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A B S T R A C T

Purpose: Traumatic brain injury (TBI) and potentially traumatic events (PTEs) contribute to increased substance

use, mental health issues, and cognitive impairments. However, there–s not enough research on how TBI and

PTEs combined impact mental heath, substance use, and neurocognition.

Methods: This study leverages a subset o The National Consortium on Alcohol and Neurodevelopment in

Adolescence (NCANDA) multi-site dataset with 551 adolescents to assess the combined and distinctive impacts o

TBI, PTEs, and TBI+PTEs (prior to age 18) on substance use, mental health, and neurocognitive outcomes at age
18.

Results: TBI, PTEs, and TBI+PTEs predicted greater lietime substance use and past-year alcohol and cannabis
use. PTEs predicted greater internalizing symptoms, while TBI+PTEs predicted greater externalizing symptoms.
Varying eects on neurocognitive outcomes included PTEs inuencing attention accuracy and TBI+PTEs pre-
dicting aster speed in emotion tasks. PTEs predicted greater accuracy in abstraction-related tasks. Associations

with working memory were not detected.

Conclusion: This exploratory study contributes to the growing literature on the complex interplay between TBI,

PTEs, and adolescent mental health, substance use, and neurocognition. The developmental implications o

trauma via TBIs and/or PTEs during adolescence are considerable and worthy o urther investigation.

1. Introduction

Traumatic brain injury (TBI) and traumatic potentially traumatic

events (PTEs) requently co-occur, with 1 in 5 youth who experience a

TBI endorsing 4+ instances o PTEs (Bright and Thompson, 2018;

Jackson et al., 2022). Trauma exposure, whether it be TBI or PTEs,

during adolescence can impact brain development and unctioning,

which increases the risk o lielong consequences, including psychiatric

disorder diagnosis up to 30 years ater TBI exposure (Fleminger, 2008;

Koponen et al., 2002) and psychopathology ollowing PTEs (McLaughlin

et al., 2020; Patel and Oremus, 2022).

Alongside TBI and PTE exposure, the onset o mental health prob-

lems, initiation o regular substance use, and neurocognitive

development typically occur through adolescence and emerging adult-

hood (Uhlhaas et al., 2023). TBI and PTE exposure can impact mental

health, substance use, and neurocognition. The overlap in these expo-

sures (TBI and PTEs) and outcomes (mental health, substance use, and

neurocognition) creates developmental junctions, highlighting a critical

need to examine the distinctive and combined eects o TBI and PTEs on

mental health, substance use, and neurocognitive development at the

culmination o adolescence. As we elaborate subsequently, TBI and PTEs

have been shown to impact mental health, substance use, and neuro-

cognition independently during adolescence. However, less is known

about their combined impacts on these outcomes.

TBI exposure has been extensively and independently linked to

subsequent mental health problems (Alway et al., 2016; Max et al.,
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2013; Perry et al., 2016; Whelan-Goodinson et al., 2009; Zgaljardic

et al., 2015), development o substance use disorders (McHugo et al.,

2017; Pagulayan et al., 2016; West, 2011), and greater neurocognitive

difculties (Babikian and Asarnow, 2009; Goh et al., 2021). The extent

to which impairment is observed ollowing a TBI depends on the spec-

ifcity and severity o the injury. Specifcity concerns the extent o the

damage (i.e., limited or broad), while severity determines the duration

o challenges (i.e., acute versus chronic). TBIs can lead to structural

damage within the brain, impacting unctional outcomes. Broad and

severe TBIs tend to have impacts that last longer than more specifc and

less severe TBIs.

Similarly, PTEs have been extensively and independently linked to

mental health problems (Gardner et al., 2019; Kessler et al., 2010;

R.-Mercier et al., 2018), substance use disorders (Puetz and McCrory,

2015; Sebalo et al., 2023), and neurocognitive difculties (Hawkins

et al., 2021; Kavanaugh et al., 2017; Lund et al., 2020; Puetz and

McCrory, 2015; R.-Mercier et al., 2018). Many PTEs do not result in

direct structural brain damage (e.g., emotional neglect will not lesion

the brain) but can help rewire brain circuitry, leading to challenges in

mental health, substance use, and neurocognition.

For similar impacts, TBIs and PTEs may lead to changes on a global

brain systems level, contributing to poor mental health, increased sub-

stance use, and neurocognitive difculties. However, they may also

dierentially impact mental health, substance use, and neurocognition.

The extent to which TBI and PTEs operate on similar or disparate

mechanisms is unknown as there is a dearth o evidence comparing

combined (TBI+PTEs) and distinctive eects (TBI or PTEs) on these
outcomes.

