
Adolescent attention deficit hyperactivity disorder: 
understanding teenage symptom trajectories.

Philip Shaw1,§, Gustavo Sudre1

1Neurobehavioral Clinical Research Section, Social and Behavioral Research Branch, NHGRI/
NIH, Bethesda, 20892.

Abstract

Symptoms of attention deficit hyperactivity disorder (ADHD) run a variable course through 

adolescence. While most affected individuals show some improvement, particularly of 

hyperactivity-impulsivity, symptoms of inattention are more persistent, and some individuals may 

meet diagnostic criteria for the first time during adolescence. Genetic factors impact adolescent 

symptom trajectories; those showing persistence likely carry a greater burden of common risk 

alleles. Rare structural genomic variants, such as copy number variants and point mutations, might 

also play a role. While psychostimulant medication is associated with better functional outcomes, 

an impact on underlying adolescent symptom trajectories has been hard to demonstrate. At a 

neural level, several studies report that adolescents whose childhood ADHD symptoms have 

remitted are indistinguishable from neurotypical individuals. This finding could reflect the 

‘carrying forward’ of relatively typical childhood neural features among those destined for 

adolescent remission or the correction of early childhood anomalies with a convergence towards 

typical dimensions. Other studies have noted unique, possibly compensatory patterns of neural 

activity among adolescents whose ADHD has improved. Finally, different neural processes might 

occur in different brain regions. Thus, some functional imaging studies find that subcortical 

anomalies reflect the onset of ADHD, and remain lifelong, regardless of symptom change, 

whereas the variable clinical course of adolescent ADHD is determined by plasticity of the 

cerebral cortex. Integrating an understanding of the neural processes with genomic risk could 

elucidate the mechanisms underlying the complex course of adolescent ADHD.
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Introduction.

One of the most fascinating aspects of ADHD is its highly variable course through 

adolescence. During the teenage years, some youth will shed their childhood symptoms of 

ADHD, while others have persistent, even worsening symptoms. Here, we review the factors 

that drive different adolescent symptom trajectories and propose different neural models to 

explain why some children ‘grow out’ of ADHD during adolescence while others do not.

Section 1: The course of adolescent ADHD.

First, we summarize the literature on the adolescent course of ADHD, based on a literature 

search, supplemented by papers of theoretical importance- details in Supplemental material.

(i) Categorical outcomes and symptom trajectories.

The DSM-5 views outcome categorically, contrasting those who continue to meet diagnostic 

criteria against either those showing either full or partial remission. Remission is achieved 

with the resolution of both symptoms and impairment and partial remission is attained when 

full criteria have not been met for at least 6 months, but symptoms persist that cause 

impairment. Using this categorical approach, the reported rates of persistence of childhood 

ADHD into adulthood vary from 4% to 77%. The wide range reflects differences in 

definition (e.g. insistence on impairment from symptoms), measurement (questionnaires vs 
clinical interview), rater (persistence is higher in parent vs youth self-report), baseline 

severity (studies including only combined vs all presentations) and sampling strategy 

(population vs clinical cohorts) (1). While limited by the heterogeneity in prevalence 

estimates, a meta-analysis of studies up to 2005 found 15-20% of children with ADHD show 

persistence of the full syndrome into adulthood, with a further 50% showing persistence of 

subthreshold symptoms with impairment (2).

Several groups have used data driven methods such as growth mixture modelling to 

characterize groups with different adolescent symptom trajectories, rather than considering 

shifts in diagnostic status – see Table 1 (3-10). Most such studies find a subgroup with clear 

age-related improvement, ranging from between 33% to 66% of affected children, with more 

improvement in hyperactivity-impulsivity than inattention (5, 6, 9). The studies also point to 

a subgroup with worsening symptoms, which reached 22-24% in clinic-based studies of 

youth at risk for conduct disorder or bipolar affective disorder (6, 9). There is evidence that 

the worsening symptom group may include individuals who pass the threshold for diagnosis 

for the first time during adolescence. For example, a population survey that found around 

14% of children who had subthreshold symptoms of ADHD at 9 years of age met diagnostic 

criteria 4 years later (11). The possibility of a de novo onset of ADHD in adolescence, which 

lacks any childhood symptoms, is beyond the scope of this paper but reviewed elsewhere 

(12-16).

