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Abstract 
 
The causes of psychiatric disorders are poorly understood. Recent models propose that many 

early onset disorders that are commonly comorbid might reflect the varying expression of 

overlapping risk factors. The mediating processes remain largely unknown, but three factors 

show some promise: adolescent externalizing traits, early life adversity, and midbrain dopamine 

D2 autoreceptors. To investigate whether these features acquire greater predictive power when 

combined, a longitudinal study was conducted in youth who have been followed since birth. 

Cohort members were invited to participate based on externalizing scores between 10 to 16 years 

of age. At age 18 (age 18.5 ± 0.6 y.o.), 52 volunteers who met the entry criteria had a 90-min 

positron emission tomography scan with [18F]fallypride to image dopamine D2 autoreceptors, 

completed the Childhood Trauma Questionnaire, and were assessed with the Structured Clinical 

Interview for DSM-5. The three-factor model identified those with a lifetime history of DSM-5 

disorders with an overall accuracy of 90.4% (p = 2.4 x 10-5) and explained 91.5% of the area 

under the receiver operating characteristic curve [95% CI: .824, 1.000]. Targeting externalizing 

disorders specifically did not yield a more powerful model than targeting all disorders (p = 0.54). 

The model remained significant when including data from participants who developed their first 

disorders during a three-year follow-up period (p = 3.5 x 10-5). Together, these results raise the 

possibility that a combination of temperamental traits, childhood adversity, and poorly regulated 

dopamine transmission increases risk for diverse, commonly comorbid, early onset psychiatric 

problems, predicting this susceptibility prospectively. 
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Résumé 
 

Les troubles psychiatriques d'apparition précoce, couramment comorbides, pourraient refléter 

l'expression variable de facteurs de risque qui se chevauchent. Les processus médiateurs restent 

mal compris, mais trois facteurs semblent prometteurs: les traits d'extériorisation des adolescents, 

l'adversité au début de la vie et les auto-récepteurs de la dopamine D2 du mésencéphale. Pour 

déterminer si ces caractéristiques acquièrent un plus grand pouvoir prédictif lorsqu'elles sont 

combinées, une étude longitudinale a été menée auprès de jeunes suivis depuis la naissance. Les 

membres de la cohorte ont été invités à participer en fonction des scores d'externalisation entre 

10 et 16 ans. À 18 ans (18,5 ± 0,6 ans), 52 volontaires répondant aux critères d'admission ont 

subi une tomographie par émission de positrons de 90 minutes avec [18F]fallypride pour imager 

les auto-récepteurs de la dopamine D2. Ces derniers, ont également rempli le questionnaire sur 

les traumatismes de l'enfance et ont été évalués à l'aide du questionnaire structuré entretien 

clinique pour le DSM-5. Le modèle à trois facteurs a identifié les personnes ayant des 

antécédents de troubles du DSM-5 avec une précision globale de 90,4 % (p = 2,4 x 10-5) et a 

expliqué 91,5 % de l'aire sous la courbe caractéristique du fonctionnement du récepteur [CI à 95 

%: .824, 1.000]. Le ciblage spécifique des troubles extériorisés n'a pas produit un modèle plus 

puissant que le ciblage de tous les troubles (p = 0,54). Le modèle est resté significatif en incluant 

les données des participants qui ont développé leurs premiers troubles au cours d'une période de 

suivi de trois ans (p = 3,5 x 10-5). Ensemble, ces résultats soulèvent la possibilité qu'une 

combinaison de traits de tempérament, d'adversité infantile et de transmission mal régulée de 

dopamine augmente le risque de divers problèmes psychiatriques d'apparition précoce, 

généralement comorbides, prédisant cette susceptibilité de manière prospective. 
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Introduction 
 

In any given year, as many as 20% of Canadians suffer from mental illnesses. By the time 

they are 40 years old, up to 50% currently have or previously had at least one psychiatric 

disorder (Smetanin et al., 2011), costing an estimated $46 billion dollars per year for substance 

use disorders (SUDs; Substance Use in Canada Costs Almost $46 Billion a Year According to 

Latest Data | Canadian Centre on Substance Use and Addiction, n.d.) and $51 for non-SUD 

disorders (Lim et al., 2008; Smetanin et al., 2011). The causes of these disorders remain poorly 

understood. This has hampered the discovery of treatments most of which were identified 

through serendipitous observations. With a better understanding of the causes of mental illness, it 

is hoped that better treatments and preventative strategies can be developed.   

  

Categorical vs. dimensional models of psychiatric nosology 

Psychiatric disorders are currently diagnosed using a categorical model where each 

disorder is viewed as a separate entity often assumed to have its own set of causes. In this model, 

having a psychiatric illness is viewed as a binary outcome; an individual either has a disorder or 

not (American Psychiatric Association & American Psychiatric Association, 2013). However, 

this categorical model has important limitations. First, its descriptions do not account for the high 

degree of heterogeneity in clinical presentations of a given disorder. For example, two patients 

with the same diagnosis may have completely different symptom profiles with minimal overlap. 

Second, this categorical model does not account for the high degree of co-morbidity seen in 

patients, as those who have one psychiatric illness are also at a much greater risk of developing a 

second mental illness either concurrently or subsequently (Kotov et al., 2017, 2021; Krueger, 
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1999). Twin studies suggest that this tendency to comorbidity includes a genetic component 

(Kendler et al., 2003).  

The accumulating evidence in support of transdiagnostic risk factors also fits with 

observations that symptoms are shared across diagnoses. For example, thought disorder is a 

dimension of mania in bipolar disorder as well as schizophrenia and other psychoses (Harrow et 

al., 2000; Marengo & Harrow, 1985; Yalincetin et al., 2017). Someone who scores high on one 

dimension is at higher risk of having other disorders that share the same dimension (Eaton et al., 

2011; The Brainstorm Consortium et al., 2018). If these superficially similar features are 

promoted by the same factors, this could explain the high degree of comorbidity between 

disorders.  

The high level of comorbidity across nearly all common psychiatric disorders led to the 

proposal that there might be an overarching transdiagnostic p factor that affects risk for diverse 

problems (Caspi & Moffitt, 2018; Lahey et al., 2012). This hypothesized p factor is a single 

dimension that indicates one’s risk for mental illness, comorbidity, duration of mental illness and 

severity of symptoms. The p factor is conceptually similar to the ‘g’ factor of general 

intelligence. The “g” factor indexes intelligence on a scale from low to high, similarly, the “p” 

factor indicates one’s susceptibility to mental illness (Caspi et al., 2014; Caspi & Moffitt, 2018; 

Lahey et al., 2012). Also like the g factor, the postulated p factor could arise from multiple 

influences that converge to outcomes non-specifically. The p factor also helps explain the high 

degree of concurrent and sequential comorbidity seen in psychiatric patients, as well as the 

difficulty with finding causes, biomarkers and treatments that are unique for specific mental 

illnesses (Caspi et al., 2014; Kapur et al., 2012). 
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A second model builds on the p factor concept and proposes that there is a hierarchy of 

risk factors, a p factor on top that influences susceptibility to near all psychiatric disorders, and 

successive subfactors that shape progressively more specific problems and symptoms. This 

HiTOP (Hierarchical Taxonomy of Psychopathology) model views psychiatric disorders as a 

continuum with varying degrees of severity and overlap between disorders (Kotov et al., 2011, 

2017, 2021). It puts mental health on a spectrum from consistently high functioning through to 

pathology, analogous to blood pressure or weight, addressing the great variability in clinical 

presentation of the nominally same disorder diagnosed by the categorical model.  

The HiTOP model is composed of five levels. The lowest level consists of individual 

symptoms and maladaptive traits These components can be combined into subfactors, such as 

sexual problems, eating pathology, fear, distress and mania. One level further up, related 

subfactors are grouped to form larger spectra, including internalizing, externalizing and thought 

disorders. Lastly, these spectra are combined to form a superspectra, such as the hypothesized 

general p factor, that is common to all mental illnesses (Kotov et al., 2018; Latzman & 

DeYoung, 2020) (Figure 1). 

Figure 1. Hierarchical Taxonomy of Psychopathology (HiTOP) framework from Latzman & 
DeYoung (2020). 
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Independently studied factors associated with mental illness 

The processes and mechanisms that construct the hypothesized p factor and other high 

level HiTOP factors are poorly understood. The following sections describe three factors that 

show some potential: early life adversity, adolescent EXT behavioural traits, and low midbrain 

dopamine cell autoregulation.  

 

Early life adversity 

 Early life adversity is the prototypical transdiagnostic risk factor for poor mental and 

physical health outcomes throughout life, placing a large financial burden on the healthcare 

system. By some estimates, 23% of North Americans experience one early life adversity, and 

35% experienced two or more (Bellis et al., 2019). Early life adversities contribute to 30% of 

anxiety cases in North America and 40% of depression cases. The total annual costs associated 

with early life adversities in the United States is $581 billion (Bellis et al., 2019). 

Both physiological (i.e., prenatal substance exposure, premature birth, malnutrition and 

infections) and psychosocial stressors (i.e., abuse, poverty, and parental conflicts) may lead to 

biological changes such as epigenetic modifications, reprogramming of the stress response 

system and immune regulatory system, as well as neurodevelopmental impairments. These 

biological changes during childhood can then lead to behavioral problems and increase the risk 

of a wide range of physical and mental health issues including cardiovascular diseases, metabolic 

disorders, and psychiatric disorders (Nelson et al., 2020). The effect of early life adversity 

depends on contextual factors such as the nature, duration and number of adverse events, the 

developmental period during which the adversities took place, one’s family environment, social 
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support, and coping abilities. Coping abilities, in turn, are related to diverse factors including 

pre-existing behavioral characteristics and temperament (Nelson et al., 2020).  

 

Mechanisms linking early life adversity and psychopathology  

One compelling model of how early life adversity increases risk of psychopathology 

transdiagnostically suggests that childhood trauma changes how youth process social and other 

emotionally relevant information (McLaughlin et al., 2020). Changes in social information 

processing include prioritizing threat related cues, such as increased sensitivity to perceiving 

threats, inaccurately interpreting neutral and negative emotions as anger, and increased attention 

biased toward threatening cues. Changes in emotional processing include low emotional 

awareness, increased emotional reactivity, difficulty with regulating emotions and emotional 

learning.  