Determining the combined and distinctive eects o TBIs and PTEs

on mental health, substance use, and neurocognition is urther compli-

cated by trait-level actors such as impulsivity. Impulsivity has been

associated with TBI (Dimoska-Di Marco et al., 2011; Fusi et al., 2023;

Rochat et al., 2013), potentially traumatic events (Lovallo, 2013),

mental health (Berg et al., 2015), neurocognition (Nigg, 2017; Willhelm

et al., 2016), and substance use (Lee et al., 2019). More impulsive ad-

olescents may be more likely to get themselves into dangerous situations

that result in TBIs and PTEs. Impulsivity has also been linked to mental

health, substance use, and neurocognition. As such, controlling or the

bias that impulsivity may create an association between TBIs/PTEs and

these outcomes is important.

In summary, the developmental trajectory o the impact o TBI and

PTEs has not been well characterized. The National Consortium on

Alcohol and Neurodevelopment in Adolescence (NCANDA; (Brown

et al., 2015) is a multi-site study o adolescents and young adults ol-

lowed longitudinally, which makes it an ideal data source or the central

aim o this study.

The present study oers an exploratory examination o the distinc-

tive and combined eects o childhood TBI and PTEs on mental health,

substance use, and neurocognitive unctioning among adolescents at age

18 (see Fig. 1 or a conceptual model o the research question). Here, we

operationalize TBI as instances o head traumawith and without a loss o

consciousness and PTEs as the endorsement o criterion A traumatic

events or posttraumatic stress disorder using a validated clinical

interview. We hypothesize experiencing both TBI and PTEs, relative to

neither or one alone, beore age 18 will contribute to increased sub-

stance use, worse mental health, and impaired neurocognitive

Fig. 1. Conceptual Model Depicting the Research Question of the Study. This study will examine the impact o lietime traumatic brain injury and potentially traumatic

events exposure on substance use, mental health, and neurocognition at age 18. TBI = traumatic brain injury; PTEs = potentially traumatic events. Personal

Characteristics include sex at birth, socioeconomic status, and impulsivity.
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unctioning at age 18.

2. Methods

2.1. Participants

Participant data were drawn rom the National Consortium on

Alcohol and Neurodevelopment in Adolescence (NCANDA), a study that

recruited youth between the ages o 12 and 21 and assessed them

annually or 7 years (including baseline), using an accelerated cohort

design (Brown et al., 2015). Reer to Brown et al. (2015) or urther

recruitment and demographic details. A sample o 831 youth were

recruited through school mailers, community iers and advertisements,

and announcements at local universities at fve sites: University o Cal-

iornia, San Diego, SRI International, Duke University Medical Center,

University o Pittsburgh, and Oregon Health & Science University.

For the current study, we draw upon data rom all participants until

18 years old. As such, we exclude participants who started the study at

age 18 or older (n = 276). Given some participants completed two visits

while they were 18 years old (n= 22), the visit closest to the average age
o participants in our study (M= 18.49, SD= 0.39) was used as their age

18 visit. Thus, we have a sample o 555 adolescents belonging to 464

amilies. O the included sample in the current study, 52 % were emale

(based on sex at birth), 77 % identifed as White, 12 % identifed as

Black/Arican American, 7 % as Asian/Pacifc Islander, and 5 % as

biracial. Moreover, 11 % identifed as Hispanic/Latinx.

2.2. Procedure

A standardized protocol was ollowed at every site in which data was

frst collected at the baseline visit, and subsequent ollow-up data were

collected in annual appointments or up to 7 years (Brown et al., 2015).

Individuals completed sel-reports o behavior, psychiatric symptoms,

substance use, and a comprehensive battery o neuropsychological as-

sessments. Reer to Brown et al. (2015) or urther procedural details. To

enhance the accuracy o sel-report, youth were assured that their in-

ormation would remain confdential and would not be revealed to

parents except in the case o serious risk to sel or others (e.g., suici-

dal/homicidal ideation or child abuse). Each site provided independent

IRB approval with parent approval and assent or youth participants

under age 18 and participant consent or those over age 18. As o 20th

December 2022, ethics approval was centralized to the UCSD site

(#120915).

2.3. Measures

The data were part o the public data release NCANDA_PU-

BLIC_7Y_REDCAP_V02 (Pohl et al., 2022), distributed according to the

NCANDA Data Distribution agreement (https://www.niaaa.nih.

gov/ncanda-data-distribution-agreement). Demographic data included

age, sex at birth, education, and household income. Brie descriptions o

each measure are provided below, or more details see Brown et al.

(2015).

Traumatic Brain Injury. TBI was assessed using the Ohio State TBI

Inventory (adapted rom Corrigan & Bogner, 2007). The measure as-

sesses an individual–s sel-reported lietime history o TBI. Individuals
who endorsed a head injury regardless o daze or loss o consciousness

were considered to have experienced a TBI beore age 18.