(ii) ADHD as a risk factor for adolescent-onset disorders.

ADHD acts a risk factor for the emergence of many disorders during adolescence: here we 

focus on substance use and mood disorders. ADHD doubles the risk of nicotine dependence 

[O.R=2.36, 95%CI 1.71 to 3.27) and shows weaker associations with alcohol misuse (OR 
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1.35, CI 1.11 to 1.64) (17). ADHD also increases the risk for adolescent depression 

particularly among females (hazard ratio 4.32 in (18), and some, but not all, studies find an 

increased risk for bipolar affective disorder (19)(20). Genetic pleiotropy could partly explain 

these co-occurring disorders as there is an overlap between the genetic variants that confer 

risk for ADHD, substance misuse and mood disorders (21, 22). Likewise, environmental 

factors, such as prenatal substance exposure, lead exposure and socioeconomic 

disadvantage, act as risk factors for many disorders, including ADHD (23). Large cohorts 

will be needed to parse such transdiagnostic etiological factors, considering both gene-

environment interactions and correlations (24).

In conclusion, most with childhood-onset ADHD show some symptom improvement during 

adolescence, particularly of hyperactivity-impulsivity. A large minority will retain the full 

syndrome into adulthood and/or show worsening symptoms. Childhood ADHD is also a 

major risk factor for adolescent-onset substance and mood disorders.

Section 2. Markers and mechanisms of adolescent symptom trajectories.

Can we predict and explain the variable course of ADHD symptoms in adolescence?

(i) Markers of adolescent outcomes.

A recent meta-analysis of sixteen prospective studies found that several baseline clinical 

features increased the risk of adult persistence, specifically symptom severity (OR, 2.33 CI 

1.6 to 3.39), comorbid conduct disorder (OR 1.85, CI 1.06 t0 3.24) and depressive disorder 

(OR 1.8, CI 1.1 to 2.95) (13). By contrast, demographic features, such as gender, socio-

economic status and family structure were not associated with persistence. Preliminary 

associations have been found between the adolescent course of ADHD and earlier measures 

of neuroanatomy (specifically dimensions of the anterior cingulate cortex and superior 

cerebellar vermis), and functional connectivity (coupling between activity in the medial and 

dorsolateral prefrontal cortex) (25-27). Some, but not all studies, find childhood cognitive 

measures, specifically intact working memory and low response time variability, are 

associated with later symptom improvement (28-30). In summary, some childhood clinical 

features are modestly associated with adolescent symptom course, and there is preliminary 

evidence for the prognostic utility of neural, and perhaps cognitive features.

(ii) Mechanisms: genomics, social contexts and medication.

What mechanisms might determine adolescent symptom trajectories? Genetic factors are 

pivotal in onset of ADHD but to what extent do genes contribute to the adolescent course of 

ADHD symptoms(31)? A seminal twin study addressed this question by following 8395 

pairs of twins from ages 8 to 16 (3). It found that 81% of the change in hyperactivity-

impulsivity and 50% of the change in inattention was attributable to genetic factors. There 

were modest but significant contributions from non-shared and shared environmental factors.

Other have asked if the genetic loading for ADHD is greater among those with the persisting 

form. In support, a population study found that the risk of having ADHD among relatives 

was higher among those whose ADHD had persisted beyond age 18 (hazard ratio of 11.4, CI 

9.97 to 13.25) compared to those whose with a ADHD diagnosis only before age 18 (hazard 
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ratio of 4.6, CI 3.83 to 5.72) (32). This finding is consistent with earlier family studies 

reporting that ADHD that persists into adulthood is tied to a greater familial aggregation of 

ADHD, thought to reflect a higher genetic risk (33).

