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Over the past several decades, evidence has accumulated to support a transdiagnostic model of some of the processes underlying
mental illnesses—that there are dimensional variations in genetic, environmental, neurobiological, and psychological factors that
contribute to shared aspects of risk for developing psychiatric disorders, the majority of which emerge during childhood,
adolescence and early adulthood. In this narrative review, the multiple, convergent lines of evidence for this understanding of
psychiatric illness are summarized, and an integrated model of this evidence for both shared and non-shared risk factors and
manifestations of psychiatric illnesses is proposed. This model can provide one testable framework for future investigations and a
rationale for the development and dissemination of transdiagnostic approaches to mental illness prevention.
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INTRODUCTION

Although investments in the development and testing of new,
more effective treatments for existing psychiatric illnesses will
remain a priority of mental health research, intervening prior to
illness onset is likely to be particularly cost-effective and have
long-term benefits [1, 2]. A greater focus on prevention of
psychiatric disorders may represent one important component of
the overall effort to address the current mental health crisis in
youth, with the worsening mismatch between the need for mental
health care and its limited availability [3-5]. Psychiatric illnesses
tend to emerge early in life, with 75% beginning before age 24
and 50% before age 14 [6, 7], with consistently high levels of
psychiatric comorbidity over time [7] and variable responses to
treatment [8, 9]. These and related statistics [3] highlight the need
to allocate additional resources to early intervention and
prevention efforts, which, over time, may reduce the incidence
of these disabling conditions. Young people with psychiatric
illnesses can accrue a lifetime of disability and financial burden
related to the effects of chronic or intermittent symptoms,
including the healthcare costs related to poor physical and mental
health and missed opportunities for education, employment and
the accumulation of wealth [10-15]. Thus, effective preventive
interventions could dramatically impact the economic, medical
and inter-generational costs of these conditions. However,
although a wide range of potentially preventive approaches in
psychiatry have been studied [16-19], little of this research has
been translated, thus far, into “real world” practice.

There are likely a number of reasons for this, including the lack
of consensus regarding objective markers of risk that can be used
as screening and intervention targets, and the persistent stigma
associated with mental health screening and care [20]. Also, the
continued reliance on the Diagnostic and Statistical Manual (DSM)
of Mental Disorders and related categorical models of psychiatric

illness may represent another barrier to wider implementation of
prevention approaches. This categorical approach is inconsistent
with the large body of empirical evidence demonstrating that
many DSM-defined diagnostic categories, which are considered to
be useful clinically because they can be somewhat reliably
assessed using established criteria, share clinical and biological
features with each other. This pattern is most apparent in the high
level of comorbidity within individuals, e.g., 75% of people with
one psychiatric diagnosis have at least one other diagnosis
[6, 7, 21]. In addition, the majority of DSM-defined categories are
internally heterogeneous; people with the same diagnosis some-
times exhibit partially or entirely non-overlapping clusters of
symptoms [22]. In fact, there is much evidence demonstrating that
most forms of psychopathology are continuously expressed in the
general population, from low to high levels of severity; thus the
binary threshold required for DSM-defined diagnoses imposes a
somewhat arbitrary distinction between illness and non-illness
[21, 23, 24]. However, the continuous distribution of psycho-
pathology in the general population provides an opportunity for
implementing early detection and prevention strategies, given
that symptomatic individuals who do not meet DSM criteria for a
disorder may still benefit from regular monitoring or from a
targeted intervention, since a subset will experience worsening
symptoms and clinical progression [25-27]. These observations
have inspired the recent development of staging models of
mental health care, similar to those used in other areas of
medicine, which provide tailored interventions for distinct levels
of psychopathology and risk for progression [18].

Over the past several decades, some consensus has emerged
supporting the view that DSM-defined disorders are unlikely to arise
from unique, specific disruptions of a limited set of neurobiological
mechanism(s) that lead to illness onset [21, 28, 29]. For example, the
Research Domain Criteria (RDoC) approach [28], which has been
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employed by numerous researchers since its introduction almost
two decades ago, is one manifestation of this consensus. Similarly, it
has become increasingly clear that many (but not all) of the risk
factors for psychiatric disorders identified by epidemiological
[30-33] and genetic [34, 35] research are shared across multiple
psychiatric conditions. Thus, screening for such transdiagnostic risk
factors and targeting their manifestations (using transdiagnostic
preventive interventions) could ultimately decrease the incidence of
a wide range of conditions and impact a large portion of the
population. Given that more than ~25% of the population will
experience a psychiatric condition during their lifetime [6, 7], the
benefits of widespread implementation of transdiagnostic preven-
tive approaches could be substantial.

Based on this possibility, in this review, we summarize empirical
evidence derived from a range of scientific domains, including
genetics, epidemiology, neuroimaging, cognitive neuroscience,
and psychopathology research, that support a transdiagnostic
prevention framework for mental health. In addition, in a
companion paper (Part Il [36]), we describe examples of promising
transdiagnostic preventive interventions that have been tested to
date. Finally, in both articles, we discuss existing challenges and
suggestions for future directions for the field.

EVIDENCE FOR SHARED GENETIC AND ENVIRONMENTAL RISK

FACTORS ACROSS PSYCHIATRIC DISORDERS

Genetic risk

Some of the strongest evidence for shared risk factors across
psychiatric disorders comes from large-scale studies of genetic risk
factors for psychiatric illnesses. Genetics play a substantial role in
risk across all psychiatric disorders, with family-based heritability
estimates ranging from ~30% for major depressive disorder up to
60% and higher for schizophrenia [37]. Genetic liability for
psychiatric disorders, as with all complex traits, is thought to
arise from the accumulation of a large number (i.e., millions) of
very small effects of common variations in the genome [38], with
rare variation exerting larger effects in some cases [39, 40].
Notably, it has been known for some time that genetic liability for
one psychiatric disorder is linked to a higher likelihood of
developing a range of psychiatric disorders. For example,
individuals at high genetic risk for major depression also have a
higher risk of being diagnosed with bipolar disorder or a psychotic
disorder [41] and vice-versa [42]. These findings align with those
of earlier family studies showing that individuals with a first-
degree relative with one psychiatric illness are at a higher risk of
developing a psychiatric disorder, but not necessarily the same
diagnosis as their family member [43, 44].

Thus, one of the most important findings of psychiatric genetics
research over the past two decades is that there is a great deal of
overlap in the genetic variants that confer increased risk for
different disorders. This reflects the prevailing pattern of pleiotropy,
which is widespread across the genome, in that roughly 90% of
variants are estimated to be associated with multiple health
outcomes [45]. Following the initial observation that many
psychiatric disorders share high levels of overall genetic correlation
[46], an early meta-analysis of eight psychiatric disorders identified
109 variants that were significantly associated with at least two
disorders, and 23 that were associated with at least four [47].
Subsequent studies identified 152 genetic variants with pleiotropic
effects across up to 11 different psychiatric disorders [48] and most
recently, 268 loci across up to 14 disorders [49]. Many of the genetic
variants with broad pleiotropy across multiple disorders play a role
in early neurodevelopment—implicating genes that are initially
expressed prenatally during the second trimester of gestation and
persist into adulthood [47], including in radial glia and interneurons
in the developing neocortex in mid-gestation [50].

It is important to note that there are different degrees of genetic
overlap across psychiatric disorders. The multivariate genome-wide
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association study (GWAS) of eight psychiatric disorders found two
dimensions of genetic risk with respect to mood versus psychotic
psychopathology [51], while another identified further factor sub-
groupings characterized by compulsive behaviors (e.g., Obsessive
Compulsive Disorder (OCD), Anorexia Nervosa (AN)); mood and
psychotic disturbances (e.g., Major Depressive Disorder (MDD),
Bipolar Disorder (BD), and Schizophrenia (SCZ)); or neurodevelop-
mental conditions (e.g., Autism Spectrum Disorder (ASD), Attention
Deficit Hyperactivity Disorder (ADHD), and Tourette’s Disorder).
Some disorders were found to cut across these groupings, cross-
loading on multiple factors, suggesting that these are not
biologically distinct categories. More recent studies have expanded
these factor sub-groupings of 11 disorders into four categories
(neurodevelopmental, compulsive, psychotic, and internalizing),
separating the mood (internalizing) and psychotic conditions. Most
recently, meta-analytic work across 14 psychiatric disorders has
identified five factor sub-groupings, replicating the neurodevelop-
mental, compulsive, and internalizing factors as well as identifying
schizophrenia/bipolar and substance use factors [49]. However,
despite these sub-groupings, there were still genetic signals
identified as shared across all 14 disorders in this study, and these
were linked to broad biological processes, such as synaptic
functioning [51] or transcriptional regulation [49], suggesting the
presence of fundamental mechanisms driving higher-order
transdiagnostic risk.