These changes in social and emotional processing are accompanied by changes in 

biological aging, including accelerated cellular aging and earlier onset of puberty. Some of these 

changes are thought to be an adaptive response, making it easier to detect threatening stimuli, 

however, they have also been associated with psychopathologies transdiagnostically including 

both internalizing and externalizing disorders (McLaughlin & Lambert, 2017).  

Protective factors can be identified also. These include having supportive caregivers, 

higher sensitivity to rewarding and positive stimuli, and having a mature amygdala-prefrontal 

circuitry (McLaughlin & Lambert, 2017) , as well as greater family support, optimism and 

positive religious coping (such as looking to God for support, guidance and forgiveness) 

(Schaefer et al., 2018). 
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 Effect of early life adversity on reward processing  

Studies in both laboratory animals (Bolton et al., 2018; Lomanowska et al., 2006; Matthews et 

al., 1996; Matthews & Robbins, 2003) and humans (Boecker et al., 2014; Dennison et al., 2019; 

Nagy et al., 2021) suggest that a history of stressful life events can alter reward processing 

(Novick et al., 2018). In a longitudinal study where participants were followed from birth, 

Boecker et al. (2014) investigated the effect of early life adversity on processing reward 

anticipation and receipt in adulthood (mean age = 24 years). One hundred and sixty-two healthy 

participants completed a monetary incentive delay task in a functional magnetic resonance 

imaging scanner. It was found that participants with greater early life adversity had decreased 

activation in the ventral striatum, putamen, and thalamus during reward anticipation, and 

increased activation of the bilateral insula, right pallidum and bilateral putamen during reward 

delivery (Boecker et al., 2014).  

 

Externalizing (EXT) traits 

 EXT behaviours are characterized by poor emotional control and behavioural 

disinhibition that is directed toward the external environment (Externalization – APA Dictionary 

of Psychology, n.d.). They appear early in life and are relatively stable throughout childhood and 

adolescence (Cox et al., 2021). EXT traits have been shown to increase risk for a wide range of 

mental health problems (Krueger et al., 2021), including prototypical EXT disorders, such as 

substance use (Cox et al., 2021; Foster et al., 2018) and cluster B personality disorders (Wolf et 

al., 2011), but also internalizing disorders such as anxiety and depression (Krueger, 1999; 

Willner et al., 2016). 
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Interaction between EXT traits and adversity 

 Not all children are equally sensitive to their environment. Children’s temperament may 

signal which environment will allow them to thrive. Rioux et al. (2016) investigated whether 

children’s temperament (such as impulsivity and inhibitory control) at age 6 and their parents’ 

parenting style (coercive parenting at age 6 and/or high parental monitoring at age 14) interacted 

to influence the children’s alcohol use at age 15. The authors also investigated whether this 

interaction supported a diathesis-stress model or a differential susceptibility model. 

The diathesis-stress model proposes that children with difficult temperament are more 

susceptible to the negative effects of poor parental practices, compared with children with easy 

temperament (Monroe, 1992). In comparison, the differential susceptibility model proposes that 

impulsive children are more adversely affected by poor parental practices (such as coercion) 

compared to non-impulsive children, yet they are also more likely to benefit from healthy 

parental practices (e.g., absence of coercion) compared to non-impulsive children (Belsky & 

Pluess, 2009; Ellis et al., 2011). 

Rioux and colleagues’ 2016 study found that alcohol use at age 15 could be predicted by 

an interaction between the children’s temperament and their parent’s parenting practices. The 

interaction supported the differential susceptibility model. That is, compared to children with 

well-regulated temperamental features, more disinhibited children were at higher risk of alcohol 

use if they had coercive parents and at lower risk if their parents displayed good parental 

practices. These findings suggest that impulsive and disinhibited childhood temperament is not 

necessarily a risk factor for poor psychiatric outcomes, but an indicator of greater sensitivity to 

the environment (Belsky, 1997; Belsky & Pluess, 2009). 
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 Based on this differential sensitivity model, Boyce and Ellis (2005) posited that children 

can be categorized as either "orchids", who are highly susceptible to their environments, or 

“dandelions,”  who are less reactive and able to thrive regardless of their environment (Boyce & 

Ellis, 2005). More recently, Zhang, Widamann and Belsky (2021) extended this idea to propose 

that children’s susceptibility to their environment lies on a continuum from non-susceptible to 

highly susceptible.  

 

The Dopamine System 

Dopamine potently influences behavioral responses to rewards and punishments (Hu, 

2016). Long-lasting changes in dopamine cell reactivity can develop following exposure to early 

life adversity (Brenhouse et al., 2013; Oswald et al., 2014; Pruessner et al., 2004) and these in 

turn could affect EXT related traits (Buckholtz, Treadway, Cowan, Woodward, Li, et al., 2010; 

Jaworska et al., 2020; Leyton et al., 2002). Through these processes, it is thought that poorly 

regulated dopamine transmission might increase risk for diverse psychiatric problems (Ashok et 

al., 2017; Cheng et al., 2020; de Beaurepaire, 1991). 

Dopamine Synthesis, Release, and Metabolism 

 Dopamine synthesis begins with the essential amino acid, phenylalanine, which is converted to 

tyrosine, then L-DOPA, and finally dopamine. Cytosolic dopamine is taken up by the vesicular 

monoamine transporter (VMAT) for storage in vesicles. Upon receiving the appropriate neuronal 

input, the vesicles fuse with the presynaptic neuron’s plasma membrane and dopamine is 

expelled into the synaptic cleft. Released dopamine then binds to post synaptic receptors for 

signal transduction. Extracellular dopamine can then be catabolized to homovanillic acid (HVA) 
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in a two-step process by the enzymes catechol-O-methyltransferase (COMT) and monoamine 

oxidase (MAO). Dopamine can also be taken back into the dopamine cell by the dopamine 

transporter (DAT) located on the cell’s plasma membrane. Once inside the cell, dopamine can be 

metabolised by MAO-B into 3,4-dihydroxyphenylacetic acid (DOPAC) (Cooper et al., 2003; 

Juárez Olguín et al., 2016). 

There are five identified dopamine receptor types (D1 – D5) which are categorized into 

the D1 family of receptors consisting of the D1 and D5 subtype, and the D2 family consisting of 

the D2, D3 and D4 subtypes. The D1-like receptors are found on non-dopaminergic cells and 

increase neuronal activity upon activation, whereas the D2-like receptors are also located on 

nondopaminergic cells but are inhibitory. The D2 receptor subtype also function as inhibitory 

autoreceptors (Ford, 2014). These autoreceptors can be found on the soma and dendrites of 

midbrain dopamine neurons and axons within their terminal regions. The majority of terminal 

region dopamine D2 receptors are heteroreceptors located on nondopaminergic neurons, whereas 

the majority of midbrain D2 receptors are autoreceptors (Ford, 2014; Sesack et al., 1994; Yung et 

al., 1995). Upon activation by circulating dopamine, midbrain D2 autoreceptors decrease 

dopamine synthesis, cell excitability and release via G-protein coupled inhibitory pathways. 

There is evidence in both laboratory animals and humans that low levels of midbrain 

D2/D3 autoreceptors are associated with more novelty seeking (Bellés et al., 2020; Buckholtz, 

Treadway, Cowan, Woodward, Li, et al., 2010; Zald et al., 2008) and other impulsive personality 

traits (Buckholtz, Treadway, Cowan, Woodward, Li, et al., 2010; Jaworska et al., 2020), both of 

which can affect risk for psychopathology. These effects of midbrain autoreceptors appear to 

reflect their ability to regulate striatal dopamine release (Bellés et al., 2020; Buckholtz, 

Treadway, Cowan, Woodward, Li, et al., 2010; Leyton et al., 2002; Milella et al., 2016). 
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Dopaminergic Pathways 

The primary ascending dopamine pathways have their cell bodies in the midbrain which includes 

the ventral tegmental area (VTA) and substantia nigra (SN). Dopamine neurons from the SN 

project to the neostriatum (primarily the caudate nucleus and putamen) forming the nigrostriatal 

pathway (Cooper et al., 2003). Neurons from the VTA primarily project to the most ventral parts 

of the striatum, including the nucleus accumbens (NAcc), though also to the amygdala and 

hippocampus, constituting the mesolimbic pathway (Juárez Olguín et al., 2016). Lastly, 

dopaminergic neurons from both the SN and VTA project to the prefrontal cortex forming the 

mesocortical pathway (Cooper et al., 2003; Williams & Goldman-Rakic, 1998; Wise, 2009). 

 The nigrostriatal pathway is thought to be involved in regulating movements (Antonelli 

& Strafella, 2014; Korchounov et al., 2010) and might also influence reward-related associative 

learning (Berridge & Robinson, 1998; Graybiel et al., 1994; Robinson et al., 2005). Degeneration 

of cells in the SN leads to reduced levels of dopamine in the striatum which contributes to 

movement disorders such as Parkinson’s disease and Huntington’s disease (Blaess et al., 2020; 

Graybiel et al., 1994). In comparison, the mesolimbic pathway has established roles in 

motivational states including responses to rewards and punishments (Blaess et al., 2020). 

Neurons in this pathway are activated during rewarding and aversive experiences (Pignatelli & 

Bonci, 2015). Dysregulation of the mesolimbic pathway may be associated with psychiatric 

disorders (Grace, 2016; Volkow & Morales, 2015) including addictions and depression (Van den 

Heuvel & Pasterkamp, 2008). Lastly, the mesocortical pathway plays a role in executive 

functions, the planning of actions, and both inhibitory control and delayed gratification (Floresco 

& Magyar, 2006; Jentsch et al., 2000). Dysfunction of this pathway is thought to contribute to 

schizophrenia (Jentsch et al., 2000).  