The longitudinal twin study, mentioned above, also found that the genes contributing to the 

onset of ADHD overlapped substantially but not completely (at around 50%) with those 

determining outcome (3). The finding of shared genetic effects between ADHD onset and 

course is consistent with the high genetic correlation of around 0.8 reported between 

childhood ADHD and adult ADHD (34). Combined, these studies suggest that those who 

harbor a higher common variant (polygenic) risk for the onset of ADHD might show 

symptom persistence. One study confirmed this prediction: those whose childhood ADHD 

persisted through adolescence had a higher polygenic risk for ADHD than those with 

childhood limited symptoms (5). The genetic factors unique to outcome will also play a role, 

with different genetic factors coming into play at different developmental stages. Finally, 

there is also evidence that rare structural genetic variants are enriched in ADHD, including 

an excess of copy number variants (CNVs) in the alpha-7 nicotinic acetylcholine receptor 

(CHRNA7), immune function and metabotropic glutamate receptor genes (35, 36). It is 

unclear if a greater burden of copy number variants denotes a more severe phenotype, which 

may have a worse prognosis (37, 38).

What role is played by the environment in shaping symptom trajectories? Twin studies 

suggest little contribution from the shared environment as a main effect but these studies do 

not exclude an interaction between the environment and genes (3). It has also been argued 

that low estimates of shared environmental factors reflect underpowered studies and analytic 

limitations, such as the inability to include dominant genetic and shared environmental 

components in the same twin model (39). Links between social contextual factors and the 

adolescent course of ADHD symptoms are rarely explored. A pilot longitudinal study of 190 

children with ADHD found those living in relatively affluent neighborhoods showed 

improvement with age in inattention, largely independent of variation in a wide range of 

familial factors (40). By contrast, children living in less affluent neighborhood showed 

clinical deterioration only if the family had high levels of conflict or if the parents were of 

lower economic/educational status.

The final environmental factor we consider is treatment. Systematic reviews conclude that 

psychostimulant treatment (the most widely prescribed medication) is often but not 

invariably associated with better real-life outcomes in adolescence, such as fewer accidents, 

improved academic performance, and better social relationships (41, 42). However, studies 

that directly map medication use onto symptom trajectories find little evidence of symptom 

resolution tied to psychostimulant medication (43). Of course, causal effects cannot be 

inferred from such observational studies. Among the many possible confounding factors 

could be severity: those who have more severe symptoms may have a worse long-term 

course and be more likely to receive medication.

What can be concluded about the etiological factors driving ADHD symptoms during 

adolescence? Genetic factors play a major role: those destined to have persistence may carry 

more risk alleles, shared with the onset of the disorder. Additionally, novel genetic factors 
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may come into play during adolescence, shaping trajectories. While psychostimulant 

medication might improve functional outcomes, a clear impact on symptom trajectories has 

been hard to detect, and greater consideration is needed of other environmental factors, 

particularly their interplay with genomic risk.

Section 3: Developmental models.

Finally we consider developmental models of the neurobiology that could underpin different 

adolescent ADHD trajectories, building on decades of developmental psychopathology 

research by others in our earlier review of adult ADHD (44). The models and their differing 

predictions on neural substrates in the childhood, adolescent and adult brains are illustrated 

in Figure 1.

The first model (‘convergence’) views adolescent symptom improvement as the result of the 

convergence of neural features from an atypical childhood baseline towards more typical 

brain function and structure. By contrast, those with persistent adolescent symptoms will 

show persisting neural anomalies. This model encompasses ideas of late maturation in 

ADHD, in which remission is underpinned by correction of an early developmental delay. A 

second model (‘compensation’) postulates that symptom improvement is driven by the 

recruitment of new brain systems that compensate for core ADHD symptoms. Hence 

‘improvers’ show unique compensatory neural features, that become more marked during 

adolescence, and are not seen in either persisters or those who are never affected. A third 

model (‘carried forward’) holds that different adolescent neural trajectories originate in 

childhood. Those destined for improvement and eventual remission have more typical neural 

features in childhood which they carry forward during adolescence. By contrast, the 

persistence of symptoms during adolescence is held to reflect childhood anomalies in neural 

features that are also carried forward. A fourth model (‘cascading anomalies’) posits that 

early symptoms of ADHD per se may exacerbate or even create downstream neural 

anomalies. By this reckoning, the presence of ADHD symptoms during adolescence 

engenders neural dysfunction that in turn exacerbates future symptoms. This model could 

encompass instances of neurodevelopmental ‘arrest’, whereby an initially (near) typical 

trajectory is halted, and thus diverges further from the neurotypical range with age (45). A 

final model (‘fixed anomalies’) holds that a history of childhood ADHD anomalies will 

leave an indelible neural imprint that persists regardless of clinical course during 

adolescence.