In addition, although the focus of many of these studies has
largely been on transdiagnostic risk for psychopathology, there
are emerging studies that examine genetic factors underlying
transdiagnostic resilience, i.e, the absence of a psychiatric
disorder despite exposure to risk factors. For instance, a small
GWAS conducted in Army soldiers [52] identified one genetic
variant that was associated with the absence of multiple
conditions—including major depressive disorder, generalized
anxiety disorder, and post-traumatic stress disorder (PTSD)—
following combat deployment, which was observed among a
subset of individuals who had experienced high levels of combat
stress exposure. The relationships between the genetics (and
biology) of risk for and resilience to psychiatric illness remain
unclear and is an active focus of current research.

Environmental risk

Although genetic susceptibility plays a role in risk for psychiatric
illnesses, it has also been well-established that a substantial
portion of risk for these conditions is linked to environmental
factors. Early research on this topic primarily measured the impact
of the psychosocial environment on risk for psychiatric illness,
including early childhood adversity (e.g., physical and emotional
neglect, abuse), socioeconomic disadvantage, and family conflict.
Other studies have focused on in utero exposures (nutritional
deficiencies, toxins, infections) that impact later risk for psychiatric
illness. More recently, researchers have also examined potentially
detrimental characteristics of an individual’s physical environment,
such as pollution, climate change, lack of green space, and urban
living; this type of adversity has been estimated to account for
about 20% of the attributable risk for mental illness overall [53].
Studies of the effects of substance use during adolescence have
also identified transdiagnostic as well as potentially more
diagnosis-specific effects (e.g., cannabis and psychosis) on risk
for mental illnesses [54, 55]. Overall, convergent evidence has
demonstrated that both the timing (e.g. prenatal, early, middle
childhood or adolescence) [56, 57] and the type (e.g. toxins,
trauma/social stress, features of the physical environment) of
adversity can contribute to the impact of such exposures on the
developing brain and mental health. Moreover, distinct types of
adversities often act in combination, with complex interactions
that can manifest variably across the lifespan. Lastly, an emerging
body of research is also identifying protective factors that can
mitigate the effects of early adversities.
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Approximately half of all children will experience at least one
form of adversity before they reach adulthood [58-60], and
children exposed to adversity are about twice as likely to develop
a psychiatric disorder compared to children who are not exposed
to adversity, in a dose-dependent fashion, ie., the risk is
proportional to the amount of adversity experienced [60, 61].
For example, early epidemiological studies of childhood adversity,
such as the well-known Adverse Childhood Experiences (ACE)
study [62,] initially found graded relationships between ACEs and
poor health outcomes, including ischemic heart disease. Impor-
tantly, the relationship between ACEs and ischemic heart disease
was found to be more strongly mediated by the psychological
variables (e.g., negative affect, anger) linked to experiences of
childhood adversity than by typical health risk factors such as
smoking or obesity [63]. Subsequently, a large body of research
focused on the risk factors examined in the ACEs study has shown
that childhood adversity increases the risk for developing a wide
range of mental illnesses, including mood, anxiety, and psychotic
disorders, personality disorders, and PTSD [64-68].

Investigations of the neurobiological mechanisms underlying
these effects have suggested that different types of early
childhood adversities may have distinct effects on the develop-
ment of the brain and psychiatric outcomes, although these
associations and their trajectories remain to be fully understood.
Some of this evidence has come from animal models of early
maltreatment [69] and from neuroimaging studies that have
identified distinct changes in brain structure or function in
individuals with histories of early traumatic experiences (such as
abuse, exposure to violence) versus those who experienced early
deprivation/neglect, when compared to those without any history
of early adversity [70]. For example, these two types of early
adversity (trauma vs. deprivation) may have opposite effects on
amygdala volume [71]. Generally, diminished volumes of the
amygdala, hippocampus and medial prefrontal cortex and over-
responsivity of the amygdala, as well as changes in the function of
the salience network (which includes the insula and dorsal
anterior cingulate cortex, dACC), have been linked with experi-
ences of early abuse, whereas changes in frontoparietal executive
control circuits have been linked to experiences of early
deprivation [70]. This two-dimensional model of early adversity
is supported by evidence for related changes in emotional
perception, learning, and regulation in trauma-exposed children,
potentially reflecting a greater sensitivity to threatening informa-
tion, and impairments in cognitive functioning linked with early
experiences of deprivation [70]. However, this model requires
further prospective confirmation.

In addition to studies of adversity occurring during early
childhood, there have been investigations of the effects of a wide
range of adversities occurring even earlier, during prenatal, in
utero development - another important transdiagnostic environ-
mental risk factor for psychiatric illness. For example, numerous
studies have shown that nutritional deficiencies (due to famine)
impact fetal development and later psychiatric outcomes. Large
famines such as the Dutch Hunger Winter of 1944-45 and the
Great Chinese Famine of 1959-61 have been linked to later
increases in the incidence of schizophrenia [72-74] and depres-
sion [75, 76], with some evidence for associations between distinct
gestational sensitive periods and vulnerability to different
psychiatric conditions [31]. Similarly, the Helsinki Birth Cohort
Study [77] found an association between slowed fetal growth and
the later emergence of psychiatric iliness over the lifespan. Lower
weight/length and a smaller head circumference at birth, in
various combinations, have been associated with the develop-
ment of subclinical symptoms of ADHD and higher levels of
internalizing and externalizing behavior in children [78, 79]. Also,
extremely low gestational weight has been linked to the later
onset of non-affective psychosis [74]. Similarly, poor diet and
obesity in mothers during pregnancy have been shown to
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increase the risk for developing ASD, ADHD, anxiety, MDD, and
SCZ in offspring [80-83], potentially due to hormonal or
inflammatory dysregulation associated with poor nutrition [84].

In addition, studies have found that maternal exposure during
pregnancy to teratogens and neurotoxins increase risk for
psychiatric illness in offspring [85, 86], and large epidemiological
studies [87, 88] have identified associations between maternal
infections during pregnancy and the subsequent development in
offspring of SCZ [89, 90], ASD [91, 92] and mood disorders [93],
with evidence for a dose-response relationship between the
number of infections and the level of risk for later mental illness
[88]. There is also evidence that fetal exposure to maternal stress
influences mental health outcomes of the child [94, 95]. These in
utero exposures may exert their influence during early neurode-
velopmental windows via effects on the development of stress
response circuitry, impacting responsivity of the hypothalamic-
pituitary-adrenal (HPA) axis and the peripheral autonomic nervous
system by influencing the development of the brain circuitry
regulating these systems [70, 96-98].

In addition to these proximal exposures or experiences of
adversity during prenatal and early childhood sensitive periods,
there are broader environmental stressors that can exert effects at
multiple points during childhood, adolescence, and/or early
adulthood. One well-studied category of this type of environ-
mental stressor can be generally described as “social stress”. This
type of stress includes early or ongoing experiences of bullying,
social exclusion, or racial discrimination, which can increase the
risk for developing a number of psychiatric disorders, including
PTSD, mood, and psychotic disorders [99-103]. These associations
may be mediated via dimensionally-expressed, transdiagnostic
psychopathological traits or symptoms, i.e. internalizing and
externalizing dimensions [100]. For example, a study of 5191
African American and Afro-Caribbean participants found that the
relationship between perceived racial discrimination (across
9 situations, including unfair firings, denial of loans, subjection
to inferior service and/or abuse by police) and the presence of
psychiatric disorders was largely mediated by transdiagnostic
internalizing and externalizing latent symptom factors [104],
suggesting that the social stress associated with discrimination
exacerbates vulnerabilities to broad dimensions of psychopathol-
ogy. More recently, an emerging set of studies has focused on
resilience promoters and adaptive functioning, particularly the
role of strong relationships and social connections. For example, a
large systematic review of racial discrimination and health
outcomes found that, in 81% of the studies, aspects of social
connectedness buffered the associations between the two [105].