 18 

Dopamine’s role in reward processing 

Dopamine influences behavioral responses to rewards but the proposal that dopamine is closely 

related to the pleasurable aspects of reward receipt has been largely abandoned. This reflects 

studies in both humans and laboratory animals. In rodents, depleting up to 99% of dopamine in 

the NAcc and neostriatum of rats does not lead to decreases in orofacial responses to sucrose 

thought to index pleasure (Berridge & Robinson, 1998). In both rodents and non-human 

primates, dopamine cell firing and release are more closely related to the expectation of rewards 

and the motivation to pursue them than the receipt of reward (Berridge & Robinson, 1998, 2003; 

Fiorillo et al., 2003; Mohebi et al., 2019; Romo & Schultz, 1990; Schultz et al., 1997; Stauffer et 

al., 2016) . In humans, neither dopamine receptor antagonists (Brauer & De Wit, 1997) nor 

decreased dopamine synthesis (Cawley et al., 2013; Venugopalan et al., 2011) reduces the 

subjective euphoria experienced from obtaining rewards but the latter does decrease the 

willingness to work for them. Lastly, dopamine cell firing is potently influenced by reward 

prediction errors. Dopamine neuron firing increases upon receiving a reward greater than 

expected, decreases following events that are worse than expected, and remains unchanged when 

rewards obtained are as expected. When these processes are working well, they are thought to 

facilitate the assignment of incentive value to environmental stimuli (Flagel et al., 2011) and the 

generation of situation-appropriate responses to rewards and punishments (Schultz, 1998). 

 

 Dopamine’s role in psychiatric disorders 

Disturbances in the dopaminergic system are implicated in a wide range of problems including 

mood, substance use, and impulse-control disorders (Ashok et al., 2017; Cheng et al., 2020; de 

Beaurepaire, 1991). The direction of the effect is often unclear (Buckholtz, Treadway, Cowan, 
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Woodward, Li, et al., 2010; Grace, 2016; Leyton & Vezina, 2014). For example, there is 

evidence that, in people at elevated risk for substance use problems, dopamine transmission is 

greater than that seen in healthy controls under some testing conditions and lower under other 

conditions (Leyton, 2021; Leyton & Vezina, 2014). Impulsivity regulation is disturbed in both 

high and low dopamine states (D’Amour-Horvat & Leyton, 2014; Leyton et al., 2007; Leyton & 

Vezina, 2014). In mood disorders also, the direction of the effect is less clear than initially 

proposed. Depression has been associated with decreased DAT availability in the striatum and 

midbrain (Dubol et al., 2020; Pizzagalli et al., 2019) and lower levels of HVA in their 

cerebrospinal fluid (Kasa et al., 1982; Papeschi & McClure, 1971; Roy et al., 1986). 

Additionally, several PET studies have reported evidence of increased striatal D2 availability in 

depressed patients, as compared to healthy controls (Hamilton et al., 2018; Meyer et al., 2006). 

The lack of conclusiveness on the direction of effect in dopamine levels may indicate that it is 

not the direction that is important, but dopamine dysregulation (Grace, 2016). 

Some of the complexities of these associations between dopamine transmission and the 

regulation of affectively relevant behaviors were illustrated by an elegant optogenetic study in 

mice. Chaudhury et al. (2013) investigated how dopamine cell pathway firing patterns might 

affect susceptibility to depression. They showed that optogenetic activation of phasic firing in 

VTA dopaminergic neurons that project to the NAcc induced a stress sensitivity phenotype in 

mice exposed to chronic social defeat stress. In comparison, inhibiting the VTA – NAcc 

dopaminergic projection induced a resilient phenotype whereas inhibiting the VTA to mPFC 

projection induced a susceptible phenotype. This work sheds light on how the firing pattern of 

VTA dopaminergic neurons could affect susceptibility to depression related behaviors 

(Chaudhury et al., 2013).  
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Measuring dopamine in humans 

Positron emission tomography (PET) imaging is the only available method to non-invasively 

measure features of the dopamine system in living human brain (Buckholtz, Treadway, Cowan, 

Woodward, Li, et al., 2010; Jaworska et al., 2020). A number of D2/3 tracers are available. 

Compared to other D2/3 tracers that are often preferred for measuring dopamine release, such as 

[11C]raclopride and [11C]PHNO, [18F]fallypride has higher D2/3 receptor affinity (Slifstein et al., 

2010). This feature makes [18F]fallypride less sensitive to changing concentrations of 

extracellular dopamine and more suitable for estimating D2/3 receptor density.  

 PET measures these features following the administration of a small amount of the 

labeled tracer. A radioactive atom is tagged to a molecule used by the organ of interest (Positron 

Emission Tomography (PET), n.d.). For example, the brain uses glucose for energy, therefore a 

radioactive atom can be attached to a glucose analog to measure how much is used by the brain. 

The specific radioactive ligand used depends on purpose of the scan and molecule being 

targeted. 

 As the radionuclide decays it collides with electrons and Gamma rays called annihilation 

photons are emitted. For every electron the radionuclide collides into, two photons are emitted 

180 degrees from each other (Berger, 2003; Positron Emission Tomography (PET), n.d.). The 

photons then travel at the speed of light, hitting diametrically opposed “coincidence” detectors 

near simultaneously. Each time a pair of photons hit the detector 180 degrees apart, this 

information is used to create a three-dimensional image of the organ being studied. The greater 

the amount of radionuclide collected in a given tissue, the brighter the tissue appears on the 

image, as constructed by the computer indicating a greater amount of molecular activity 

(Positron Emission Tomography (PET), n.d.). From the PET image, binding potential non-
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displaceable (BPND) values can be calculated which indicates the amount of bound to free tracer 

ratio (Guo et al., 2014). A higher BPND value indicates that a larger number of the radioligand is 

bound to the receptor compared to the amount of unbound (free) ligand, thus indicating greater 

receptor availability. 

 The PET image is often paired with a magnetic resonance imaging (MRI) or 

computerized tomography (CT) scan to obtain a structural image of the organ (Positron Emission 

Tomography (PET), n.d.). The functional image obtained from the PET scan is then overlaid on 

the structural image to create an accurate map of the organ’s activity. PET imaging is unique as it 

allows researchers to measure functional activity in vivo, in specific targets. While, functional 

MRI also allows in vivo measurement of functional activity, it is limited to measuring the blood-

oxygen-level-dependent signal which indexes the amount of oxygenated blood in a region of 

interest. PET imaging allows researchers to image levels of molecular targets and ligand-target 

interactions (Long & Wong, 2015). 

 

Sex and gender differences in psychiatric disorders 

Overall, the lifetime prevalence of mental illness in males vs. females is similar 

(Investing_in_Mental_Health_FINAL_Version_ENG.Pdf, n.d.). This noted, some mental 

illnesses show evidence of sex differences, including mood and anxiety disorders, which are 

diagnosed in females twice as often as in males (Gater et al., 1998; Kessler et al., 1994, 1995; 

Weissman et al., 1996) and SUDs which are diagnosed two and a half times more often in males 

than females (McHugh et al., 2018). It remains unclear whether this reflects inherent sex-related 

differences in susceptibility to specific mental health problems, differential expressions of the 
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same core problems, or different life experiences that push males vs. females toward different 

problems.  

 

Importance of longitudinal cohorts and prospective studies 

Studying the role of risk factors for mental problems has been hampered by the use of 

cross-sectional research designs. In comparison, prospective, longitudinal studies are the gold 

standard for investigating the effects of diverse experiences and events on health outcomes. The 

advantage of this study design is that it allows researchers to establish the temporal sequence of 

events, the minimum for postulating cause-effect relationships. Longitudinally followed birth 

cohorts also provide higher quality information as the data are collected close in time to events of 

interest.  

 

Aim and Hypotheses 

Based on the above observations, we used the PET [18F]fallypride method in a longitudinally 

followed birth cohort to test whether the combination of EXT behaviours, childhood trauma, and 

dopamine cell regulation predicts clinical outcomes. It was hypothesized that higher EXT traits, 

greater early life adversity, and lower midbrain dopamine autoreceptor availability would predict 

the presence of early onset commonly comorbid psychiatric conditions. Finally, we also 

investigated whether there is a sex difference in the prevalence of lifetime psychiatric illnesses, 

by adding sex as a predictor variable. Given the similar rates of prevalence of lifetime psychiatric 

disorders in males and females, we did not expect to find a sex difference..  
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Manuscript 

Introduction 

Converging epidemiological (Caspi & Moffitt, 2018; Castellanos-Ryan et al., 2016; 

Kapur et al., 2012; Krueger, 1999; S. H. Lee et al., 2013) and molecular genetic evidence 

(Smoller et al., 2019; The Brainstorm Consortium et al., 2018; H. Zhou et al., 2020) raises the 

possibility that many psychiatric disorders reflect the varying expression of overlapping 

developmental trajectories (Caspi & Moffitt, 2018; Krueger et al., 2018). One of the largest 

trajectories is characterized by diverse externalizing (EXT) behaviors (Castellanos-Ryan et al., 

2016; Foster et al., 2018; Kendler et al., 2016; Krueger & Tackett, 2003). EXT refers to 

behaviors where thoughts and feelings are directed toward external targets in the environment 

(Externalization – APA Dictionary of Psychology, n.d.), often in ways that violate societal norms 

or the rights of others (American Psychiatric Association & American Psychiatric Association, 

2013; Kauten & Barry, 2020). Examples include projecting anger toward another person, poor 

impulse control, dysregulated affect, and altered responses to rewards and punishments (Bjork & 

Pardini, 2015; Byrd et al., 2014). Examples of EXT disorders in the Diagnostic and Statistical 

Manual of Mental Disorders – 5th edition (DSM-5) include attention-deficit/hyperactivity 

disorder (ADHD), conduct disorder, oppositional defiant disorder, antisocial personality disorder 

and SUDs (American Psychiatric Association & American Psychiatric Association, 2013, p. 5). 