Three points warrant mention. First, these models are compatible: different processes might 

occur in different brain regions. For example, it has been argued that while ADHD is caused 

by subcortical anomalies which persist throughout the lifespan, its variable clinical course is 

determined by plasticity of the cerebral cortex (46). Secondly, given evidence that different 

genes may contribute to the onset and course of ADHD symptoms, it is possible that 

different models may be more prominent at different developmental stages within the same 

individual. Thirdly, the ability to map neurodevelopmental trajectories will partly depend on 

the metrics used (47). For example, some neural measures may have such a wide range of 

individual variation, or contain so much error in measurement, that it may prove difficult to 

discern the ‘true’ underlying developmental trajectory.
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The five models each predict different neural trajectories during adolescence among those 

showing symptom improvement. In the convergence model, ‘improvers’ will have neural 

features that converge towards the typical range, whereas the compensation model predicts a 

unique trajectory among improvers, that localizes to compensatory neural substrates. In the 

‘carried forward’ model, the main difference is in the childhood starting point, which will lie 

near, if not within the typical range among those who will later improve symptomatically. 

Finally, improvers and persisters will follow the same neural trajectory in brain regions that 

show fixed anomalies. Turning the focus on persisters, the models generally predict that 

those with ADHD persisting through adolescence will have a fixed difference compared to 

the never affected (a ‘parallel’ trajectory that does not converge to the typical range). The 

only exception is the model of ‘cascading anomalies’ which entails a trajectory that diverges 

increasingly with age from typical ranges among those with persisting symptoms.

We now review the literature through the lens of these models–Table 2. Most studies have 

considered the neural substrates underlying either ‘top-down’, effortful cognitive processes 

or ‘bottom-up’, more automatic processes; we retain this division. Two overarching themes 

emerge. Firstly, there are almost no studies that prospectively acquired both imaging and 

clinical data at multiple points during adolescence. Rather, imaging was mostly conducted 

only at endpoints in late adolescence or early adulthood. As a result, findings will often be 

compatible with more than one model. For example, the demonstration that those who attain 

remission by adolescence are similar to the never affected is compatible with both the model 

of convergence and the model of relatively typical childhood neural substrates being ‘carried 

forward’. Secondly, the proposition that different neural processes can occur at different 

brain regions has received considerable empirical support.

Convergence:

The convergence model derives support from studies examining neural substrate of ‘top-

down’ processes, such as response inhibition and conflict monitoring. One study 

prospectively acquired neuroanatomic images in tandem with clinical assessments from 

childhood though adolescence into early adulthood on 92 children with ADHD and 184 

never affected controls (48). It found a link between early adult symptom outcomes and the 

developmental trajectory of cortical regions that comprise the cognitive control network–

specifically, change in the thickness of the posterior cingulate, right inferior parietal and 

dorsolateral prefrontal cortex. Here, more symptoms of inattention in adulthood were tied to 

higher rates of cortical thinning during adolescence. These trajectory differences meant that 

as inattention resolved throughout adolescence, there was a significant convergence towards 

typical cortical dimensions, rectifying early anomalies. Persisting inattention was tied to 

anomalies in these regions that persisted throughout adolescence. The findings held when 

those with comorbid disorders or on regular psychostimulant medication were excluded. By 

combining clinical and neuroanatomic observations, the study suggests convergence of 

cortical anatomy of the cognitive control network occurring in tandem with improvements in 

inattention.

Several other studies of ‘top-down’ processes examined cohorts followed clinically from 

childhood who had their neuroimaging conducted for the first-time in adolescence or early 
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adulthood. Using fMRI, one study found that under conditions of high cognitive demand 

(with combined stimulus and response conflicts), patterns of brain activity in a group of 

young adults who had remitted did not differ from never-affected controls (49). Similar 

findings emerge from two fMRI study of response inhibition (50, 51). Both studies found 

that atypical activation was confined to those who had persisting symptoms; those showing 

symptoms resolution were indistinguishable from the never-affected. This finding extends to 

the microstructure of some white matter tracts that connect the cortical region regions 

involved in motor inhibition control, such as the superior longitudinal fasciculus, and tracts 

connecting the caudate to multiple cortical regions (52-54).