Some studies of the biological effects of social stress have been
conducted in both humans and animal models using the “social
defeat” framework [106] -a construct that accounts for the
feelings of loss, rejection, devaluation, and powerlessness that
occur in the context of social hierarchies that expose individuals to
chronic experiences of social exclusion. These types of experiences
of social defeat represent a risk factor for a range of psychiatric
disorders, including psychosis-spectrum disorders [107-109],
anxiety, suicidality, PTSD [110], MDD, and substance use disorders
[111]. There is evidence that social defeat-related stress is linked to
sensitization of mesolimbic circuitry and diminished prefrontal
control of amygdala and midbrain responses to stress
[108, 112, 113], as well as dysfunction of midline cortical brain
areas [114]. This type of stress sensitization of the brain may also
occur in response to other environmental risk factors for
psychopathology, such as childhood trauma and migration
[107-109]. In addition, protective experiences, such as social
support, may exert their beneficial effects via the same or related
(modulatory) neural circuitry, counteracting the effects of mal-
treatment or social stress on brain function [115, 116].

Another category of environmental risk factors that, similar to
social stress, may exert effects during multiple periods of
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neurodevelopment is those related to the physical environment.
There is now a wide range of evidence suggesting that climate
change, pollution, urban structural design, geopolitical events, and
neighborhood disadvantage can influence mental health and
brain development. For example, in utero exposure to air pollution
has been linked to cortical thinning [117, 118], with specific
regional effects depending on the type of pollutant and the
timing of the exposure [53]. Neighborhood disadvantage has been
linked to HPA axis dysregulation [119-121] and poor functioning
of executive control circuits [122], as well as diminished brain
volumes [123, 124]. Conversely, exposure to nature and green
spaces appears to improve brain functioning, reducing neural
responses to stress [125-127]. Overall, this body of research,
although at a relatively early stage, has led to the recognition of
the importance of measuring the effects of multiple different
types of risk factors, the timing of the exposures, and the effects of
cumulative exposures over time, rather than singular variables or
events.

Gene-environment correlations and interactions

Some transdiagnostic environmental risk factors, such as prenatal
adversity [128], childhood adversity [129, 130] and social isolation
[131, 132], may in fact have a partial genetic basis. Moreover, in
some cases, the genetic liability associated with these environ-
mental risk factors overlaps sizably with that of psychiatric
disorders. For example, a GWAS conducted using the UK Biobank
dataset [131] found that social isolation behavior was significantly
genetically correlated with MDD (rg = 0.09), SCZ (rg =0.10), and
ASD (rg = 0.23), in addition to personality traits such as extraver-
sion (rg = —0.44).

In addition, there is evidence that genetic variation may also
modify how such environmental events contribute to the
development of mental illness; through gene-environment inter-
actions, an adverse environmental event may differentially impact
an individual depending on their genetic vulnerability. For
example, several studies have reported significant interactions
between childhood trauma exposure and polygenic risk for MDD
[133-135], although the direction of these interactions is less clear.
It has been argued that interactions between genes and multi-
factorial environments may best explain risk for developing
mental illnesses [136]. Recent efforts to comprehensively model
genome and environment -wide influences [137]—with environ-
mental factors encompassing early life events, proximal (e.g.,
family, peer) and more distal (e.g., school) contexts—have
identified genome-by-exposome interactions that account for
substantial variance in internalizing symptoms in young people
(an estimated 13%), above and beyond main environmental
effects (16%). However, the sequence of processes that underlies
many of these interactive relationships remains unclear.

While risks associated with adverse environmental events have
been extensively studied, less is known about how positive
environments may also interact with genomic variation to shape
psychiatric outcomes. For example, early studies suggested that
children with genetic risk factors associated with sensitivity to
environmental effects may experience both more favorable
mental health outcomes when they experience a positive child-
hood environment and less favorable outcomes within a negative
environment [138]. This genetically influenced pattern of “differ-
ential susceptibility” (sensitivity to both negative and positive
environments) has not yet been replicated in large studies.
However, a similar pattern of results was observed in a recent
study where adults with higher polygenic risk for MDD showed
greater risk of MDD at lower levels of social support but reduced
risk of MDD at higher levels of social support, across two cohorts
[139]. In addition, a recent study [140] found that polygenic scores
for “environmental sensitivity” specifically interacted with positive
daily contexts to explain subsequent psychosis-spectrum symp-
toms. In light of these early findings, it is possible that certain
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interventions could also serve as positive “environmental expo-
sures” that could interact with genetic risk factors.

POTENTIAL NEURAL MANIFESTATIONS OF TRANSDIAGNOSTIC
GENETIC AND ENVIRONMENTAL RISK FACTORS

Changes in the brain associated with psychiatric conditions:
limited evidence for diagnostic specificity

Genetic and environmental risk factors for psychiatric disorders
exert their effects by shaping brain development over the lifespan.
Complex impacts of genetic risk factors and environmental
influences on vulnerable brain structures can alter brain function
in ways that ultimately give rise to sustained changes in
psychological processes and symptoms of psychiatric disorders
(see Fig. 1 for a schematic illustration of these relationships).
Similar to research on genetic and environmental risk factors for
psychiatric disorders, neuroimaging research in psychiatry has
found surprisingly little evidence for diagnosis-specific neural
features of DSM-defined disorders. One possible explanation for
this is that this overall pattern of findings reflects, at least in part,
current technical limitations of available brain imaging methods.
Techniques with higher spatial or temporal resolution than those
currently available, combined with the emerging application of
artificial intelligence-based analytic approaches, may yield further

Risk factors

Childhood and early adulthood

=== Protective environment
=== Risk environment

Protective genes
Risk genes

|

Neural manifestations

Psychological manifestations

AL

Fig. 1 Schematic illustration of transdiagnostic risk factors and
manifestations of psychopathology. This illustration, which sche-
matically represents the interacting genetic and environmental risk
factors and their neural and psychological expressions in an
individual, outlines the overall organization of this review. In this
article, we briefly summarize evidence for shared (transdiagnostic)
and non-shared genetic and environmental risk factors, and
potential neural and psychological manifestations of these risk
factors, during the human lifespan. Omitted from this illustration (for
the sake of simplicity) are the bi-directional interactions among
these risk factors and phenotypes, e.g. influences of a person's
behavior on their environment and experience-dependent changes
in brain structure and function.
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advances and greater diagnostic specificity of findings. However, it
is notable that the pattern of findings of psychiatric neuroimaging
research to date general mirrors those emerging from psychiatric
genetics and epidemiological studies (briefly summarized above),
with a preponderance of shared or overlapping findings across
psychiatric disorders.

Evidence for shared neurobiological features of psychiatric
illnesses has primarily come from studies that use magnetic
resonance imaging (MRI) based methods, as well as some using
positron emission tomography (PET), to measure somewhat global
features of the structure and function of the human brain. For
decades, very few neuroimaging studies of psychiatric disorders
focused on more than one diagnostic group; studies have typically
compared patients diagnosed with one psychiatric disorder to a
demographically-matched group of healthy participants without
the disorder (a control group). However, even while employing
this case-control design, similar or overlapping findings of studies
of different disorders have been observed consistently. For
example, structural and/or functional changes of the prefrontal
cortex [141, 142], hippocampus [143-147], and amygdala
[148-151] have been reported for mood, anxiety, and psychotic
disorders. Some of these common patterns of findings across
disorders can be explained by evidence for the role of certain
neural systems in cognitive or emotional functions that are
affected in multiple disorders, such as the evidence for the role of:
(1) prefrontal and parietal cortices (frontoparietal circuitry) in
cognitive control/executive processes [152-154]; (2) insula- dACC
and medial temporal - ventromedial prefrontal cortical circuits
(salience and limbic networks) in negative affect/internalizing
symptoms [155-157] and (3) corticostriatal circuitry in reward-
related functions [158, 159]. However, hypotheses regarding the
possibility of common disruption of these processes and their
associated circuitry across disorders still require confirmation in
studies that use a dimensional, cross-disorder approach (e.g., an
RDoC-based design) or combine datasets to compare disorders in
meta-analyses (see below).