EXT traits are likely mediated by multiple neurobiological systems (Dalley & Robbins, 

2017; Miczek & Meyer-Lindenberg, 2014). One implicated system has shown associations 

between low midbrain dopamine autoreceptor levels (Meador-Woodruff et al., 1994; Sokoloff & 

Le Foll, 2017), increased dopamine release (Buckholtz, Treadway, Cowan, Woodward, Li, et al., 

2010; Milella et al., 2016), and various EXT-related features, including impulsivity, novelty 
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seeking and sensitivity to punishment (Buckholtz, Treadway, Cowan, Woodward, Li, et al., 

2010; Jaworska et al., 2020). In laboratory animals too, low midbrain autoreceptors and elevated 

dopamine transmission can increase the salience of both positive and negative stimuli (Bellés et 

al., 2020; Bello et al., 2011; Berridge & Robinson, 2003; Chaudhury et al., 2013; da Silva et al., 

2018; Heymann et al., 2020; Marinelli & White, 2000; Mohebi et al., 2019; Tournier et al., 

2013), promote novelty seeking and motor impulsivity (Bellés et al., 2020; Dalley & Robbins, 

2017; D’Amour-Horvat & Leyton, 2014; Marinelli & White, 2000; Tournier et al., 2013), and 

reduce the ability to disambiguate optimal choices (Duvarci et al., 2018; Holroyd et al., 2015; 

Olivetti et al., 2020). Stressful events can aggravate these features, including the fomenting of 

dopaminergic (Booij et al., 2016; Matuszewich et al., 2014) and behavioral hyperreactivity 

(Leyton & Stewart, 1990; Matuszewich et al., 2014) and susceptibility to mental health problems 

(Jaekel et al., 2020; Keyes et al., 2012).   

Methods 

Participants 

All participants were born between 1996-1998, lived in the Montreal or Quebec City area 

in Canada, and had been followed since birth (Boivin et al., 2013; Cox et al., 2021; Orri et al., 

2020). Fifty-eight volunteers (36F/22M) underwent magnetic resonance imaging (MRI) and 

[18F]fallypride positron emission tomography (PET) scans. Six were excluded from the current 

analyses: two due to not having Childhood Trauma Questionnaire (CTQ) data and four due to 

BPND values being outliers (± 3 SD) (Table 1 & Supplementary Table 1). The final sample 

consisted of 52 participants (30F/22M), mean age at the time of scanning was 18.5 (SD = 0.6 

years). Forty-one participants (22F/19M) had one or more follow-up interview (age at last 

assessment: 21.0 ± 0.9 years). Ethics approval was obtained from McGill University and Sainte-
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Justine University Hospital Research Ethics Boards, and all participants provided written 

informed consent. Further details are in Jaworska et al. 2020 (Jaworska et al., 2020).  

 

Measures 

Externalizing (EXT) scores 

 Externalizing trait scores were measured annually between ages 10 and 16 through self-report 

(Quebec Longitudinal Study of Child Development; QLSCD, n = 53) or teacher ratings (Quebec 

Newborn Twin Study; QNTS, n = 5) using the Social Behavior Questionnaire (SBQ) (Behar & 

Stringfield, 1974; Tremblay et al., 1992). Mean scores were calculated for the following SBQ 

subscales: hyperactivity, impulsivity, oppositional behavior, non-aggressive behavioral 

problems, physical aggression, proactive aggression, indirect aggression and reactive aggression. 

Composite EXT trait scores were aggregated using a minimum of two years’ data between 10 

and 16 years (Castellanos-Ryan et al., 2016; Cox et al., 2021). Mean EXT scores during these 

years correlated with those obtained earlier in life (1–5 and 6–10 years) (Cox et al., 2021). For 

the current study, cohort members were invited to participate if they scored in either the top or 

bottom 30% of EXT trait scores, as established in the first wave of QLSCD cohort members (n = 

242, born in 1996) (Cox et al., 2021). 

 

Assessments 

 At their index assessment prior to the PET and MRI scans, all participants were interviewed 

face-to-face with the Structured Clinical Interview for DSM-5 (SCID) (Glasofer et al., 2015) and 

administered the CTQ (Bernstein & Fink, 1998). Follow-up telephone assessments were then 

conducted annually for the next three years. The CTQ measures early life adversity, including 
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emotional abuse, physical abuse, sexual abuse, emotional neglect and physical neglect (Bernstein 

& Fink, 1998). It has been validated in French (Paquette et al., 2004) and has good psychometric 

properties (“Initial Reliability and Validity of a New Retrospective Measure of Child Abuse and 

Neglect,” 1994). Elevated CTQ scores are associated with poor cognitive function across 

multiple domains (Goltermann et al., 2020) and diverse psychiatric disorders (McLaughlin et al., 

2020; McLaughlin & Sheridan, 2016).  

 

 Magnetic resonance imaging (MRI) 

 MRI scans were acquired on each participant for anatomical co-registration using a 3T Siemens 

Trio TIM scanner (McConnell Brain Imaging Centre, Montreal Neurological Institute) with a 

Magnetization Prepared Rapid Acquisition sequence (slice: 1mm, TR: 2300 ms, TE: 3.42 ms, 

flip angle: 9°, FOV: 256 mm, Matrix: 256 x 256). MRI and PET data were co-registered to aid 

anatomical precision when defining the regions of interest (ROIs).  

 

 PET imaging 

Dopamine D2 receptor levels were measured using the high affinity dopamine D2/D3 

receptor ligand, [18F]fallypride, and a 90-minute PET scan on a high-resolution research 

tomograph (HRRT). Following cannula insertion into the left antecubital vein for tracer 

administration, a 6-min 137Cs transmission scan was obtained for attenuation correction. The 

[18F]fallypride tracer (prepared as previously described (Milella et al., 2016)) was administered 

as a 1-min intravenous bolus, with emission scans acquired concurrently in list mode over 90-

min (participants were instructed to remain awake). The mean±SD injected [18F]fallypride dose 

was 123.39 ± 7.59 MBq, injected mass was 1.46 ± 3.90 nmol, and molar activity at time of 
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injection was 381.08 ± 819.99 GBq/µmol. There were no statistically significant differences in 

injected dose, mass or molar activity between participants with and without psychiatric 

diagnoses (p values > 0.4; Supplementary Table 2). 

PET images were reconstructed using the Ordinary Poisson Ordered Subset Expectation 

Maximization (OP-OSEM) reconstruction algorithm (10 iterations, 16 subsets). This included 

correction for non-uniformities, attenuation, scattered and random coincidences, and motion. To 

reduce partial volume effects, resolution modeling using the point spread function was 

implemented in image reconstruction. Motion correction was based on a data-driven motion 

estimation and correction method that estimates rigid-body motion between dynamic frames. 

Further details are in Jaworska et al. 2020 (Jaworska et al., 2020). 

 

MRI and PET analyses 

The imaging data set was obtained from previously analyzed images (Jaworska et al., 

2020). Binding potential non-displacement (BPND) values were derived from the primary region 

of interest (ROI), the midbrain dopamine cell body region, consisting of the ventral tegmental 

area and substantia nigra, and seven exploratory regions of interest (ROIs) further implicated in 

the regulation of mood and motivational states and impulsive behaviors (superior frontal gyrus, 

medial frontal gyrus, medial orbito-frontal gyrus, middle frontal gyrus, insula, amygdala, and 

hippocampus) (Jaworska et al., 2020). ROI masks were defined using standard masks on the 

MNI152 template which were coregistered to each individual’s MRI scan using linear and 

nonlinear transformations (Murty et al., 2014).  These ROI masks were then applied to each 

summed PET image using non-linear co-registration. Time-activity curves were extracted from 

each ROI in native PET space using tools developed by the Turku PET Centre 
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(http://www.turkupetcentre.net/). BPND values (i.e., equilibrium ratio of specifically bound to 

non-displaceable radioligand in tissue) were derived from ROIs using the simplified reference 

tissue model (Lammertsma & Hume, 1996) with cerebellar grey matter as the reference region. 

 

Statistical analyses 

 Binomial logistic regression analyses were conducted to test whether midbrain 

[18F]fallypride BPND values, EXT and CTQ scores, converted to Z scores, predicted the presence 

of lifetime DSM-5 diagnoses. All analyses were run for diagnoses obtained at the time of or prior 

to the PET scan and again including diagnoses obtained during the follow-up interviews. 

Linearity of the continuous variables with respect to the logit of the dependent variable 

was assessed via the Box-Tidwell (1962) procedure (Box & Tidwell, 1962). A Bonferroni 

correction was applied using all seven terms (midbrain BPND, EXT, CTQ, 

midbrain*ln_midbrain, EXT*ln_EXT, CTQ*ln_CTQ, and constant) in the overall model 

resulting in statistical significance being defined as p < 0.0071 (Tabachnick & Fidell, 2013). 

Based on this assessment, all continuous independent variables were linearly related to the logit 

of the dependent variable.  

Receiver operating characteristic (ROC) curves were created for each model, and the area 

under the curve (AUC) was used to evaluate the overall model’s strength. ROC curves illustrate 

the ability of a binary classifier to discriminate groups as the threshold is varied. The graph is 

created by plotting the true positive rate or sensitivity on the y axis, and the false positive rate or 

(1 – specificity) on the x axis. The area under the ROC curve measures how well the model can 

identify positive and negative cases. The AUC ranges between 0 and 1. The closer the AUC is to 

1, the better the model. An AUC close to 1 is able to correctly identify patients with and without 

http://www.turkupetcentre.net/
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diagnoses, an AUC close to 0 identifies group designation incorrectly, and an AUC close to 0.5 

indicates that the model has no classification ability (Narkhede, 2021). 

All hypotheses were tested using two-tailed statistics. Unless otherwise noted, all 

analyses were performed using IBM SPSS version 26 with the following add-ons: Complex 

Sampling & Testing, Forecasting & Decision Trees, and Custom Tables & Advanced Statistics. 

 

Results 

Lifetime psychiatric diagnoses  

At their index interview, 23% of participants met criteria for one or more lifetime DSM-5 

disorders. By their last interview, this had increased to 31%. The specific diagnoses included 

SUDs, unipolar mood disorders, attention deficit-hyperactivity disorder (ADHD), panic disorder, 

generalized anxiety disorder, adjustment disorders, dyslexia, binge eating disorder, and conduct 

disorder (Supplementary Tables 3A & 3B).  

