=2.65 0.10

Substance Use Disorder, % 35.4% 42.4% χ2=4.26 0.04

Non-suicidal Self-injury over Follow-up, % 16.6% 30.0% χ2=20.52 <0.001

Suicide Attempt over Follow-up, % 28.6% 26.9% χ2=0.28 0.59

Lifetime History of Suicide Attempt, % 52.2% 46.7% χ2=2.50 0.11

Family History of Suicide Attempt, % 2.6% 43.4% χ2=197.49 <0.001

This table compares the sample from the CDS external validation to the original COBY sample from which the RC was derived. BD = bipolar 
disorder, CDS = Collaborative Depression Study, COBY = Course and Outcome of Bipolar Youth Study, SD = standard deviation
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Table 2.

Impact on Area Under the Curve (AUC) from Removing Predictor Variables

Predictor Variable
Change to AUC if Removed from Model

COBY Holdout Sample CDS External Validation Sample

Depressive episode severity/burden c 0.00 −0.10

History of suicide attempt a 0.00 −0.05

History of psychotic symptoms a 0.01 −0.02

Current age 0.00 −0.02

History of substance abuse a 0.00 −0.02

Age of mood disorder onset −0.03 −0.01

Family history of suicide attempt 0.00 −0.01

Socioeconomic status b 0.00 −0.01

History of non-suicidal self-injury a 0.00 −0.01

Lifetime history of physical/sexual abuse −0.01 ---

a
Present during previous six months vs. lifetime history only vs. no lifetime history

b
Hollingshead-Redlich (1975) criteria

c
Most severe depression symptoms in the past 6 months (A-LIFE PSR 1–6)

A-LIFE = Adolescent Longitudinal Interval Follow-Up Evaluation, CDS = Collaborative Depression Study, COBY = Course and Outcome of 
Bipolar Youth study, PSR = Psychiatric Status Ratings
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