Findings of cross-disorder meta-analyses of pooled MRI data
During the past decade, large meta-analyses, which pooled
multiple datasets previously collected in studies of specific
diagnostic groups, have enabled investigators to address ques-
tions about the potentially shared and unshared neural features of
psychiatric disorders directly. The overall goal of these studies was
to identify common and distinct changes in one or more
neuroimaging outcome(s), such as gray matter density, volume,
thickness, structural and functional connectivity measures, or
functional activation, across multiple psychiatric disorders, relative
to healthy control subjects. One of the first studies to use this
approach conducted a meta-analysis of voxel-based morphometry
(VBM) studies of six diagnostic groups (SCZ, BD, MDD, addiction,
OCD, and anxiety), with a total sample size of 15,892 [160]. In this
study, common gray matter reductions in the dACC and bilateral
insula, the two primary regions of the salience network, were
found across the diagnostic groups. This pattern of findings
overlapped with those of a later, similarly designed meta-analysis
of functional MRI studies of emotion processing [151], which
reported evidence for aberrant functioning of the right insula
(extending to the ventrolateral prefrontal cortex), ventromedial
prefrontal cortex, thalamus, bilateral amygdala, hippocampus,
parahippocampal gyri and inferior occipital cortex across the same
six diagnostic groups studied in the earlier structural MRl meta-
analysis [160].

Other studies investigating the loss of gray matter volume
across disorders (which typically have included SCZ, BD and MDD
cohorts, with the addition, in some studies, of groups with OCD,
ADHD, ASD, PTSD and first degree relatives of psychotic patients)
have identified shared/transdiagnostic gray matter reductions in
the hippocampus [161, 162], parahippocampal gyrus and
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superior frontal gyrus [163] and increased volume of the
putamen [164].

Similar to the transdiagnostic genetic studies, these neuroima-
ging meta-analyses have progressively increased in size over time,
often with an increasing number of diagnostic groups included as
well. A very large (N > 28 K) meta- and mega- analysis combining
disorder-specific studies of the Enhancing Neuro Imaging Genetics
through Meta Analysis (ENIGMA) consortium, which included
structural MRI data collected from individuals with six disorders
(MDD, BD, SCZ, OCD, ADHD and ASD), found that the regional
effect sizes (for case vs. control structural differences) were highly
correlated with each other for the MDD, BD, SCZ and OCD groups,
but not for the ADHD and ASD cohorts [161]. These correlated
effects could be represented as a shared latent factor (explaining
42.3-88.7% of the variance), which was expressed most promi-
nently as diminished volumes of the hippocampus and
fusiform gyrus.

Another study that used the same combined ENIGMA dataset
examined the pattern of cortical thinning across disorders and
found evidence for larger shared effects (case-control differences)
in atrophy in transmodal (association) cortices and paralimbic
regions than the effects observed in sensory and motor
neocortical areas [165]. Moreover, this pattern was mirrored by
the distribution of serotonin and dopamine receptors and
transporters. The authors of this study highlighted that their
findings aligned with the “structural model” of neuropsychiatric
iliness [166], which relies on evidence that specific characteristics
of paralimbic cortical areas —- their limited laminar differentiation
(i.e., a poorly developed or absent layer IV) and lower amounts of
myelin, as well as their greater dendritic arborization and synaptic
density — are related to their greater plasticity (since their
development occurs over a longer period of time) compared to
neocortical areas. Consequently, these “high plasticity” paralimbic
regions appear to be more vulnerable to injury than neocortical
sensory and motor areas that have greater laminar differentiation
(i.e, six layers) and high levels of myelin - protective features. This
“structural model” of shared neural vulnerability across psychiatric
disorders provides one testable framework that can be investi-
gated further in longitudinal studies.

Other studies using the ENIGMA dataset, which have examined
the predictive ability of normative patterns of (1) structural
connectivity (typically determined by correlations between the
thickness of cortical regions in healthy individuals) and (2) the
regional patterns of distribution of molecular markers, including
neurotransmitter profiles and gene expression (using PET data and
detailed gene expression atlases of the human brain generated
using postmortem material), have found evidence that both of
these two types of information predict shared, cross-disorder
abnormalities in brain structure. One study of 13 disorders [167],
including neurodegenerative conditions such as temporal lobe
epilepsy and Parkinson’s Disease, as well as SCZ, BD, ADHD, ASD,
and MDD, found evidence that a combination of (1) high local/
regional vulnerability, as determined by gradients of molecular
markers, and (2) high levels of connectivity to other vulnerable
regions, was most predictive of involvement in a cross-disorder
pattern of cortical thinning.

Another analysis of a combined ENIGMA dataset also showed
that the predominant pattern of shared reductions in cortical
thickness across six psychiatric disorders, with major hubs in the
temporal lobes and the ventrolateral prefrontal cortex, essentially
followed the normal spatial pattern of functional connectivity of
the human brain (as identified using the Human Connectome
Project dataset) [168], suggesting that network level processes are
involved in transdiagnostic vulnerability of the brain to psychiatric
disorders.

This mounting evidence for the central role of “hub” neural
circuits (those with high levels of inter-connectivity) in cross-
disorder vulnerability was further supported by a DTl study of
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individuals with 8 psychiatric/behavioral conditions (SCZ, BD,
ADHD, ASD, MDD, OCD, PTSD, and obesity) and 4 neurologic
conditions, with a total of 1033 patients and 1154 disorder-
matched controls [169]. In this study, multiple convergent
analyses revealed that connections among regions with the
highest levels of inter-connectivity, playing critical roles in the
integration of information processing across the brain (including,
unsurprisingly, some of the longest fiber tracts in the brain),
showed the largest cross-disorder changes in connectivity. These
findings remained, and were stronger in some analyses, when
the data of the neurological patients were removed from the
analyses, suggesting that this pattern is particularly characteristic
of psychiatric disorders. The high metabolic demands of
these central brain hubs, the physical length of their connections
(and proportional vulnerability to white matter injury), and
prolonged developmental time courses (with longer exposure to
environmental insults) may render them particularly vulnerable to
injury [169].

Further supporting the hypothesis that brain regions exhibiting
a greater capacity for plasticity (with a longer developmental time
course) are most affected in individuals who develop psychiatric
ilinesses is another ENIGMA dataset analysis [170] which identified
shared patterns of cortical thickness across six psychiatric
disorders and compared these to gradients of gene expression
specific to pyramidal cells, astrocytes and microglia, using a virtual
histology approach [171, 172]. The shared/transdiagnostic profile
of cortical thickness differences across the 6 disorders was
associated with the pyramidal cell gene expression distribution
(explaining 56% of inter-regional variation); regions with the
greatest cortical thinning showed the highest expression of these
genes. Critically, many of the implicated genes were those
involved in dendritic arborization, which is closely linked to
cortical thickness and plasticity. Dendritic remodeling occurs in
response to genetic influences and environmental stressors, and
changes in dendrites have been observed in numerous psychiatric
conditions [173-176]. Consistent with genetic association studies
and studies of environmentally sensitive periods, these genes
(which showed associations with the six disorders) could be
categorized into two clusters: (1) a prenatal cluster enriched with
genes involved in early neurodevelopmental processes, such as
axonal guidance, and (2) a postnatal cluster enriched with genes
involved in synaptic activity and plasticity.

The “spreading pathology” hypothesis

One intriguing mechanistic model of these transdiagnostic
neuroimaging findings is based on a hypothesis about the
etiology of several neurodegenerative diseases, including Parkin-
son’s Disease and Alzheimer’s Disease, which suggests that these
conditions begin with a relatively localized abnormality in one or
more vulnerable, highly-connected hubs or “epicenters” in the
brain, which is then transmitted over time to brain areas that are
connected to that hub/epicenter [177-183]. It has been suggested
that this type of propagation of a pathological process across
circuits could occur in a number of different ways, e.g., under-
activity of the hub region could lead to a loss of excitatory,
inhibitory and/or trophic input to closely connected brain areas,
which are then similarly affected over time, with functional and
eventually structural, changes emerging in other closely, and then
ultimately more distantly, connected areas. Alternatively, over-
activity of the epicenter, leading to excitotoxic injury, could lead to
other types of trans-synaptic changes over a network.