Three-factor model predicts lifetime psychiatric disorders at index interview 

The three-factor model was statistically significant (p = 2.4 x 10-5), correctly classifying 

90% of cases and explaining 56% (Nagelkerke R2) of the variance in DSM-5 diagnoses. 

Sensitivity was 75%, specificity was 95%, positive predictive value was 82%, negative 

predictive value was 93%, and ROC AUC was 92% [95% CI: .824, 1.000], considered an 

outstanding level of discrimination (Table 2) (Hosmer et al., 2013).  

All three factors contributed to the model. Adding CTQ total scores as the third factor 

strengthened the model (compared to EXT + midbrain BPND, p = 0.05). Adding midbrain 

[18F]fallypride BPND values as the third factor strengthened the model (compared to EXT + CTQ, 
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p = 0.03). Adding EXT scores as the third factor strengthened the model (compared to CTQ + 

midbrain BPND, p = 5.0 x 10-6). In comparison, the model was not improved by the addition of 

BPND values from the seven exploratory ROIs (p ≥ 0.37).  

Within the three-factor model, standardized EXT scores (Wald = 9.880, p = 0.002) and 

midbrain [18F]fallypride BPND values (Wald = 3.833, p = 0.05) were statistically significant after 

controlling for the influence of the two other factors. One standard deviation (SD) increases in 

CTQ and EXT scores were associated with two- and 10-times greater odds of having a lifetime 

DSM diagnosis, respectively. A one SD decrease in midbrain [18F]fallypride BPND values was 

associated with three times higher odds (Table 3). 

Three-factor model predicts lifetime EXT disorders at index interview 

The three-factor model predicted lifetime EXT disorders alone at index interview. The 

model was primarily driven by EXT traits (p = 0.008). When adding midbrain BPND values and 

CTQ scores, the former strengthened the model (compared to EXT + CTQ, p = 0.027) while the 

latter did not (compared to EXT + midbrain BPND, p = 0.225). More importantly, this three-

factor model for EXT disorders was not stronger than the one capturing all expressed DSM-5 

disorders (AUC ROC curves for EXT vs. all disorders, t(102) = 0.6191, p = 0.54) (X. Zhou et al., 

2002), plausibly reflecting the propensity of people with EXT disorders to develop internalizing 

disorders and vice versa (Lahey et al., 2014) (Table 4A). 

Three-factor model predicts lifetime psychiatric disorders at follow-up  

At the last follow-up interview, the logistic regression model was statistically significant 

(p = 3.5 x 10-5), explained 51% (Nagelkerke R2) of the variance in DSM-5 diagnoses, and 
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correctly classified 81% of cases. Sensitivity was 63%, specificity was 89%, positive predictive 

value was 71% and negative predictive value was 84%. Of the three predictor variables only 

EXT trait score was statistically significant (Wald = 11.948, p = 0.001), but inclusion of CTQ 

scores and midbrain BPND values yielded what is considered an excellent level of discrimination 

(Hosmer et al., 2013) (EXT alone, AUC ROC = 0.855 [95% CI: .713, 0.998]; EXT + CTQ + 

midbrain BPND, AUC ROC = 0.898 [95% CI: .795, 1.000]). 

Three-factor model is accurate in men and women  

Male participants were more likely to have diagnoses of ADHD and SUDs while female 

participants more frequently met criteria for mood and anxiety disorders (Supplementary Table 

4). Overall, lifetime psychopathology was observed in similar proportions of males and females 

(6/22 vs. 10/30; no significant difference, Fisher’s exact test, p = 0.76). At the index interview, 

the model remained significant with the addition of sex as a fourth factor (p = 3.4 x 10-5). Sex 

itself was not a significant predictor of a lifetime DSM-5 diagnosis (Wald = 0.374, p = 0.54), nor 

was the four-factor model (EXT + CTQ + midbrain BPND + sex) significantly different from the 

three-factor model (p = 0.54) (Table 4B). When additional diagnoses from the follow-up 

interviews were included, the model with sex as a fourth variable remained significant (p = 7.4 x 

10-5). Again, however, sex itself was not a significant predictor of lifetime DSM-5 diagnosis 

(Wald = 0.843, p = 0.36) and the four-factor model (EXT + CTQ + midbrain BPND + sex) was 

not significantly different from the three-factor model (p = 0.35). 
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Discussion 

 Our study’s primary objective was to test whether a three-factor model, composed of 

features with modest transdiagnostic predictive value when tested in isolation, could more 

powerfully predict the presence of lifetime psychiatric disorders in young adults who have been 

followed from birth. As hypothesized, the combination of higher EXT traits, greater levels of 

childhood adversity, and lower levels of midbrain D2 receptors identified, with high accuracy 

and statistical robustness, participants with any lifetime history of psychiatric illness, both at the 

index interview and at follow-up.  

 Our second aim was to test whether there is a sex is a predictor of lifetime psychiatric 

history. As hypothesized, we found that sex is not a significant predictor of whether someone 

currently or previously had any psychiatric illness. 

 To our knowledge, this is the first investigation to study all three factors together. In 

comparison, each individual factor has been found to increase risk for psychopathology. As a 

start, both epidemiological (Caspi & Moffitt, 2018; Castellanos-Ryan et al., 2016; Kapur et al., 

2012; Krueger, 1999; S. H. Lee et al., 2013) and molecular genetic (Smoller et al., 2019; The 

Brainstorm Consortium et al., 2018; H. Zhou et al., 2020) studies suggest that EXT traits reflect 

a developmental trajectory from which diverse psychiatric disorders can emerge. This includes 

substance use and cluster B personality disorders, as well as problems commonly considered 

internalizing disorders (Caspi & Moffitt, 2018; Castellanos-Ryan et al., 2016; Krueger, 1999; 

Lahey et al., 2014). 

Childhood trauma is arguably the prototypical transdiagnostic risk factor, increasing the 

probability of both internalizing and EXT disorders in adolescence and adulthood (Copeland et 
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al., 2018; McLaughlin et al., 2020). The replicated associations with early life adversity noted, 

some people exhibit striking resilience (Amstadter et al., 2016; Rutter, 1981). The factors 

accounting for these different responses to adversity are thought to include variability in coping 

skills (Asselmann et al., 2017) and pre-existing temperament (Rioux et al., 2016). The present 

study raises the possibility that a third contributing factor is midbrain dopamine cell reactivity. 

Midbrain D2 receptors are primarily autoreceptors (Chen et al., 2020). In humans, 

somatodendritic autoreceptors are present on dopamine cells that project to the striatum but not 

cells that project to the cerebral cortex (Galloway et al., 1986; Hoffmann et al., 1988; Holloway 

et al., 2019; M. E. Wolf et al., 1986). Despite this, there is evidence from studies in laboratory 

animals that altered mesostriatal dopamine transmission affects functioning within the larger 

mesocorticolimbic circuitry. In these studies, poorly regulated dopamine cell reactivity can lead 

to cognitive deficits (Arnsten et al., 2009; Duvarci et al., 2018; Vijayraghavan et al., 2017), sub-

optimal choices (Duvarci et al., 2018; Olivetti et al., 2020), impulsivity (Bellés et al., 2020; 

Leyton & Vezina, 2014) , and susceptibility to depressive phenotypes (Chaudhury et al., 2013). 

Adverse outcomes might be particularly profound when elevated mesostriatal dopamine 

transmission is combined with reduced or asynchronous cortical dopamine function (Chaudhury 

et al., 2013; Duvarci et al., 2018; Leyton & Vezina, 2014). Indeed, across diagnostic categories, 

there is evidence of poorly regulated dopamine transmission (Buckholtz, Treadway, Cowan, 

Woodward, Benning, et al., 2010; Buckholtz, Treadway, Cowan, Woodward, Li, et al., 2010; 

Cherkasova et al., 2014; Jaworska et al., 2020; Sequeira et al., 2021; Vosberg et al., 2020; Wang 

et al., 2019) with DRD2 variants constituting a transdiagnostic risk gene (P. H. Lee et al., 2019).  

The study’s fourth finding was related to sex. As expected, males were more likely than 

females to be diagnosed with attention deficit and substance use disorders and less likely to meet 
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criteria for mood and anxiety disorders. This noted, both in our study and in the general 

population, the lifetime prevalence of psychiatric illness overall is similar for men and women 

(Gender and Women’s Mental Health, n.d.) and adding sex as a predictor did not improve the 

model’s strength. These observations suggest that the three investigated factors influence 

susceptibility to psychiatric disorders in both males and females irrespective of how the 

susceptibility comes to be expressed.  

The breadth of diagnoses predicted by the model raises the possibility that it contributes 

to the hypothesized p factor that has been proposed to affect risk for all common psychiatric 

disorders (Caspi & Moffitt, 2018; Castellanos-Ryan et al., 2016; Lahey et al., 2012; The 

Brainstorm Consortium et al., 2018). The specific processes composing p have been little 

studied, but some work suggests that they include poor impulse control over emotions and 

difficulties in reality testing (Caspi & Moffitt, 2018). The findings reported here might identify 

sources of these alterations.  