Symptom improvement during adolescence may also be underpinned by convergence 

towards more typical dimensions of the neural substrates supporting 'bottom-up', automatic 

processes. One study found that those who had remitted by eighteen years of age did not 

differ from the never-affected on electrophysiological measures of 'bottom-up' processes of 

vigilance and response preparation, such as the contingent negative variation (the cerebral 

potential that follows a warning stimulus preparing the individual to respond to an 

imperative stimulus) (55, 56). Using the same electrophysiological data, markers of ‘top-

down’ cognitive processing were also extracted, such as conflict monitoring activity 

following an incongruent stimulus in the flanker test (the N2 signal). In these ‘top-down’ 

cognitive indices, remitters generally occupied a position intermediate to the never affected 

and persistent groups. This raises the interesting possibility that these adolescent remitters 

were heading towards normalization, which may eventually be reached by adulthood.

Carried forward.

Indistinguishable neural substrates in adolescent remitters and the never-affected are usually 

interpreted as the result of the correction of childhood anomalies, in keeping with the 

convergence model. However, as noted above, all of the functional imaging studies were 

conducted at an adolescent/early adulthood endpoint only. Thus, it is possible that improvers 

during adolescence had more typical brain function in childhood than persisters that is 

simply carried forward into adolescence, promoting symptom improvement.

These considerations are pertinent to role of the default mode network (DMN) in adolescent 

ADHD (57, 58). The DMN refers to the neural systems that become most prominent during 

task free periods that evoke introspective processing, and intrusions of the DMN into task-

oriented processing have been tied to key ADHD features such as deficient sustained 

attention (59). Might DMN anomalies also impact symptom trajectories? Two studies 

reported that atypical activity within the DMN was confined to young adults with persistent 

ADHD; those with remitted ADHD showed typical DMN activity (60, 61). However, as 

these studies examined the adult ‘endpoint’ only, the typical DMN in remitters could reflect 

either a correction of childhood DMN anomalies or a more typical childhood DMN carried 

forward by those destined to remit.

Cascading anomalies.

The lack of longitudinal imaging means there is also little direct evidence of symptoms of 

ADHD per se exacerbating or causing downstream neural anomalies. One relevant study, 
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albeit of childhood, used cross-lag panel analyses to show that higher ratings for 

externalizing symptoms–including ADHD–at age 8 predicted smaller subcortical volumes 

and atypical white matter microstructure two years later (62). The reverse relationships did 

not hold: brain measures did not predict later symptoms. These findings suggest symptoms 

of ADHD were causally predominant and led to ‘downstream’ neural anomalies. A similar 

chain of causal predominance might hold in adolescence; a possibility that only longitudinal 

imaging and clinical data can address.

Compensation.

Next we consider examples of neural compensation, in which adolescents showing symptom 

improvement exhibit unique patterns of neuronal reorganization that might compensate for 

core symptoms. One study used resting state fMRI to define the cognitive control network at 

an average of 18 years of age among youth with and without a childhood history of ADHD 

(63). The study showed that improvement in hyperactivity-impulsivity during adolescence 

was associated with increased connectivity between anterior regions of the cognitive control 

network. This pattern of anterior hyper-connectivity was unique to those who showed 

improvement–not shared by either the persisters or never affected–and may represent the 

substrate for improved cognitive control and resolution of impulsivity. A second example 

consistent with compensation comes from a fMRI study of response preparation (64). It 

found that young adult remitters showed enhanced functional connectivity between the 

thalamus and the prefrontal cortex during the preparation of responses to a cue: a 

connectivity feature that was not prominent in either persisters or the never-affected.

Fixed anomalies.