Potentially Traumatic Events. PTEs were assessed using the Semi-

structured Assessment or the Genetics o Alcoholism (SSAGA), a semi-

structured clinical interview that assesses mental disorders according

to DSM-IV (baseline SSAGA) and DSM-V (ollow-up years 1�7) criteria
(American Psychiatric Association, 2013, 1994; Bucholz et al., 1994).

The lietime PTSD section o the SSAGA was used to determine whether

participants experienced childhood trauma based on their endorsement

o Criterion A or PTSD beore age 18. Both retrospective endorsement o

childhood trauma and reporting trauma as an adolescent qualifed as

childhood trauma in the current study. The SSAGA was administered

annually to all participants during the frst our years o the study and at

participant ages 24, 27, 30, and 33 or the remaining timepoints

included in the study. PTE exposure was coded dichotomously (0= no, 5

= yes) or each year the SSAGA was administered. Participants who met

criteria or PTEs beore age 18 were considered to have experienced

PTEs.

Mental Health. Mental health symptoms were assessed using the

Achenbach rating system (Achenbach and Rescorla, 2003, 2001). The

Achenbach rating system is a well-validated and widely used sel-report

measure o problem behaviors among adolescents and adults. During

adolescence, participants completed the Youth Sel-Report (YSR) orm;

during young adulthood, they completed the corresponding Adult

Sel-Report (ASR) orm. Participants responded to how applicable a se-

ries o statements were to them using a Likert scale (’0= Not True“ to ’2
= Very True or Oten True“). Raw scores rom the ASR at age 18 were

used or analysis.

Substance Use. A wide range o substance use metrics were obtained

using the Customary Drinking and Drug Use Record (CDDR; (Brown

et al., 1998). The CDDR is a well-validated and widely used sel-report

measure o substance use among adolescents and adults. From the

CDDR, we obtained metrics o: lietime use any substance, including

alcohol (dichotomous score or any use in lietime); indiscriminate past

year use o any substance, including alcohol, (dichotomous score or any

use in past year); requency o alcohol use (days o use in past year);

requency o cannabis use (days o use in past year); requency o

nicotine use (number o cigarettes used in past year). Nicotine use re-

quency was dichotomized into whether youth used cigarettes in the past

year (score o 1) or did not (score o 0) as prevalence o use was low (n=
75), but use varied quite a bit, impairing model ft. Data obtained at age

18 years old was used or analyses.

Neurocognition. Neurocognitive unctioning in eight unctional do-

mains was assessed using perormance on a common web-based neu-

ropsychological battery (PennCNB; https://webcnp.med.upenn.edu/).

The ollowing domains and respective tasks assessing those domains

were used as outcomes: (1) attention, assessed by Continuous Peror-

mance Test - Number Letter Version; (2) abstraction, assessed by Con-

ditional Exclusion Task, Matrix Analysis Test, and Logical Reasoning; (3)

emotion, assessed by Emotion Recognition Test, and Measured Emotion

Dierentiation; and (4) working memory, assessed by the Short Fractal

N-Back Test-2 Back Version. General ability speed and accuracy scores

(assessed by the Vocabulary Test, WRAT-4 Math Calculations, and

WRAT-4 Word Reading) were included as covariates in all models with

neurocognition outcomes. Only neurocognition measures assessed at

age 18 years old were extracted or all participants.

2.4. Analytic strategy

All analyses were conducted using R v2023.06.1+524 (R Core Team,
2022). We created our binary indicator variables based on TBI and PTE

endorsement beore age 18. The our variables corresponded to no

exposure to TBI and PTEs (neither group), exposure to TBIs only (TBI

only), exposure to PTEs only (PTEs only), and exposure to both

(TBI+PTEs). Exposure to neither TBI nor PTEs was used as the reerence
in all models. This stratifcation and using no exposure as a reerence in

all models allowed us to examine the combined and distinctive eects o

TBI and PTEs on outcomes o mental health, substance use, and neuro-

cognition. Models with an interaction term (TBI x PTEs) were ftted to

assess or synergistic eects o TBI and PTEs. There was only one sta-

tistically signifcant interaction eect predicting lietime indiscriminate

substance use (b=�0.40, SE= 0.17, z=�2.31, p=.02). Henceorth, we
reer to TBI+PTEs as a combined eect rather than synergistic. All

outcomes were assessed at the age o 18. All the independent variables in

our sample are equivalent except or sex at birth and household income,

which were inlcuded in our models as covariates alongside impulsivity.

H. Patel et al.
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Given all outcomes were assessed at 18 years old, age was not included

as a covariate. See Table S1 or zero-order correlations between all

variables o interest.

A series o linear regressions were ft to mental health, substance use,

and neurocognition outcomes with our our binary indicators o expo-

sure type as predictors or a total o 21 models. Tobit and logistic re-

gressions were ft to models with residual distributions that deviated

greatly rom normality to improve model ft (specifcs are listed below).