Strengths and Limitations 

The present research benefitted from prospectively collected behavioral traits and clinical 

outcomes. It is also, to our knowledge, the first PET study in a longitudinally followed birth 

cohort. These strengths noted, the results should be interpreted in light of the following 

considerations. First, all three factors contributed to the model’s strength after controlling for the 

influence of the two other factors indicating that they are not interchangeable proxies of each 

other. This noted, only EXT was statistically significant as a standalone variable. This 

observation suggests that CTQ scores and midbrain D2 receptor availabilities contribute through 

interactions with the other variables. Although the present sample is reasonably large for a PET 
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study, it is not large enough to interrogate further these potential statistical interactions; we can 

therefore primarily conclude that high statistical power is provided by the model overall. Second, 

the three-factor model also predicted the presence of EXT disorders uniquely. In this analysis, 

the smaller number of affected cases decreased further the ability to disentangle contributions of 

each individual factor, but the effect appeared to be driven by EXT scores and midbrain 

[18F]fallypride BPND values. Additional work will be needed to better capture the model’s 

strength for EXT vs. internalizing disorders, but longitudinal research indicates that a history of 

disorders from one cluster predicts higher risk for both ‘homotypic’ and ‘heterotypic’ conditions 

(Lahey et al., 2014). Consistent with the proposition that the studied risk factors are not specific 

to a single cluster, the three-factor model was not significantly better at capturing EXT disorders 

than all occurring DSM-5 disorders. Third, much of the data was collected prospectively, but 

definitive statements about causality are not possible. Instead, the study identifies a model that 

predicts clinical outcomes. Fourth, the sample was relatively homogenous, composed primarily 

of francophone youth of European descent. Future studies should test whether the model 

generalizes to other populations. Fifth, the index interviews were conducted face-to-face, but the 

follow-up interviews were by telephone, potentially diminishing the quality of information from 

these later assessments. Sixth, participant attrition may not have been random. However, these 

sub-samples did not differ on key variables, including age, EXT score, or proportion with a 

lifetime history of DSM-5 disorders (Supplementary Table 5). Finally, the project’s PET tracer, 

[18F]fallypride, binds to both D2 and D3 receptors (Mukherjee et al., 1999). Midbrain D2 

receptors are primarily located on mesostriatal dopamine neurons where they act to inhibit 

mesostriatal dopamine release (Bello et al., 2011; Meador-Woodruff et al., 1994; Milella et al., 

2016). The majority of midbrain D3 receptors, in comparison, are on terminal regions of 
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descending striatal GABAergic neurons and their activation inhibits cortical dopamine release 

(Sokoloff & Le Foll, 2017). Since [18F]fallypride has preferential affinity for D2 (Mukherjee et 

al., 1999), our PET data are likely dominated by effects relevant for mesostriatal dopamine 

transmission. This noted, to the extent that the effect could also include changes to D3 receptors, 

poorly synchronized striatal and cortical dopamine transmission erodes a wide range of cognito-

affective processes (Chaudhury et al., 2013; Duvarci et al., 2018).  

Conclusions 

This first study of the three-factor model supports proposals that many common forms of early 

onset psychopathology emerge from the varying expression of shared intersecting dimensions 

(Caspi & Moffitt, 2018; Castellanos-Ryan et al., 2016; S. H. Lee et al., 2013). Obtaining a better 

understanding of the identified features could provide targets for early interventions with 

implications for both nosology and etiology.  
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General Discussion 

The aim of this study was to determine whether the combination of EXT traits, midbrain 

dopamine D2 receptor availability and early life adversity could identify participants with a 

lifetime history of psychiatric illness. As predicted, the three-factor model identified participants 

with past or current psychiatric illness(es) with an overall accuracy of 90.4%, and this finding 

was statistically strong and robust (p = 2.4 x 10-5). The area under the receiver operating 

characteristic (ROC) curve was 0.915 [95% CI: 0.824 to 1.000], which is considered an 

outstanding level of discrimination (Hosmer et al., 2013). After including diagnoses obtained at 

follow-up interviews, which took place over the subsequent three years, the model remained 

statistically significant and robust (p = 3.5 x 10-5). The model correctly classified 80.8% of cases, 

and its area under the ROC curve was 0.870 [95% CI: 0.746 to 0.994], considered an excellent 

level of discrimination. The latter result further suggests that this three-factor model can 

prospectively identify participants who are susceptible to psychiatric disorders. Lastly, adding 

sex as a predictor variable did not improve the strength of the model consistent with an absence 

of sex differences in the prevalence of lifetime psychiatric disorders in the present sample and 

the general population.  

 These findings are in agreement with existing literature showing that each of the three 

predictor variables individually increase risk for psychiatric illnesses and their associated 

features. In humans, decreased midbrain D2 receptor availability is associated with increased 

novelty seeking (Zald et al., 2008), impulsivity (Buckholtz, Treadway, Cowan, Woodward, Li, et 

al., 2010) and decreased sensitivity to punishment (Jaworska et al., 2020). These overlapping 

traits are key features of many psychiataric disorders including mood disorders, SUDs, ADHD, 
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Cluster B personality disorders and conduct disorder (Kulacaoglu & Kose, 2018; Moeller et al., 

2001).  

The impulsivity related traits contribute prominently to EXT behaviors. The broader 

concept of EXT also includes poor regulation of emotions and behaviours. These are behaviors 

directed toward the external environment, and consist of actions that are commonly disruptive, 

hyperactive or aggressive (Liu, 2004). Individual differences in these EXT behaviors show high 

levels of heritability (Wichers et al 2013; Hicks et al 2004, 2013; Silberg et al 2007; Kendler et 

al 2003) and stability during adolescence (Stemmler & Lösel, 2012; Vrieze et al., 2012; Cox et 

al., 2021). High levels of these EXT traits have been linked with poor mental health outcomes 

(Castellanos-Ryan et al., 2016; Krueger & Tackett, 2003) including prototypical EXT disorders 

such as SUDs (Cox et al., 2021; Foster et al., 2018; Kendler et al., 2016) and cluster B 

personality disorders (Wolf et al., 2011), as well as internalizing disorders including anxiety and 

depression (Krueger, 1999; Willner et al., 2016). The latter association might reflect some 

overlap between EXT and internalizing features, particularly emotional dysregulation. For 

example, Foster et al. (2018) showed that the components of internalizing that overlap with EXT 

traits increase risk for alcohol use disorders; conversely, internalizing features that are mutually 

exclusive from EXT traits (e.g. social withdrawal and behavioural inhibition) are protective 

against alcohol use disorder. However, these unique internalizing features can increase risk for 

other psychiatric illnessses including depression and anxiety disorders (Svihra & Katzman, 2004; 

Tang et al., 2020). Taken together, EXT traits are a strong predictor of many forms of 

psychopathology. It is likely that high EXT behaviors are an early expression of vulnerability, in 

addition to having a causal role in the development of psychiatric disorders later in life. The 

exact outcome from these EXT traits might reflect their intersection with other individual (such 
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as genetics and epigenetic changes) and environmental factors (such as family stress, strict 

parenting, peer groups, and neighbourhood crime levels) (Campbell et al., 2000).  

Lastly, early life adversity has been shown to be a transdiagnostic risk factor for nearly 

all mental illnesses (Copeland et al., 2018; McLaughlin et al., 2020). It is difficult to ascertain, in 

humans, whether early life adversity causes the development of psychiatric illness later in life. 

This is due to ethical concerns in experimental study designs, and recall biases in retrospective 

measures of early life adversity (Hardt & Rutter, 2004; Lewinsohn & Rosenbaum, 1987; Reuben 

et al., 2016; Sheikh, 2018). There are also limitations of prospectively collected data on early life 

adversity, including participant attrition, subjectivity of the reports, and inconsistencies between 

observers. In prospective studies, reports of early life adversity may be obtained from parents 

during early childhood, teachers during primary school years, as well as the participants during 

adolescence and adulthood (Orri et al., 2021). Obtaining reports from multiple individuals at 

various time points may result in inconsistencies and low inter-rater reliability. Given these 

limitations, it is difficult to conclude whether early life adversity has a causal role in psychiatric 

disorders. 

 The present study’s findings have the potential to improve our understanding of the 

etiology of psychiatric illnesses, as arising from discrete or shared risk factors. They support 

dimensional models of psychiatric nosology and identify potential early intervention and 

treatment targets including externalizing behavioural traits, early life adversity and low levels of 

midbrain dopamine autoreceptors. This three-factor model can also prospectively identify youth 

at high risk of developing psychiatric disorders. These at-risk youth can be given early 

interventions in an effort to prevent them from developing psychiatric illnesses. Two early 

intervention programs that have been shown to be effective in preventing the development of 
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SUDs and improving classroom behaviours include PreVenture and the Good Behavior Game, 

respectively. 

 “PreVenture” is an evidence based mental health program for teens. It uses targeted 

interventions for specific personality traits to promote mental wellness and delay substance use 

(Conrod, Castellanos-Ryan, & Strang, 2010). This program works by teaching teens effective 

coping skills, long term goal setting, and how to use their personality strengths to achieve their 

goals. The program also teaches participants how to manage their personality traits that can 

increase their risk of substance use problems. PreVenture has been shown to be effective in 

reducing and preventing mental illness and SUDs across the world including Canada (Conrod et 

al., 2013), the Netherlands (Lammers et al., 2017), Australia (Newton et al., 2019) and the U.K. 

(Musiat et al., 2014). 

 “The Good Behavior Game” was developed to help teachers manage children’s behavior 

in the classroom by providing positive reinforcement for appropriate behaviours. It has been 

shown to be an effective method for increasing task appropriate behaviour and decreasing 

disruptive behaviours in the classroom (Barrish, Saunders & Wolf, 1969; Harris & Sherman, 

1973; Medland & Stachnik, 1972). 

 Adverse life experiences during childhood are common. The social and political changes 

that would be required to prevent these events are largely outside the scope of the present thesis, 

but much might be accomplished by providing support to troubled parents and families. If a 

childhood trauma occurs, interventions are available that can reduce the consequences. One 

example is Trauma-Focused Cognitive Behavioural Therapy (TF-CBT; Cohen et al., 2016; 

Ramirez de Arellano et al., 2014). This program’s goals include educating the child and their 
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caregivers about trauma and helping them to process it, developing coping strategies and 

reducing the trauma related stress, and supporting the victim to develop a sense of safety and 

social skills. TF-CBT uses principles of cognitive behavioural therapy and exposure techniques 

to prevent and treat post-traumatic stress due to childhood trauma exposure, depressive 

symptoms, behavioural problems and caregiver difficulties. TF-CBT has been shown to be 

effective in numerous randomized-clinical trials and shows promise as an effective treatment for 

victims of childhood trauma (de Arellano et al., 2014; Goldbeck et al., 2016; Jensen et al., 2014; 

Konanur et al., 2015; Mannarino et al., 2012; Ramirez de Arellano et al., 2014; Webb, 2014). 