Finally, there are several examples of fixed neural anomalies that linger, regardless of 

adolescent symptom course. Interestingly, many instances of fixed anomalies occur at 

subcortical levels, or pertain to connectivity between subcortical and cortical regions. For 

example, one study mapped the neural substrate of response preparation–a 'bottom-up' 

process–and found atypical hypo-activation in thalamo-striato-prefrontal cortical regions 

during response preparation in both those with childhood ADHD remitted by late 

adolescence and persisters (64). A separate study of inhibitory processes, mentioned earlier, 

likewise found that atypical activity in the caudate during motor inhibition was shared by 

those with a childhood history of ADHD (51). That is, remitters and persisters both differed 

significantly from the never-affected. Finally, applying network analytic techniques to EEG 

data acquired during an arrow-flanker task, atypical patterns of functional hyperconnectivity 

in several bands were found in both persisters and remitters (65). Such findings are 

compatible with the concept of fixed anomalous brain function that is carried through 

adolescence regardless of symptomatic improvement. Fixed anomalies, which are by 

definition unrelated to ADHD outcomes, tell us where not to look for mechanisms driving 

clinical course: these must be occurring at other neural levels. It is thus notable that studies 

reporting fixed anomalies mostly also found dynamic processes such as convergence 

occurring in other neural processes among remitters.

To summarize, a longitudinal neuroanatomic study found direct evidence of convergence, 

with adolescent improvement in symptoms underpinned by the correction of childhood 
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cortical anatomic anomalies. Functional imaging and white matter tract microstructural 

studies conducted in late adolescence also mostly find that remitters do not differ from the 

never-affected. However, as noted earlier, the absence of imaging in childhood in these 

studies means these findings are compatible with models of either convergence or relatively 

typical childhood neural features being ‘carried forward’. The paucity of longitudinal data 

also make it difficult to assess whether neural anomalies may arise partly as a consequence 

of symptoms, as posited by the model of emergence. Unique, possibly compensatory patters 

of neural activity have been noted in some studies among adolescents whose ADHD has 

improved. Finally, several studies note that different processes may be occurring at different 

neural levels.

Future directions.

There are several key areas for future research. First, how do genomic factors relate to 

neurodevelopmental trajectories and ADHD symptom course? It is appealing to assume that 

the neurodevelopmental trajectories lie along the causal pathway between genetic risk and 

clinical course (47). However, while plausible, a demonstration of such a mediating role for 

neurodevelopmental trajectories is needed and could be attained through the use of 

longitudinal, familial (ideally twin) observations or the experimental manipulation of 

trajectories (e.g. accelerating the neural changes of convergence or compensation through 

treatment) (66). It is also possible that overlapping genetic factors are associated 

independently with both neurodevelopmental trajectories and ADHD outcomes, implying 

that the trajectories indicate likely clinical course but do not drive outcomes

Some initial genetic hypotheses can be made concerning the different neurodevelopmental 

models. Fixed neural anomalies might reflect the genomic factors that underpin the onset 

rather than the course of ADHD symptoms (5). Similarly, as different levels of genetic risk 

for ADHD are ‘carried forward’ from childhood into adulthood, so a smaller polygenic or 

rare variant burden may predispose to remission. The neural reorganization that underpins 

compensation could reflect the adolescent emergence of ‘new’ genetic factors, not shared 

with the onset of the disorder (3). Conversely, convergence might be underpinned by genes 

with deleterious neural effects going ‘off-line’. Partly heritable cognitive factors may also be 

pertinent: for example are those with greater cognitive reserve, reflected in a higher IQ, more 

likely to show neural reorganization and compensation? Finally, in considering the 

‘cascading’ model, we note that ADHD symptoms can lead to many adverse exposures- 

such as suboptimal interactions with teachers, peers and parents- and the accumulation of 

such exposures could exacerbate symptoms. It is also possible that cascading anomalies 

could reflect new genetic risk factors coming ‘on-line’ with age, or an interaction of such 

genetic susceptibility with suboptimal environmental exposures (67, 68). A further goal is to 

also map the impact of pharmacological and behavioral treatments on these 

neurodevelopmental trajectories, determining if efficacy is underpinned by similar neural 

bases and influenced by similar genomic factors.

A mechanistic understanding of the complex course of adolescent ADHD could be attained 

by delineating the underlying neural processes and how they are impacted by genomic risk. 
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Such research might help individualize treatment based on prognosis and drive the 

development of new treatment strategies.
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Figure 1: 
Upper Panel: Graphs illustrating the neural trajectories of remitters, persisters and 

neurotypical (NT) individuals predicted by the model. Lower panel: The table illustrates the 

pattern of difference in the childhood and late adolescent brain predicted by each model.
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