All outcomes were assessed at age 18 and the 4-level indicator variable

or TBI and PTE exposure were used in analyses. For mental health

outcomes, two linear regressions were ft or internalizing and exter-

nalizing symptoms, respectively. For substance use outcomes, our

negative binomial regressions were ft, and a logistic regression or past

year nicotine use. For neurocognition outcomes, regressions were ft or

speed and accuracy scores on abstraction, attention (Tobit regression or

accuracy on Continuous Perormance Task), emotion, and working

Table 1

Sample Characteristics.

Total Sample

(N ¼ 555)

TBI Only Group

(n ¼ 84)

PTEs Only Group

(n ¼ 171)

TBI�PTEs Group
(n ¼ 143)

Neither Group

(n ¼ 157)

Demographics

Age 18.48 (0.27) 18.48

(0.25)

18.48 (0.28) 18.50 (0.27) 18.48 (0.30)

% Female 52 % 42 % 61 % 49 % 49 %

Race

White 77 % 80 % 67 % 77 % 85 %

Black/Arican American 12 % 3 % 23 % 9 % 6 %

Asian/Pacifc Islander 7 % 5 % 6 % 9 % 6 %

Biracial 5 % 12 % 4 % 5 % 3 %

Household Income $100,000 - $199,999 $100,000 - $199,999 $75,000 - $99,999 $100,000 - $199,999 $100,000 - $199,999

High school diploma or equivalency (GED) 77 % 77 % 77 % 76 % 75 %

Employment Status: Student 77 % 73 % 77 % 78 % 77 %

Impulsivity 1.94

(0.37)

1.94

(0.38)

1.92 (0.38) 2.01 (0.37) 1.89

(0.36)

Mental Health (n ¼ 502)

n ¼ 502 n ¼ 78 n ¼ 156 n ¼ 128 n ¼ 140

Internalizing Symptoms 10.38 (9.21) 10.15

(8.82)

11.81 (10.42) 11.45 (10.06) 7.93

(6.33)

Externalizing Symptoms 7.33

(6.30)

7.58

(6.75)

6.88 (5.88) 9.24 (7.19) 5.94

(5.14)

Substance Use (n ¼ 555)

Lietime Use 1.73

(1.77)

2.11

(2.34)

1.56 (1.45) 2.10 (1.79) 1.38

(1.64)

Past Year Use 0.28

(0.56)

0.26

(0.54)

0.29 (0.53) 0.37 (0.68) 0.21

(0.47)

Alcohol Use Frequency 11.37 (21.86) 18.00 (33.08) 7.89 (16.36) 15.14 (24.89) 8.17 (14.12)

Cannabis Use Frequency 20.96 (62.83) 27.20 (59.94) 18.52 (59.63) 27.76 (75.71) 14.08 (53.81)

Nicotine Use Frequency 30.24 (247.90) 92.57 (428.42) 10.14 (68.16) 43.12 (340.52) 7.06 (82.19)

Neurocognition (n ¼ 327�501)
Attention

n ¼ 501 n ¼ 77 n ¼ 153 n ¼ 130 n ¼ 141

CPT-NL Speed 528.96 (48.92) 521.90 (50.74) 521.59 (51.15) 518.17 (47.99) 515.21 (46.46)

CPT-NL Accuracy 57.57 (4.75) 57.31

(5.96)

57.67 (3.62) 58.00 (3.46) 57.21 (5.97)

Abstraction

n ¼ 501 n ¼ 77 n ¼ 153 n ¼ 130 n ¼ 141

CET Speed 1797.08 (647.10) 1758.81 (574.53) 1885.57 (864.57) 1748.25 (510.15) 1766.96 (502.83)

CET Accuracy 36.71 (8.64) 35.77

(6.96)

36.91 (9.06) 36.21 (7.44) 37.49 (9.94)

MAT Speed 9935.25 (5211.04) 10667.76 (5803.94) 9512.55 (4767.99) 9790.60 (5666.18) 10127.26 (4887.04)

MAT Accuracy 17.33 (4.62) 18.06

(4.40)

16.95 (4.65) 17.22 (4.48) 17.43 (4.83)

n ¼ 327 n ¼ 44 n ¼ 97 n ¼ 73 n ¼ 113

LRT Speed 6646.33 (2608.82) 7472.74 (3098.05) 6626.94 (2651.38) 6354.15 (2334.12) 6529.92 (2501.88)

LRT Accuracy 20.20 (4.29) 20.86

(3.67)

19.43 (5.17) 19.59 (4.36) 20.99 (3.41)

Emotion

n ¼ 501 n ¼ 77 n ¼ 153 n ¼ 130 n ¼ 141

ERT Speed 1747.37 (289.31) 1771.16 (298.00) 1769.23 (335.42) 1680.87 (2228.88) 1771.97 (273.40)