Midbrain dopamine D2 autoreceptor availability: stable state or susceptible trait?  

It is of interest to know whether midbrain dopamine autoreceptor levels, as measured 

with [18F]fallypride, are a stable marker of psychopathology. To determine whether midbrain 

dopamine D2 autoreceptor levels are stable traits, participants need to be scanned at muliple 

time. Studies of this nature are currently sparsely available; however, two examples are Cropley 

et al. (2008) and Mukherjee et al. (2002). The authors of both studies investigated the test-retest 

variability of [18F]fallypride in multiple brain regions including the substantia nigra by scanning 

participants at two time points (4 to 6 weeks apart). Both studies reported good test-retest 

reliability of [18F]fallypride in the susbtantia nigra; 7.7% ± 2.0 in Cropley et al. and 10% in 

Mukherjee et al. The intraclass correlation coefficient (ICC) was 0.95, indicating excellent 

reliability (Cropley et al., 2008). Lastly, Mukherjee et al., also examined age related changes in 

midbrain [18F]fallypride BPND values using a cross sectional design and reported a 10% decline 

per decade (Mukherjee et al., 2002). Given the insufficient data, it is difficult to conclude 

whether midbrain dopamine D2 autoreceptor are stable traits.  
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 Some evidence suggests that midbrain [18F]fallypride BPND values are responsive to 

acute drug ingestion but are relatively robust against stress. In the present study, participants 

were excluded if their urine drug test was positive for any substance, with the exception of 

tetrahydrocannabinol (THC). Five participants tested positive for THC, and there was no 

significant difference in the midbrain [18F]fallypride BPND values between participants with and 

without positive urine tests for THC (t(50) = -0.487, p = 0.628). Therefore, it is unlikely that 

THC exposure altered midbrain dopamine D2 receptor levels in the participants during the PET 

scan. It is also improbable that midbrain dopamine D2 receptor levels in our participants were in 

response to acute drug exposure, as that was an exclusion criteria.  

Next, it is plausible that our PET measure might have been affected by the psychological 

stress associated with undergoing a PET scan. Nagano-Saito et al. (2013) investigated whether 

psychological stress leads to changes in dopamine D2 receptor availability in humans using the 

Montreal Imaging Stress Task (MIST) and the radioligand [18F]fallypride. It was found that 

psychological stress does alter mesocortical dopamine release as indicated by decreases in 

[18F]fallypride binding values in the prefrontal cortex, but no significant changes were reported 

in the midbrain (Nagano-Saito et al., 2013). Similarly, Lataster et al. (2011) also reported that 

psychosocial stress induced changes in [18F]fallypride binding in the prefrontal cortex but not in 

the midbrain. Given these findings, it is unlikely that PET scan related psychological stress 

altered midbrain [18F]fallypride binding and therefore dopamine D2 receptor availability in our 

participants. 
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Strengths and Limitations 

 Strengths of this study include its longitudinal design which allowed researchers to get 

closer to establishing cause-effect relationships in humans ethically. Next, EXT trait scores were 

collected throughout childhood and adolescence, increasing our confidence in the derived score. 

This study also has a relatively large sample size for PET studies. However, the conclusions 

drawn from this study should be considered in light of its limitations.  

To begin, this first test of the three-factor model needs to be replicated in larger samples 

that would allow greater statistical power to study the interactions among the predictor variables. 

Second, given that 22% of Canada’s population is made up of visible minorities (Government of 

Canada, 2020) it will be important to test whether this model generalizes to more ethnically 

diverse samples. Third, the CTQ is a retrospective measure of early life adversity and it may be 

prone to recall bias (Lewinsohn & Rosenbaum, 1987; Sheikh, 2018). Therefore, having objective 

measures early life adversity such as official records, parent or teacher reports of adversity 

during childhood or prospectively measuring early life adversity, would be beneficial and this 

information can be used to investigate whether objective measures of early life adversity 

contribute to the model differently from CTQ scores. Given the recall bias that may be present 

when using retrospective measures, it is important to assess the correlation between prospective 

and retrospective measures of early life adversity.  

Reuben et al. (2016) investigated this in addition to whether retrospective and 

prospectively measured early life adversity can predict health outcomes in adulthood. They 

found a moderate correlation (r = 0.47, p < .001) and fair association (weighted kappa = 0.31, 

95% CI: 0.27 – 0.35) between their prospective and retrospective measures of ELA (consisting 



 44 

of the CTQ and interviews). It was also found that retrospectively reported early life adversity 

had significant correlations with participants’ subjective reports of their mental health outcomes, 

but not objectively measured health outcomes such as working memory and physiological 

markers of health (e.g. triglyceride levels, blood pressure, waist circumference). Moreover, 

participants with agreeable personalities under reported their early life adversities while 

participants scoring high on neuroticism over reported early life adversities. The authors 

concluded that using retrospective measures of early life adversity are warranted and have good 

predictive power for psychopathologies, but this does not imply a causal relationship between 

early life adversity and psychopathology in adulthood. Participants with poor mental health are 

more likely to report early life adversities, while mentally healthy participants under report their 

early life adversities. This suggests that subjective recall of early life adversity is a strong 

predictor of adult psychopathology (Reuben et al., 2016).  

Next, a review by Hardt and Rutter (2004) concluded that retrospective reports of early 

life adversities underestimate their prevalence, based on the observation that 1/3 of people who 

have experienced early life adversities do not report so in adulthood. They also found that 

participants with poor mental health over-report the number of early life adversities they 

experienced. This recall bias, may exaggerate the differences between mentally healthy and non-

healthy populations. The authors suggest that using retrospective measures of early life 

adversities is acceptable for very serious and operationalized adversities (Hardt & Rutter, 2004). 

Together, causal conclusions cannot be made about the association between early life adversity 

and psychiatric disorders, but a high CTQ score may be a good indicator of one’s current mental 

health. Furthermore, in the present study, CTQ scores made only a modest contribution (ß = .80; 
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Wald = 3.48; p = .06) after being combined with midbrain [18F]fallypride BPND values and EXT 

trait scores.  

A similar issue arises with the EXT scores. That is, EXT scores in youth predicted EXT 

disorders in early adulthood. The adolescent EXT scores preceeded the EXT disorders, the bare 

minimum for demonstrating causation, but the earlier behaviors might be an early expression of 

the problem instead of a cause. In either case, there is value in the statistical prediction, and the 

combination of early life adversity, high EXT scores and low midbrain dopamine D2 receptor 

levels was a strong predictor of psychiatric problems. 

 Next, participants were not screened for personality disorders. This raises the possibility 

that our clinical assessments may have missed disorders that load heavily on EXT factors such as 

antisocial personality disorder. This noted, people diagnosed with severe personality disorders 

are at much elevated risk for other non-personality disorders (Crawford et al., 2008; Johnson et 

al., 1999; Kasen et al., 1999; Oldham et al., 1995; Pantoularis et al., 2008). This observation 

suggests that our participants would have a high probability of being identified as cases 

irrespective of whether their primary problem was or was not a personality disorder. This said, 

we cannot rule out the possibility that some “cases” were missed.  

Sixth, a large body of literature suggests that prenatal maternal stress affects psychiatric 

outcomes in offspring (Glover et al., 2018; Huizink & Rooij, 2018; St-Hilaire et al., 2015; Ward, 

1991; Yong Ping et al., 2020). Unfortunately, the present study did not examine the effects of 

prenatal stress in psychiatric outcomes. Seventh, not all follow-up interviews were conducted in-

person, potentially diminishing the quality of the diagnoses obtained. Finally, [18F]fallypride 

binds to both D2 and D3 receptors. Although it binds preferentially to D2 receptors (Mukherjee 



 46 

et al., 1999), we cannot conclude unequivocally that the effect was driven by D2 instead of D3 

receptor levels.  

Practical applications and future directions 

If replicated, the present study’s findings can be used to prospectively identify at-risk 

youth. These findings may also contribute toward the development of early interventions and 

treatments such as behavioural therapy to decrease externalizing behaviours. This work supports 

a dimensional based psychiatric nosology and provides insight on which variables might 

contribute to the hypothesized overarching p factor. In comparison, evidence was not found 

either supporting or rejecting the concept of hierarchical factors contributing to successively 

more specific mental health problems. This will require additional work. Future studies should 

aim also to develop a questionnaire to measure EXT traits efficiently in a clinical setting. In the 

present study, EXT traits were measured using subscales from various questionnaires and they 

were completed by the participants themselves, as well as their parents and teachers. This gives a 

complete and thorough assessment, however, it is less practical to administer in a clinical setting 

as it is time consuming and clinicians don’t always have access to the patients’ caregivers or 

teachers. Additionally, our measures of EXT traits were taken over seven years (ages 10 to 16) 

and participants’ EXT trait scores were created using a minimum of two years’ data; however, is 

not possible to obtain this information during a single clinic visit. It would be clinically useful if 

a single standardized questionnaire to measure EXT traits can be developed. This would allow 

clinicians to accurately and quickly assess patients’ EXT traits. If this EXT questionnaire can be 

developed and validated, then the CTQ and an EXT questionnaire may be used as screening tools 

to help clinicians identify youth at high risk of developing psychiatric disorders.  
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Next, given that the three-factor model’s predictive ability is not limited to EXT disorders 

but extends to internalizing disorders, it will be important to determine whether this reflects a 

contribution of internalizing features that covary with EXT features. Finally, PET scans are both 

expensive and time consuming, and are not practically feasible to administer as a screening tool. 

Therefore, it will be important to either develop alternative imaging methods or a non-imaging 

method that can substitute for the PET measure, at least with respect to statistical prediction of 

the outcome measure.  

Conclusion 

This study provides the first evidence that the combination of EXT traits, early life 

adversity and poor mesolimbic dopamine autoregulation can identify youth with a lifetime 

history of psychiatric illness as well as youth at risk for developing psychiatric disorders. The 

three variables constituting the three-factor model are transdiagnostic risk factors for commonly 

comorbid early-onset psychiatric disorders. Efforts to target these transdiagnostic risk factors are 

warranted and could benefit society as a whole. 
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Tables 

Table 1. Participant characteristics (means ± standard deviations).  