Evidence for these types of network-dependent effects has
been found for a number of neurodegenerative disorders,
suggesting that disease progression in these disorders could
potentially arise from trans-synaptic transmission of a toxic cellular
process, such as the misfolding and accumulation of certain
proteins (e.g., tau, alpha-synuclein, huntingtin), leading to damage
and eventual loss of synapses and neurons [177, 178]. A key
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feature of these models is that they typically incorporate both: 1)
localized vulnerability factors (i.e., characteristics of the specific
hub brain regions, such as their laminar organization and patterns
of gene expression) and 2) features of network connectivity across
the brain [167, 184]. Ongoing studies employing mouse models
[185, 186], and testing computational predictions of disease
progression [184, 187, 188], are attempting to identify the
sequence of molecular processes and the degree to which
common or disorder-specific cellular mechanisms may be
involved in these network-level changes in neurodegenerative
disorders.

However, only a few tests of this “spreading pathology” model
have been conducted thus far in investigations of psychiatric
disorders. One cross-sectional study of gray matter volume
conducted in 534 individuals with psychotic disorders at different
stages of illness (spanning first-episode to chronically psychotic
patients) and healthy control subjects found evidence, using
modeling techniques constrained by the architecture of the
healthy human connectome, for a putative epicenter of pathology
(volume reduction) in the anterior hippocampus that appeared to
“spread” to other closely connected brain areas during illness
progression [189]. These findings align with a large existing body
of evidence for hippocampal abnormalities in psychotic disorders
[146]; however, analyses of data collected in prospective, long-
itudinal studies [190, 191] are needed to further test this model.

Another preliminary finding that could be consistent with this
spreading pathology hypothesis emerged from a study of
individuals with a history of childhood maltreatment. Structural
connectivity analyses of DTl data collected from participants with
maltreatment histories revealed that those who had shown
resilience (i.e, had experienced minimal symptoms of psycho-
pathology) demonstrated lower efficiency (less integration of
pathways across a network) of the networks of the amygdala and
other nodes compared to those who had been exposed to
maltreatment and develop symptoms. One interpretation of these
findings, offered by the authors, is that limited long-range network
connectivity of certain brain epicenters may have been protective
for the resilient group, due to an associated reduction in
transmission of a pathological functional or molecular process
across closely connected brain regions [192].

In summary, the consistent findings that (1) brain regions that
exhibit high levels of plasticity and are highly connected to other
brain regions (hubs or epicenters) are disproportionately affected
in neuropsychiatric disease, coupled with (2) the possibility that
the underlying pathological process(es) involved in these dis-
orders may originate in particularly vulnerable sites and then
propagate across networks of regions closely connected to those
sites, can be used to inform the design of future studies which rely
on cognitive or symptom profiles, rather than diagnostic
categories, to identify the neurobiological changes underlying
psychopathology.

Transdiagnostic functional connectivity studies

Other studies have examined transdiagnostic patterns of brain
connectivity using analyses of resting-state fMRI data (acquired
while the participant is “resting” (inactive) in the scanner). The
results of many of these studies are not easily comparable to those
of large meta-analyses of structural connectivity described above,
given that they typically have sample sizes in the hundreds rather
than the thousands and often focus on one or a few networks
of the brain, such as the default mode network (DMN [193]),
the “triple network” (the DMN, fronto-parietal network (FPN) and
the salience network, (SN) [194]), or thalamocortical circuitry [195].
These studies have found evidence for a range of shared patterns
of “dysconnectivity” across disorders in these networks. One
study that measured cross-disorder changes in functional
connectivity of the whole brain found that there was a shared
pattern of lower “modularity” of networks across diagnoses,
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meaning that there was weaker differentiation among networks
across the SCZ, BD, and MDD groups, compared to the healthy
control sample [196]. Another whole-brain functional connectivity
study that used a voxelwise multivariate regression method found
evidence for shared changes in connectivity across SCZ, BD, and
MDD samples (compared to control subjects) in the thalamus,
cerebellum, sensorimotor cortices, and frontoparietal association
cortices [197].

Differences between diagnostic groups

Although many of the studies described above found prominent
shared effects across diagnostic groups, there are several some-
what consistent diagnostic category-specific patterns of findings
across some of these studies that are important to note. First,
many of these studies have observed that the overall effect of
having a psychiatric disorder (the transdiagnostic difference from
healthy controls) was strongest in the SCZ group, followed by the
BD group and then the MDD group (i.e,, SCZ>BD > MDD > HC in
magnitude of effects) [196-198], or that there were overall
stronger effects in the psychotic group compared to the non-
psychotic groups [142, 151]. The SCZ>BD >MDD pattern of
effects has been observed in numerous studies using a wide range
of data types, including resting-state functional connectivity
[196, 197], DTI [198], low frequency fluctuations of resting-state
fMRI data [199], and morphometric [200] data. For example, one
study showed, using DTI data, that the “global efficiency” of whole
brain connectivity showed a SCZ >BD > MDD pattern of effects,
with the SCZ group showing the lowest efficiency; however,
despite this pattern of results, machine learning analyses could
not discriminate between any of the disorders, only discriminating
each disorder from the healthy control group [198].

A related common pattern of results of the transdiagnostic
neuroimaging investigations conducted to date is a finding of
greater overlap in neural changes (cortical thinning or dyscon-
nectivity) between the SCZ and BD groups compared to the
extent of overlap of these two groups with the other diagnostic
groups [165, 167, 201]. This pattern of findings is reminiscent of
the pattern of shared effects observed in genetic risk [35, 49].

Current limitations of this line of research and future
directions

Lastly, several of these cross-disorder neuroimaging studies found
greater changes in the brain, compared to controls, in those with
greater illness severity [164], longer duration of illness [201], or
earlier onset of illness [198], or in those who were at a later stage
of illness [167]. These findings highlight one important limitation
of this research thus far — that the majority of the large, multi-
diagnosis neuroimaging data analyses conducted to date have
been cross-sectional in design and conducted using data collected
from adults with psychiatric diagnoses. Thus, some or many of the
effects observed could be due to secondary effects of having the
illnesses over time (including treatment effects), rather than to the
underlying pathophysiological mechanisms causing the condi-
tions. Also, some findings may be related to the progression of the
underlying pathological processes. Disentangling the effects of
secondary illness factors, illness worsening/ progression, and the
etiological mechanisms contributing to illness onset may become
increasingly possible as data from currently ongoing, large-scale,
longitudinal studies (e.g., [190, 191]) become available.

POTENTIAL PSYCHOLOGICAL MANIFESTATIONS OF
TRANSDIAGNOSTIC GENETIC AND ENVIRONMENTAL RISK
FACTORS

Personality, temperament, and cognition

Genetic and experience-dependent variations in brain structure
and function across individuals are ultimately manifested as
subjective sensations, emotions, thoughts, and, ultimately,
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behaviors. Disruptions in the mechanisms underlying these
processes, or mismatches between them and environmental
contexts and expectations, can give rise to symptoms of
psychopathology. It has been established that certain enduring
or fluctuating patterns of perceptions and behaviors vary in
magnitude continuously across the general population, and, at the
extremes of this variation, some of these tendencies can be highly
disabling. There is a long tradition in psychology research of
measuring and categorizing these dimensions across general
population samples (children and adults) in the study of
personality, temperament and neurocognition.