ERT Accuracy 36.95 (2.16) 37.05

(2.13)

36.88 (2.43) 37.08 (2.13) 36.84 (1.91)

n ¼ 497 n ¼ 76 n ¼ 152 n ¼ 130 n ¼ 139

MED Speed 2327.78 (598.75) 2322.29 (649.81) 2377.77 (665.59) 2239.46 (466.18) 2358.73 (600.06)

MED Accuracy 28.76 (3.12) 28.92

(3.33)

28.81 (3.36) 28.78 (2.74) 28.59 (3.09)

Working Memory

n ¼ 501 n ¼ 77 n ¼ 152 n ¼ 130 n ¼ 141

SFNB�2B Speed 549.32 (82.09) 547.08 (80.80) 554.76 (83.81) 546.53 (81.96) 547.25 (81.64)

SFNB�2B Accuracy 28.40 (2.84) 28.79

(1.66)

28.07 (4.24) 28.26 (2.41) 28.65 (1.47)

Note. All values presented are means and standard deviations except or the percentages o the sample or demographic characteristics and the median household

income range. CPT-NL = Continuous Perormance Test - Number Letter Version; CET = Conditional Exclusion Task; MAT = Matrix Analysis Test; LRT = Logical

Reasoning; ERT = Emotion Recognition Test; MED = Measured Emotion Dierentiation; SFNB-2B = Short Fractal N-Back Test-2 Back.
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memory (Tobit regression or accuracy on Short Fractal N-back Task).

Here, models included general ability speed and accuracy scores as

covariates to account or general unctioning irrespective o exposure to

TBI and PTEs. Results or models ftted without general ability as a co-

variate are presented in Supplemental Material. For example, it is

possible that someone without TBI or PTEs exposure could have poor

perormance on general ability tasks. Alternatively, TBI and PTEs could

have led to poor general ability perormance and not including it as a

covariate would bias our estimates o the eect o TBI and PTEs on

specifc neurocognitive outcomes. Since we had 91 sibling pairs in our

sample, a random eect or amilies capturing whether youth belonged

to the same amily (also indicating sibling status) was included in each

model to account or the non-independence o observations. As such,

restricted maximum likelihood estimation (REML) was used or all

models.

Statistical signifcance was evaluated using a neo-Fisherian rame-

work (Hurlbert et al., 2019; Hurlbert and Lombardi, 2009), which

considers p-values as providing a continuum o evidence (Amrhein et al.,

2019) in an exploratory setting. The interpretation o the results is

couched in recognition that the study is exploratory rather than

confrmatory (Wagenmakers et al., 2012). As such, we do not correct or

multiple comparisons (Rothman, 1990; Sullivan and Feinn, 2021).

Identifed patterns should be considered suggestive and used to guide

confrmatory studies (Wagenmakers et al., 2012).

3. Results

3.1. Mental health

The PTEs group predicted greater internalizing symptoms (b = 2.70,

p =.02), and the TBI+PTEs group predicted greater externalizing

symptoms (b= 2.17, p =.002). Associations between the TBI group (b =
1.22, p =.34) and TBI+PTEs group (b = 1.89, p =.10) and internalizing

symptoms were not detected. The TBI group (b= 1.56, p=.05) and PTEs
group (b= 0.73, p=.29) did not predict externalizing symptoms. For ull
results, reer to Table 2.

3.2. Substance use

The TBI group (b = 0.46, p �.001), the PTEs group (b = 0.36, p

=.003) and the TBI+PTEs group (b = 0.42, p �.001) predicted more

lietime substance use, greater past-year cannabis use requency (TBI: b

= 1.60, p�.001; PTEs: b= 1.44, p�.001; TBI+PTEs: b= 1.19, p=.003)
and greater past-year alcohol use requency (TBI: b = 0.83, p �.001;

PTEs: b = 0.50, p = .04; TBI+PTEs: b = 0.99, p �.001). However, none

o them predicted past year substance use (TBI: b= 0.18, p=.57; PTEs: b
= 0.40, p =.16; TBI+PTEs: b = 0.43, p =.12). Only the TBI group
increased the odds or past year nicotine use (OR = 2.92, p =.03). The
PTEs and TBI+PTEs groups did not predict the odds or past year

nicotine use (PTEs: OR = 1.00, p =.99; TBI+PTEs: OR = 2.07, p =.10).
For ull results, reer to Table 2.

3.3. Neurocognition

Attention. For the attention domain, there was one task (Continuous

Perormance Task � Number Letter Version) with a speed and accuracy
score. Here, the PTEs group predicted accuracy (b = 1.82, p =.02), but
the TBI group (b = �0.03, p =.97) or the TBI+PTEs group (b = 1.18, p

=.12) did not signifcantly predict accuracy. The TBI group (b = 4.97, p

=.53), the PTEs group (b = 2.36, p =.73), and the TBI+PTEs group (b =
1.44, p =.83) did not signifcantly predict speed. For ull results, reer to
Table 2.