N 52 
Female/Male 30/22 

Age (years) 18.5 ± 0.58 

Ethnicity N = 50 White European 
Education (number of years) 11.92 ± 1.05 
Externalizing trait score 1.40 ± 1.05 

Age of alcohol use onset 14.77 ± 1.86 
Lifetime occasions of binge drinking 28.52 ± 45.20 
Lifetime occasions of alcohol use (including 
intoxication and non-intoxication) 

88.29 ± 101.81 

Lifetime occasions of cannabis use 149.15 ± 406.89, range: 0 to 2011 

Age of onset of cannabis use 15.68 ± 1.45 
Lifetime occasions of drug use, excluding 
cannabis 

13.65 ± 64.33, range: 0 to 426 

Current tobacco smoking status* 46No/5Yes 
*missing data from one participant 
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Table 2. Comparison of overall model strength at each step of sequential binomial logistic 
regression. ROC AUC = receiver operating characteristic area under the curve. 
 
 EXT EXT + CTQ EXT + CTQ + 

Midbrain BPND   

Chi Squared χ2(1) = 18.359 
p = 0.000018 

χ2(2) = 19.435 
p = 0.000060 
 

χ2(3) = 24.109 
p = 0.000024 

Nagelkerke R2 0.450 0.472 0.562 
Classification 
predictive accuracy 

87% (45/52) 87% (45/52) 90% (47/52) 

ROC AUC (95% CI) 0.855 (0.713 – 0.998) 0.872 (0.749 – 0.995) 0.915 (0.824 – 1.000) 

Sensitivity  50% (6/12) 58% (7/12) 75% (9/12) 
Specificity  98% (39/40) 95% (38/40) 95% (38/40) 
Positive predictive 
value 

86% (6/7) 78% (7/9) 82% (9/11) 

Negative predictive 
value 

87% (39/45) 88% (38/43) 93% (38/41) 
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Table 3. Role of each standardized predictor variable in binomial logistic regression, at 
index interview. 
 
 
 EXT Score Midbrain BPND CTQ Total 

 Score range 
0 to 3.98 

Score range 1.26 
to 2.80 

Score range 25 to 
61 

Beta ± Standard Error 2.258 ± .72 -1.129 ± .58 0.800 ± .43 

Wald 9.880 3.833 3.484 

p 0.002 0.050 0.062 

Odds Ratio (95% CI) 9.567 (2.340 – 39.115) 3.096 (0.999 – 
9.615) 

2.225 (0.961 – 
5.151) 
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Table 4A. Role of each standardized variable in predicting EXT disorders at index 
interview. 
 

 EXT Score Midbrain BPND CTQ Total 
Beta ± S.E. 2.679 ± 1.017 -1.411 ± 0.738 .674 ± .550 
Wald 6.945 3.654 1.500 
p 0.008 0.056 0.221 

 
 
Table 4B. Comparison of model strength in predicting EXT disorders with vs. without sex 
as a factor. In the general population, EXT disorders exhibit a sex difference in incidence rates. 
Proportions similar to this population distribution were seen in the present study but adding sex 
as a fourth factor did not significantly strengthen the model targeting these EXT disorders (p = 
0.061) or the model targeting all DSM-5 disorders (p = 0.54). 
 

 Midbrain BPND + EXT + 
CTQ 

Midbrain BPND + EXT + 
CTQ + sex 

Chi Squared χ2(3) = 18.552 
p = 0.000338 

χ2(4) = 22.055 
p = 0.000195 

Nagelkerke R2 0.549 0.633 
Classification predictive 
accuracy 

90% (47/52) 90% (47/52) 

ROC AUC (95% CI) 0.949 (.890 – 1.000) 0.956 (.902 – 1.000) 
Sensitivity  43% (3/7) 57% (4/7) 
Specificity  98% (44/45) 96% (43/45) 
Positive predictive value 75% (3/4) 67% (4/6) 

Negative predictive value 92% (44/48) 93% (43/46) 
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Supplementary Tables 

Supplementary Table 1. Comparison of observed characteristics in participants with 
complete versus incomplete data. 

 Participants with 
incomplete data 

(n=6) 

Participants with 
complete data 

(n=52) 

Statistical 
test 

p-value 

Number of 
females and males 

6 females and 0 
males 

30 females and 22 
males 

Fisher’s 

exact  
p = 0.07 

Age (mean ± SD) 18.67 ± 0.82 18.48 ± 0.58 Independent 
samples t-
test 

p = 0.47 

Number of 
participants with 
at least one DSM 
diagnosis at time 
of PET scan 

2 12 Fisher’s 

exact 
p = 0.62 

EXT score (mean 
± SD) 

1.09 ± 1.21 1.40 ± 1.05 Independent 
samples t-
test  

p = 0.50 

 

 

Supplementary Table 2. Mean and standard deviation of injected [18F]fallypride dose, mass 
and molar activity in patients with and without psychiatric disorders at index interview.* 
 
  [18F]fallypride dose 

(MBq) 
 [18F]fallypride mass 
(nmol) 

 [18F]fallypride 
molar activity 
(GBq/µmol) 

With psychiatric 
diagnoses 

123.78 ± 5.26 0.57 ± 0.28 280.45 ± 150.15 

Without psychiatric 
diagnoses 

123.26 ± 8.25 1.72 ± 4.42 409.02 ± 924.66 

Group comparison  t(44) = -0.196, p = 
0.846 

t(42) = 0.822, p = 0.416 t(44) = 0.435, p = 
0.666 

*The groups did not differ statistically when including diagnoses obtained at the follow-up 
interviews (all p-values ≥ 0.33). 
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Supplementary Table 3A. List of participants and their DSM-5 diagnoses. 
 
Subject 
ID 

Past DSM-5 diagnoses DSM-5 diagnoses at 
index interview 

New lifetime DSM-5 
diagnoses at last 

interview 
1    
2*    
3*    

4* 
Major Depressive 
Disorder 

  

5*    

6* 
Attention Deficit 
Hyperactivity Disorder  

Attention Deficit 
Hyperactivity Disorder 

 

7*  Cannabis Use Disorder  

8 

Major Depressive 
Disorder, Adjustment 
Disorder 

  

9*    
10*    

11* 
  Attention Deficit 

Hyperactivity Disorder 
12*    
13* Conduct Disorder Cannabis Use Disorder  
14*    
15*    
16*    

17 
 Persistent Depressive 

Disorder 
 

18    
19*    
20*    
21    
22*    
23*    

24* 
Cannabis Use Disorder Amphetamine Use 

Disorder 
 

25*    
26*    

27* 

  Generalized Anxiety 
Disorder, Panic 
Disorder 

28 

Attention Deficit 
Hyperactivity Disorder, 
Dyslexia 

Dyslexia  
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Supplementary Table 3A. List of participants and their DSM-5 diagnoses (contd). 
 
Subject 
ID 

Past DSM-5 diagnoses DSM-5 diagnoses at 
index interview 

New lifetime DSM-5 
diagnoses at last 

interview 

29* 

Adjustment Disorder 
with Depressed Mood 

 Panic Disorder 

30*    

31*    

32* 

  Major Depressive 
Disorder, Panic Disorder 

33* 

  Panic Disorder, 
Generalized Anxiety 
Disorder 

34*    

35*    
36*    

37*    

38    
39*    
40*    

41*    

42    
43*    

44    

45 

Attention Deficit 
Hyperactivity Disorder 

  

46*    
47    

48* 

Major Depressive 
Disorder  

  

49*    

50*    
51* Binge Eating Disorder  Alcohol Use Disorder   
52*    

*Participant had one or more follow-up interviews (n=41) 
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Supplementary Table 3B. Distribution of participants with internalizing (INT) versus 
externalizing (EXT) diagnoses in the high versus low EXT groups. 
 
Risk group  Lifetime psychiatric 

diagnosis at index interview 
Lifetime psychiatric 

diagnosis at last interview 

Low EXT group 1 2 
High EXT group 11 14 

 Lifetime EXT diagnosis 
(SUD, ADHD, conduct 
disorder) at index interview 

Lifetime EXT diagnosis 
(SUD, ADHD, conduct 
disorder) at last interview 

Low EXT group 0 1 
High EXT group 7 7 
 Lifetime INT diagnosis 

(mood and anxiety 
disorders) at index interview 

Lifetime INT diagnosis 
(mood and anxiety 
disorders) at last interview 

Low EXT group 1 1 
High EXT group 4 7 
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Supplementary Table 4. Specific diagnoses in males vs. females at the index interview. 

Diagnosis Males vs. Females  
(% with diagnosis) 

Fisher’s Exact test result 

Substance Use Disorder 13.6 vs. 3.3 p = 0.299 

Mood Disorder 4.5 vs. 10.0 p = 0.629 

Attention Deficit Hyperactivity 
Disorder 

9.1 vs. 3.3 p = 0.567 

Adjustment Disorder 0.0 vs. 6.7 p = 0.502 

Dyslexia 4.5 vs. 0.0 p = 0.423 

Binge Eating Disorder 4.5 vs. 0.0 p = 0.423 

Conduct Disorder 4.5 vs. 0.0 p = 0.423 

 
 
 
 
Supplementary Table 5. Characteristics of participants with versus without follow-up 
interviews. 
 
 One or more 

follow-up 
interviews (n=41) 

No follow-up 
interviews (n=11) 

Statistical test p-value 

Number of 
females and males 

22 females and 19 
males 

8 females and 3 
males 

Fisher’s exact p = 0.32 

Age (mean ± SD) 18.49 ± 0.60 18.45 ± 0.52 Independent 
samples t- test 

p = 0.84 

Number of 
participants with 
at least one DSM 
diagnosis at time 
of PET scan 

8 4 Fisher’s exact p = 0.25 

EXT score (mean 
± SD) 

1.35 ± 0.93 1.58 ± 1.47 Independent 
samples t-test 

p = 0.53 
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