Specifically, replicable personality dimensions have been
identified, using the overlapping Big Five (extraversion, agree-
ableness, conscientiousness, neuroticism, and openness to experi-
ence) [202, 203] and Big Three (negative emotionality, positive
emotionality and disinhibition) [204, 205] personality models, with
their essentially equivalent constructs of 1) neuroticism and
negative emotionality, and 2) extraversion and positive emotion-
ality [206]. Studies of the links between these personality
dimensions and psychopathology have consistently found asso-
ciations between neuroticism (also sometimes referred to as trait
negative affect) and many forms of psychopathology, including
mood, anxiety, and psychotic disorders [206-211]. Similarly, low
conscientiousness has been non-specifically linked to multiple
forms of psychopathology [206], as well as to poor physical health
[212, 213]. Moreover, factor analyses jointly modeling psychiatric
and personality traits in a population-based sample of adults
found evidence that all Big Five traits map onto one latent factor
for psychopathology risk, characterized by high neuroticism and
low conscientiousness and agreeableness [214], suggesting that
dimensions of personality traits can be conceptualized as another
transdiagnostic model of mental health. Aspects of these
dimensions likely have a genetic basis; for example, neuroticism
has been found to be highly heritable (up to 47%) in twin studies
[215], with robust GWAS findings that support its potentially
causal relationship with multiple psychiatric conditions [216].

A construct that is related to personality is temperament—-the
individual differences in emotional reactivity and self-regulation
that are evident very early in life and remain relatively stable over
the lifespan. Behavioral inhibition is one temperament type
observed in early childhood characterized by a tendency to
exhibit fearfulness or avoidance in novel situations or with
unfamiliar people [217]. Behavioral inhibition has been linked to
an elevated risk for developing social anxiety during childhood
and adolescence [217-219]. In addition, dimensional measures of
behavioral inhibition and related traits are also elevated in people
diagnosed with SCZ, BD, and MDD [220-222], suggesting that this
trait represents another transdiagnostic risk factor for psychiatric
iliness that is closely linked (overlapping in underlying biology) to
neuroticism and internalizing symptoms (i.e, depression and
anxiety, see below).

A related trait—impulsivity—which may reflect the inverse of
inhibition, has also been studied extensively in relation to risk for
psychiatric disorders. Impulsivity has been positively correlated at
a genetic level with both internalizing and externalizing disorders,
and negatively with compulsive disorders, as well as with other
transdiagnostic traits such as insomnia and cognitive ability [223].

In parallel with personality and temperament assessments, the
fields of neuropsychology and cognitive neuroscience research
have generated quantitative, dimensional norms of performance
for every major domain of cognitive function, including executive
function, episodic memory, language processing, and social
cognition, among others. Cognitive impairment is common in
SCZ, and to a lesser extent in BD and MDD [224-226], and having
a higher 1Q may be somewhat protective against developing SCZ
in at-risk samples [227, 228]. Thus, cognition is another dimension
of psychological functioning that is inter-related with personality
and temperament.
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Lastly, another category of traits that has been less well-studied
to date are protective, resilience-enhancing traits or capacities
[229], such as positive affect, optimism, social skills, compassion,
self-awareness, emotion regulation capacity, and cognitive flex-
ibility, which may reduce the risk of developing psychopathology
[230-236]. It has been shown that some portion of these
protective capacities is genetically determined (~40%) [237], and
some can be modified and learned [238, 239]. In some cases, the
effects of these protective characteristics may not merely
represent the inverse of risk factors [240] but may have
independent effects that interact with risk in complex (and thus
far, poorly understood) ways.

The Research Domain Criteria

The explosion of research in cognitive and affective neuroscience
during the past half century, and the related effort to apply
cognitive neuroscience concepts and methods to investigations of
psychiatric disorders, gave rise to the development and imple-
mentation of a neuroscience-based transdiagnostic, dimensional
model of psychopathology, the Research Domain Criteria (RDoC)
framework [28, 241]. Similar to dimensional personality and
psychopathology models, the RDoC framework has aimed to
address barriers to progress presented by the poor correspon-
dence between DSM-based diagnostic categories and the
empirically-derived dimensional distribution of clinical, behavioral,
and biological data across psychiatrically healthy and ill popula-
tions. RDoC focuses on specific, empirically-defined “constructs”
(e.g., working memory, reward sensitivity, threat learning), which
each represent an established dimension of behavior known to
rely on a specific neural system. The constructs are intended to be
studied across psychiatrically heterogeneous samples displaying a
wide range of functioning. RDoC constructs are also grouped into
broader domains of functioning (the Negative Valence Systems,
Positive Valence Systems, Cognitive Systems, Social Processes,
Arousal and Regulatory Systems, and Sensorimotor Systems), and
RDoC-based studies tend to collect several types of data (“units of
analysis”), including self-report, behavioral assessments, and
neurophysiological measurements. Some RDoC-informed studies
focus on a single psychological process or symptom (e.g., social
anhedonia) or behavior (e.g. interpersonal distancing) and its
neurophysiological correlates within a DSM-defined diagnostic
category (e.g., SCZ [242, 243]), given the heterogeneity within
samples of DSM-defined psychiatric disorders, whereas other
studies are truly transdiagnostic or “a-diagnostic” [244].

It is also important to note a limitation of the RDoC approach
that is similar to those associated with using DSM-defined illness
categories in research. The RDoC constructs may or may not show
consistent relationships with underlying neural mechanisms
across neuropsychiatric disorders. For example, the construct/
symptom of anhedonia appears to be somewhat heterogeneous
in its expression both clinically and mechanistically within and
across disorders [245]; shared and non-shared characteristics of
reward processing have been observed across anhedonic
individuals with diagnoses of MDD versus SCZ [246]. Thus, some
of the RDoC constructs may not be more biologically uniform than
DSM-defined categories. Ultimately, data-driven clusters [247] or
dimensions (see below) of quantitatively-defined cognitive or
behavioral processes that have clinical relevance may be most
useful for mechanistic studies of psychiatric disorders.

Dimensional models of psychopathology

Variations in symptoms of psychopathology, from subclinical to
clinical levels, have been studied using similar approaches to
those used in research on personality and temperament, and a
number of models have been generated based on factor analyses
of large psychopathology assessment datasets. An early model
distinguished between two factors, internalizing and externalizing
symptoms [248]. Later iterations of this model also included a
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psychotic experience or thought disorder factor [21, 249]. Subse-
quently, the high levels of correlation among the factors within
these models, with the internalizing factor accounting for the
largest amount of variance, led to the adoption of a hierarchical
structure for these models, which could account for the strongly
correlated relationships. The Hierarchical Taxonomy of Psycho-
pathology (HiTOP) is the most well-developed version of this
hierarchical approach [23]. HiTOP includes iterative subcategoriza-
tions (starting with larger internalizing, externalizing, thought
disorder “spectra” and others), which are composed of increas-
ingly narrow and specific constructs and finally, groupings of
psychiatric disorders [250, 251].

A related line of psychopathology research has also identified,
using factor analyses, a single common general psychopathology
(“p") factor [21], which is now typically incorporated into these
hierarchical symptom models, placed at the highest level of the
hierarchy (before it branches into the component factors). This
unitary p factor is not well-understood in terms of what it
represents psychologically, but it may be comprised of some of
the most commonly shared aspects of psychopathology, such as
neuroticism, emotional dysregulation, and cognitive impairment.
The existence of some type of shared p or transdiagnostic factor
may help explain the high rates of both concurrent and sequential
comorbidity across all classes of psychiatric disorders [7, 21].

Based on these clinical observations, it has been proposed that
there is a longitudinal, developmental progression of psycho-
pathology in which a common “pluripotent” risk state or p factor
present in many children is, in some instances, followed by
worsening internalizing or externalizing symptoms and, subse-
quently, in a smaller vulnerable subset, further worsening, with the
emergence of psychotic symptoms [21]. This type of progression
model is consistent with data showing that the majority of
individuals diagnosed with either SCZ or BD experience depression
(or more broadly, affective or internalizing symptoms [252]) prior to
the onset of those disorders [253-255]. In other words, since some
episodes of depression are followed by the onset of specific
symptoms of BD or SCZ (mania and/or psychosis), an episode of
depression may represent, in some individuals, a risk state or an
intermediate stage, on a trajectory towards the development of a
more persistent and severe disorder [256].

Notably, this longitudinal progression model is consistent, in
overall structure, with the pattern of many transdiagnostic
neuroimaging findings described above, which suggest that there
is a gradient in magnitude of brain abnormalities from non-
psychotic to psychotic disorders (e.g., greater magnitude of effects
in SCZ/BD compared to MDD). Furthermore, this longitudinal
progression model also maps onto an emerging “staging” model
of treatment, in which transdiagnostic interventions are provided
at early stages, followed by increasingly symptom-specific
interventions at later stages (when progression and greater
clinical differentiation occurs) [18, 256].