Abstraction. For the abstraction domain, there were three tasks, and

each had a speed and accuracy score. For the Conditional Exclusion

Task, neither the TBI, PTEs, or TBI+PTEs groups predicted accuracy
(TBI: b=�1.19, p=.38; PTEs: b=�2.20, p=.06; TBI+PTEs: b=�2.18,

Table 2

Results o Multiple Linear and Tobit Regressions.

TBI PTEs TBI�PTEs

Est. (SE) t / z p Est. (SE) t / z p Est. (SE) t / z p

Mental Health

Internalizing Symptoms 1.22 (1.28) .95 .34 2.70 (1.13) 2.40 .02 1.89 (1.15) 1.64 .10

Externalizing Symptoms 1.56 (.87) 2.00 .05 .73 (.68) 1.07 .29 2.17 (.70) 3.11 .002

Substance Use

Lifetime Use .46 (.13) 3.45 �.001 .36 (.12) 2.93 .003 .42 (.12) 3.49 �.001

Past Year Use .18 (.32) .57 .57 .40 (.28) 1.42 .16 .43 (.27) 1.56 .12

Alcohol Use Frequency .83 (.25) 3.30 �.001 .50 (.24) 2.05 .04 .99 (.24) 4.15 �.001

Cannabis Use Frequency 1.60 (.44) 3.67 �.001 1.44 (.40) 3.62 �.001 1.19 (.40) 3.00 .003

Nicotine Use* 2.92 (1.41) 2.22 .03 1.00 (.49) �.01 .99 2.07 (.90) 1.67 .10

Neurocognition

Attention

CPT-NL Speed 4.97 (7.82) .64 .53 2.36 (6.81) .35 .73 1.44 (6.80) .21 .83

CPT-NL Accuracy �.03 (.88) �.03 .97 1.82 (.77) 2.37 .02 1.18 (.76) 1.55 .12

Abstraction

CET Speed �74.26 (94.75) �.78 .43 �31.22 (82.96) �.38 .71 �129.29 (83.44) �1.55 .12

CET Accuracy �1.19 (1.36) �.88 .38 �2.20 (1.18) �1.86 .06 �2.18 (1.18) �1.85 .07

MAT Speed �696.61 (728.21) �.96 .34 �67.53 (633.72) �.11 .92 �748.02 (633.39) �1.18 .24

MAT Accuracy �.38 (.59) �.65 .51 1.08 (.51) 2.10 .04 .22 (.51) .44 .66

LRT Speed 282.25 (467.75) .60 .55 �179.67 (399.53) �.45 .65 �496.13 (408.26) �1.22 .23

LRT Accuracy .19 (.66) .29 .77 �.07 (.56) �.12 .90 .12 (.57) .22 .83

Emotion

ERT Speed �27.53 (41.24) �.67 .50 �53.32 (35.93) �1.48 .14 �116.10 (35.94) �3.23 .001

ERT Accuracy .27 (.33) .83 .41 .56 (.28) 1.98 .05 .50 (.28) 1.78 .08

MED Speed �124.88 (75.06) �1.51 .13 �83.36 (72.06) �1.16 .25 �196.68 (72.02) �2.73 .007

MED Accuracy �.19 (.44) �.43 .67 .42 (.38) 1.11 .27 .44 (.38) 1.15 .25

Working Memory

SFNB�2B Speed �7.36 (13.06) �.56 .57 5.01 (11.37) .44 .66 �8.28 (11.36) �.73 .47

SFNB�2B Accuracy .40 (.64) .62 .53 .26 (.56) .47 .64 .01 (.55) .01 .99

Note. CPT-NL= Continuous Perormance Test - Number Letter Version; CET= Conditional Exclusion Task; MAT=Matrix Analysis Test; LRT= Logical Reasoning; ERT

= Emotion Recognition Test; MED = Measured Emotion Dierentiation; SFNB-2B = Short Fractal N-Back Test-2 Back.

*
odds ratio and standard error rom a logistic regression model are provided
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p =.07), or speed (TBI: b = �74.26, p =.43; PTEs: b = �31.22, p =.81;
TBI+PTEs: �129.29, p =.12). For the Matrix Analysis Test, neither the
TBI or TBI+PTEs groups predicted accuracy (TBI: b =-0.38, p =.51;
TBI+PTEs: 0.22, p =.66), but the PTEs group did (b = 1.08, p =.04).
Neither the TBI, PTEs, or TBI+PTEs groups predicted speed (TBI: b =
�696.61, p =.34; PTEs: b = �67.53, p =.92; TBI+PTEs: b = �748.02, p
=.24). Lastly or the Logical Reasoning Task, neither the TBI, PTEs, or
TBI+PTEs groups predicted accuracy (TBI: b = 0.19, p =.77; PTEs: b =
�0.07, p=.90; TBI+PTEs: b= 0.12, p=.83) or speed (TBI: b= 282.25, p

=.55; PTEs: b = �179.67, p =.65; TBI+PTEs: b = �496.13, p =.23). For
ull results, reer to Table 2.

Emotion. For the emotion domain, there were two tasks, and each had

a speed and accuracy score. For the Emotion Recognition Test, the PTEs

group did not predict accuracy (b = 0.56, p =.05), but the TBI+PTEs
group signifcantly predicted aster speed on the task (b = �116.10, p
=.001). For the Measured Emotion Dierentiation task, neither the TBI,
PTEs, or TBI+PTEs groups predicted accuracy (TBI: b = �0.19, p =.67;
PTEs: b = 0.42, p =.27; TBI+PTEs: b = 0.44, p =.25) but the TBI+PTEs
group signifcantly predicted aster speed on the task (b = �196.68, p
=.007). For ull results, reer to Table 2.

Working Memory. For the working memory domain, one task was

used (Short Fractal N-Back Test-2 Back Version) which had a speed and

accuracy score. Neither the TBI, PTEs, or TBI+PTEs groups predicted
speed (TBI: b = �7.36, p =.57; PTEs: b = 5.01, p =.66; TBI+PTEs: b =
�8.28, p =.47) or accuracy (TBI: b = 0.40, p =.53; PTEs: b = 0.26, p

=.64; TBI+PTEs: b = 0.01, p =.99). For ull results, reer to Table 2.

4. Discussion

In this study, the combined and distinctive impacts o TBI and PTEs

were examined on mental health, substance use, and neurocognition

outcomes among a large sample o adolescents up to age 18. The current

exploratory fndings shed light on the nuanced relationships between

these traumatic exposures and various domains o unctioning during

late adolescence/emerging adulthood. Specifcally, TBI, PTEs, and

TBI+PTEs predicted greater lietime substance use, including alcohol
and cannabis use. Dierences were also ound or internalizing and

externalizing symptoms and neurocognitive outcomes, which are dis-

cussed as ollows.

Consistent with previous research, PTEs emerged as a predictor o

internalizing symptoms, aligning with the well-established link between

PTEs and subsequent psychological distress (Gardner et al., 2019;

Kessler et al., 2010; Teicher et al., 2006). Interestingly, the combination

o TBI and PTEs (TBI+PTEs) specifcally predicted externalizing symp-
toms, emphasizing the potential combined eects o these two risk

actors on behavioral outcomes during adolescence (Emery et al., 2016;

Jackson et al., 2022). However, the same pattern was not observed or

internalizing symptoms. With TBI, there are strong associations with

externalizing symptoms, given TBI–s associations with impulsivity (Fusi
et al., 2023; Lovallo, 2013; Rochat et al., 2013). Within the current

models, impulsivity was covaried and the combination o TBI+PTEs
predicted greater externalizing symptom severity but not internalizing

symptoms. It is likely that individuals exposed to TBI+PTEs have a
greater risk or externalizing symptoms rather than the prototypical

internalizing symptom presentation ollowing PTEs. Greater external-

izing symptoms as a unction o TBI+PTEs could be a result o shared
mechanisms o action between TBI and PTEs whereby global disruption

o brain unctioning is leading to more externalizing behaviors rather

than exposure to TBI and PTEs alone. Whereas internalizing symptoms

are more a unction o PTEs than TBI, indicating dierential mechanisms

o action or internalizing symptoms whereby specifcity and severity o

TBI may need to overlap with unctional changes due to PTEs associated

with internalizing problems.

The current substance use fndings highlight the distinct roles o TBI

and PTEs. Nicotine use was the only substance with a positive associa-

tion with TBI but not PTEs or their combination, suggesting that TBI and

nicotine use may be specifcally related through a TBI-specifc mecha-

nism indicative o TBI–s impact on decision-making and reward pro-
cessing. Lietime substance use, past-year alcohol use, and past-year

cannabis use were all associated with TBI alone, PTEs alone, and

TBI+PTEs. As indicated by coefcient magnitudes, on average, TBIs

coner the greatest risk or substance use, whereas PTEs only coner the

lowest risk, and TBI+PTEs all somewhere in between. These results
suggest that there is a dierential experience and mechanism ollowing