Finally, these findings also align with genetic studies that have
begun to examine the heritability of transdiagnostic risk for
psychopathology, using these dimensional measures of shared
variance in psychopathology. For example, twin studies modeling
the p factor in youth across internalizing and externalizing
symptoms have identified substantial heritability (50-60%) of p
[257]. Related to this, other genetic studies have found that a
measure of general cognitive ability, denoted as “g”, is associated
with p, and these two transdiagnostic factors appear to be linked
across development [258]. Thus, changes in cognitive and
affective processes associated with psychopathology, and the
frequently accompanying functional impairment, may arise from
related neurobiological mechanisms.

Subclinical symptoms

Consistent with the research on the dimensional models of
psychopathology described above, it is now widely recognized
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that subsyndromal symptoms of specific psychiatric disorders,
such as MDD and SCZ, are associated with elevated risk for
developing a diverse range of psychiatric disorders, not just the
“homotypic” disorder. For example, the presence of subclinical
symptoms of MDD is associated with an increased risk for
developing anxiety [259] and psychotic [260, 261] disorders, in
addition to mood disorders [262-264]. Also, subclinical symptoms
of psychosis, sometimes called “psychotic experiences” or
“psychotic-like experiences”, are usually mild and transient,
relatively common, and, in the majority of cases, are not followed
by the onset of a psychotic disorder [265, 266]. However, it is also
true that these subclinical psychotic symptoms are associated with
an elevated risk (up to a 10-fold increase, depending on their
severity) for developing a psychotic disorder [267-269] and/or a
mood or anxiety disorder (4-fold and 3-fold increase in risk,
respectively), as well as elevated risk for suicide attempts [270]
and overall disability [271, 272]. Overall, adolescents presenting
with psychotic experiences are significantly more likely to seek
mental health services, receive any psychiatric diagnosis, and
receive treatment with psychotropic medication than adolescents
without these symptoms [273]. Thus, since these and other
subclinical symptoms of psychopathology are some of the most
easily assessed (given the widespread availability of brief,
validated self-report scales that measure them) transdiagnostic
risk factors for psychiatric disorders, they have been used more
than any other risk factor as targets of early detection screening
and prevention approaches (see the companion article of this
review, Part Il [36], for further details).

Neuroimaging studies of dimensional aspects of
psychopathology

Given the recent development and adoption of these different
dimensional models of psychological/cognitive function and
psychopathology (e.g., RDoC, HiTOP), increasingly neuroimaging
studies are measuring associations between: (1) variation in brain
structure or function and (2) variation in cognitive, affective,
behavioral, or symptom dimensions. For example, one study of
reward processing in individuals with genetic or clinical risk for
psychosis, MDD, BD, or SCZ examined the relationship between
whole-brain functional connectivity, using a voxelwise multiple
regression approach, and self-reported reward responsiveness.
The analyses revealed that higher reward responsiveness was
linked to greater functional connectivity of the nucleus accum-
bens with components of the default mode network, as well as
lower connectivity of the nucleus accumbens with cognitive
control regions [274]. Another example of this type of dimensional
approach is represented by the studies of neuromelanin-sensitive
MRI signal of the midbrain [275] that have found associations
between the intensity of this signal and dimensional levels of
psychotic symptoms in a variety of psychosis-spectrum samples
[276, 277].

Some studies have also started to examine associations
between neural measures and data-driven transdiagnostic dimen-
sions of psychopathology, such as the p factor. One study
examined functional connectivity data of people with diagnoses
of SCZ, schizoaffective disorder, BD, ADHD, and a healthy control
group and found that three transdiagnostic latent factors,
computed from 54 symptom and behavioral measures, that
reflected general psychopathology, cognitive dysfunction, and
impulsivity dimensions, were each strongly linked to the
functional connectivity of sensory and motor areas [278]. Similarly,
associations between levels of p (derived from a battery of
psychiatric symptom assessments) and changes in white matter
integrity of the pons, gray matter volumes of visual cortex and the
cerebellum [279] and resting-state functional connectivity of visual
association areas [280] have been observed, as well as links
between levels of p and overall cortical thickness, particularly in
heteromodal association cortices [281]. Lastly, a study conducted

Neuropsychopharmacology (2026) 51:293 - 309

D.J. Holt et al.

in a sample of ~1000 youth (the Philadelphia Neurodevelopmental
Cohort) found that a general p factor was associated with elevated
perfusion of the dACC and left rostral ACC, and reduced
connectivity between the dACC and caudate nucleus [282],
reminiscent of prior findings of transdiagnostic changes in gray
matter volumes of the salience network [160]. Although the
findings of these p factor/dimensional neuroimaging studies have
been somewhat inconsistent to date, studies conducted in larger
samples, ideally focused on objectively measured psychological or
behavioral functions in addition to self-report symptom measures,
may shed further light on dimensional relationships between
characteristics of the brain and psychological functions.

SUMMARY AND PROPOSED MODEL

Thus, to briefly summarize what we have reviewed above, there is
convergent evidence for the existence of some shared genetic
and environmental risk factors, as well as shared changes in brain
and psychological functions, across psychiatric disorders, and for
variation in neural and psychological processes across the general
population that spans adaptive to disabling, pathological levels.
Research is beginning to identify links between common
transdiagnostic risk factors (genetic and environmental) and
candidate phenotypes (neural, psychological, and clinical), with
the causative mechanisms remaining to be discovered. In
addition, there is also emerging evidence for some distinct
(non-shared) risk factors, as well as syndromally-specific neural/
psychological phenotypes that may emerge over time in some
individuals.

Notably, recent studies of (1) shared genetic risk and (2)
symptom clustering across disorders have generated models that
partially align with each other. For example, a recent factor
analysis of genetic risk associated with 14 psychiatric disorders
produced a 5-factor solution (internalizing disorders, SCZ/BD,
substance abuse disorders, neurodevelopmental disorders, and
compulsive disorders factors) that could be modeled equally well
(with an approximately equivalent fit) with or without inclusion of
a common p (transdiagnostic) factor. The factors of this model
based on genetic susceptibility are similar to those of the HiTOP
model of psychopathology, which includes internalizing, externa-
lizing, and thought disorder factors, and often a common p factor
as well.

Extending these partially aligned models, we have constructed
a novel hypothetical model (Fig. 2) that attempts to integrate
these transdiagnostic genetic and psychopathology findings with
findings of some of the cross-diagnostic neuroimaging meta-
analyses described above. We also propose links to the “spreading
pathology” hypothesis of neuropsychiatric illness [165, 167], as
well as the clinical staging model [283, 284]. First, we hypothesize
that there is a Transdiagnostic “epicenter” of vulnerability in the
brain, potentially located in the salience network (the dACC and
insula, and closely connected thalamic, hypothalamic, and
midbrain areas), based on the findings of several transdiagnostic
neuroimaging studies [151, 160, 282]. Second, we hypothesize
that, in a subset of individuals, the pathology or dysfunction
expressed in this core Transdiagnostic network is propagated over
time to one or more additional closely-connected networks, and
changes in these additional networks confer greater syndromal
specificity. Therefore, a pathological process occurring within the
Transdiagnostic epicenter network (hypothetically the salience
network in this model), during childhood or adolescence,
subsequently leads to changes in other networks, such as (most
commonly) the Internalizing network (represented in this model
by the ventromedial prefrontal cortex, amygdala, and ventral
striatum).