TBI and PTE exposure on substance use outcomes whereby PTEs are

potentially mitigating some o the risks rom TBI exposure. One poten-

tial reason could include types o PTEs experienced by youth directly

inuencing expectancies (Kosted et al., 2023; Lavigne et al., 2017; Weil

et al., 2018). For example, youth experiencing physical or emotional

abuse rom a perpetrator under the inuence o substances would

directly impact the youth–s expectancies or substance use. Youth may
have more positive expectancies about cannabis ollowing PTEs to

sel-medicate or the stress and negative eects o adverse experiences

(Grummitt et al., 2021; Sebalo et al., 2023). For TBI, positive expec-

tancies about alcohol may be due to the social acilitation o alcohol

during development, where youth with TBI may be more likely to use

alcohol to acilitate social connection (Weil et al., 2018). Furthermore,

TBIs may coner more acute damage to the brain or most youth (Arci-

niegas et al., 2005), whereas PTEs coner more broad (i.e., non-specifc

to reward processes) and longer-term brain changes (McLaughlin et al.,

2020; McLaughlin and Sheridan, 2016), resulting in more heterogeneity

ollowing PTEs that may or may not inuence youth–s substance use,
thus lower risk or PTEs compared to TBIs.

The examination o neurocognitive domains revealed distinctive

patterns o association between TBI, PTEs, and specifc cognitive unc-

tions. Notably, PTEs independently predicted greater accuracy in the

attention and abstraction domains. This fnding suggests that the impact

o PTEs on attentional processes may be more pronounced among those

where it is their only type o trauma exposure (Walker et al., 2021).

While the broader literature shows defcits in attention and abstract

domains due to PTEs (Lund et al., 2022, 2020), it is possible that the

current study observed greater accuracy in attention and abstraction

domains due to posttraumatic growth ollowing PTEs whereby the youth

has processed their trauma and has begun recovery (Kilmer et al., 2014).

Recovery would be possible within the current sample as PTEs were

categorized as exposure prior to age 18, not their last PTE exposure, so a

signifcant amount o time may have passed since their last PTE expo-

sure, allowing or posttraumatic growth. Conversely, TBI+PTEs pre-
dicted slower speed in the abstraction and emotion domains, indicating

a combined inuence on processing speed in tasks among those do-

mains. Here, TBI+PTEs exposure was associated with quicker reaction
times (aster or less processing o inormation), indicating that the

combination o TBI+PTEs may make youth more impulsive in their

decision-making, where they may not be thinking beore making de-

cisions, but this is not necessarily associated with a decrease in accuracy

in our results. However, it is possible that in other samples, both speed

and accuracy would be implicated ollowing TBI+PTEs. Faster speed
ollowing TBI+PTEs could be due to a combined impact o TBI and PTEs
whereby TBI conerred alterations in processing time that are sustained

by broader and long-term alterations in brain unctioning by PTEs.

Further research is needed to parse out the independent and combined

eects o TBI and PTEs on neurocognitive outcomes related to abstrac-

tion and emotion.

The lack o signifcant associations between TBI, PTEs, and working

memory outcomes suggests that these exposures may not, independently

or combined, contribute to alterations in working memory during

adolescence in our sample. Given that working memory is known to

uctuate (Adam and dedeBettencourt, 2019), it is possible that TBI and

PTEs exposure was sufciently robust in the past, and the acute impacts

o TBI and PTEs were not observed among our sample. For working

memory, other actors may contribute to the maintenance o this

cognitive capacity among the current sample, such as posttraumatic
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growth (Kilmer et al., 2014). Further research may elucidate potential

interactions with other variables or long-term eects beyond the

assessed age range.

Conclusions drawn in the current study should be interpreted in the

light o the limitations. First, to conserve power or analyses, the current

study did not disaggregate specifc types o PTEs or TBIs to examine the

dierential eects o PTEs and TBIs on outcomes. However, it is

important to note that the current research question sought to examine

the combined and distinctive eects o TBI and PTEs on these outcomes,

which has not been explored within the literature. Future research can

ocus on the eect o specifc types o PTEs in conjunction with specifc

types o TBIs on relevant outcomes. Second, there is a lack o specifcity

in the timing o TBI and PTE exposure to elucidate the cross-lagged re-

lationships between TBI and PTEs on the outcomes. For example, does

exposure to TBI frst, ollowed by PTEs or vice versa, lead to dierential

outcomes or adolescents? Data on TBI and PTE timing was not available

in the current study. Third, while the current study did control or

covariates related to TBI, PTEs, and outcomes (e.g., sex at birth, SES,

impulsivity, and general neurocognitive ability), it did not control or all

potential covariates. Future research should explore potential mediating

and moderating actors, such as posttraumatic growth, that may inu-

ence the observed relationships.

In conclusion, the current exploratory study contributes to the

growing body o literature by presenting dierential clustering o eects

or mental health and neurocognition while observing combined clus-

tering o eects or substance use highlights the complex nature, spec-

ifcity, and interactions between TBIs and PTEs on adolescent

neurodevelopment. The developmental implications o trauma via TBIs

and/or PTEs during adolescence are considerable and worthy o urther

investigation.
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