In addition, in certain vulnerable individuals (due to specific
genetic and/or environmental influences), the pathological
process may further propagate to involve the Thought Disorder
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Fig. 2 Proposed model of shared (transdiagnostic) and non-shared changes in the brain across five clusters of psychopathology. This
model represents a hypothetical integration of: (1) the 5-factor genetics model generated by the recent analysis of genetic variants associated
with 14 psychiatric disorders [49] and (2) the HITOP model of the symptoms of psychiatric disorders [250], which include similar/overlapping
clusters. (In this figure, the Substance Use Disorders factor of [49] is labeled the Externalizing factor, and the Schizophrenia/Bipolar Disorder
factor is labeled the Thought Disorder factor, in order to be consistent with our emphasis on dimensional variation within and across these
factors.) In this model, a shared Transdiagnostic factor is linked to changes in salience network regions (dorsal anterior cingulate cortex and
insula). The salience network represents a plausible Transdiagnostic epicenter because it plays a central role in many core brain functions
involved in affective processing and interactions between sensory, cognitive and affective processes, including: (1) perceiving and generating
responses to salient stimuli in the environment, via influencing the activity of the autonomic nervous system and cognitive control systems;
(2) top-down regulation of affective responses; (3) “switching” between internally and externally directed attention and other forms of goal-
directed cognition; and (4) the integration of internal interoceptive signals with other types of sensory and cognitive information in the
service of action selection [285, 286]. Certain genetic variants +/— their interactions with environmental events confer greater risk for
progression of the Transdiagnostic factor-related neural vulnerabilities to involve other changes in the brain and symptoms (i.e., the 5 distinct
factors), potentially via transynaptic propagation of functional impairment over long-range connections of the human brain. Note that some
brain regions that may be components of vulnerable networks are not represented here (due to space constraints), including: the midbrain,

hypothalamus, thalamus, and cerebellum, among others.

network (in this model represented by the hippocampus, lateral
frontal areas, and sensory cortices) via one of two possible routes:
(1) an indirect route, beginning in the Transdiagnostic network
followed by involvement of the Internalizing network (given that,
in the majority of cases (>60%) internalizing symptoms precede
the onset of psychosis [253]) and then extending to involve the
Thought Disorder network; or (2) a direct route, propagating from
the Transdiagnostic network directly to the Thought Disorder
network, which represents the pathway for individuals who
develop psychosis with minimal preceding internalizing
symptoms.

Lastly, other symptom clusters are hypothesized to arise via
additional routes extending from the Transdiagnostic network,
due to genetic and environmental influences and their interac-
tions, which confer a specific vulnerability to changes in neural
systems that give rise to those symptoms.

Overall, this theoretical model represents one potential
integration of three different sources of transdiagnostic data.
The goal of proposing this model is to provide one candidate
framework for conceptualizing and further investigating how an
array of diverse risk factors can generate, during the course of
development, changes in brain and psychological function that
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result in shared and distinct forms of psychopathology. In
addition, this model suggests several points of entry for
interventions.

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS
The model presented above has several testable implications for
research and clinical care.

First, longitudinal studies can investigate whether a progression
of psychopathology and associated changes in the brain occur
over time in a subset of youth who have been identified as
carrying elevated risk for such a progression, based on: (1) self-
report or interview-based psychological, cognitive, or symptom
screening instruments, and/or (2) objective behavioral tests or
neurophysiological measurements. The influences of specific
genetic and environmental risk and protective factors on these
trajectories and the mental health outcomes; the degree to which
such factors are common or distinct across mental health
outcomes; and whether such outcomes are best characterized
by a single and/or multiple cluster(s) of dimensionally-defined
psychological traits or symptoms and their accompanying
neurobehavioral profiles, can be comprehensively investigated.
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Rapid screening for early,
transdiagnostic symptoms

c Rapid screening
at regular intervals
“Everyone is
talking about
me behind
my back.”

Additional evidence,
confirmation via clinical
assessment or quantitative marker

Rapid screening at
———=—— regular intervals,

close monitoring

Screening can occur:

* At school

* At the pediatrician’s office

* At home

* In the community (e.g., at the Y,
place of worship, youth center)

Fig. 3 A candidate screening, early detection and prevention
pathway of care. This diagram maps the sequential steps of a
clinical screening and intervention algorithm that includes: (1) two
sequential steps of screening, conducted using a symptom
questionnaire followed by a clinical interview and/or an objective
biomarker test; (2) repeat screening at regular intervals (e.g.,
annually) for those who screen negative; and (3) evaluation and
intervention for those who test positive on both screening
procedures. At the current time, the second screening test would
likely consist of a clinical evaluation rather than an objective
biomarker test, given that currently no such biomarkers have been
sufficiently validated for this purpose (example hypothetical future
biomarker included here: neuromelanin-sensitive MRI, a candidate
marker of psychotic symptoms). The example intervention included
here is the virtual reality-adapted version of Resilience Training, a
four-session group intervention that aims to prevent worsening of
transdiagnostic psychopathology in young adults [287-289].

Second, from a clinical perspective, if a common transdiagnostic
psychological factor is primarily characterized by certain psycho-
pathological dimensions (e.g. elevated neuroticism, emotional
dysregulation and/or cognitive inflexibility), studies can test
whether identifying any accompanying changes in the brain
confers additional utility in terms of: (1) identifying youth who are
particularly at risk and may benefit from additional evaluation,
monitoring or intervention, and/or (2) tracking trajectories of
iliness and potential benefits of interventions over time. A direct
comparison of screening approaches that do and do not
incorporate objective measures of neurophysiology or behavior
(following appropriate validation of such measures, establishing
their reliability, and adequate predictive relationships with clinical
progression) can begin to answer these questions. The rationale
and need for validation and implementation of objective tests in
psychiatry remains strong (despite the persistent elusiveness of
this goal), given that self-report of symptoms can be influenced by
impairments in judgment associated with the condition being
evaluated, as well as demand characteristics of the test. However,
it remains possible that many objective tests (e.g. behavioral or
neuroimaging) will not provide additional benefit in terms of
outcome prediction; existing validated clinical tools may be
sufficient for many screening purposes.

Ideally, mental health screening occurs at several stages, using a
variety of instruments. For example, certain screening measures
could be used to identify individuals with some transdiagnostic
risk (e.g., with elevated levels of a p factor, internalizing symptoms,
psychotic experiences), and this type of screening may identify a
large portion of the youth population. These mildly at-risk youth
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could then undergo further monitoring only, or participate in a
low-burden, brief transdiagnostic intervention in addition. How-
ever, the predictive value of the self-reported marker of poor
outcomes (and the cost-effectiveness of any recommended
intervention) would likely increase if additional screening were
conducted, either via: (1) a clinical interview or (2) a validated
objective, behavioral, or biologically-based test. In Fig. 3, a
schematic illustration of a screening, monitoring, and intervention
pathway that includes these steps is presented. In this schematic
pathway, a biologically-based screening test is included as one
possible second-stage screener (versus a clinical interview). In this
example, a neuromelanin-sensitive MRI scan is included as a
candidate screening procedure that may, in the future, provide
predictive information. This pathway illustrates one potential
framework for translating research findings about clinical and
biological markers of mental illness risk into a clinical screening
and intervention pathway, which could be integrated with existing
models of stage-based mental health care [283, 284].

In conclusion, psychiatry has lagged behind other fields of
medicine in terms of progress towards implementing early
detection and prevention-oriented approaches in the real world.
This may be due, at least in part, to a continued reliance on
categorical models of mental illness, which do not generally map
onto what we have learned about the patterns of risk factors and
early biological and psychological expressions of these condi-
tions. Transdiagnostic models of mental illness risk and emerging
psychopathology are now supported by convergent genetic,
epidemiological, neurobiological and psychopathological find-
ings. Therefore, at this point, such models should inform the
further development and implementation of novel screening,
assessment, and prevention-focused approaches beginning early
in life, contributing to the ongoing efforts to address the mental
health needs of youth and emerging adults in a cost-effective
manner.

REFERENCES

1. Knapp M, McDaid D, Parsonage M. Mental health promotion and mental
iliness prevention: the economic case. London, UK: Department of Health.
2011. p. 1-43.

2. McDaid D, Park AL, Wahlbeck K. The Economic Case for the Prevention of
Mental Iliness. Annu Rev Public Health. 2019;40:373-89.

3. McGorry P, Gunasiri H, Mei C, Rice S, Gao CX. The youth mental health crisis:
analysis and solutions. Front Psychiatry. 2024;15:1517533.

4. Kuehn BM. Clinician Shortage Exacerbates Pandemic-Fueled “Mental Health
Crisis. Jama. 2022;327:2179-81.

5. Foster AA, Zabel M, Schober M. Youth Crisis: The Current State and Future
Directions. Psychiatr Clin North Am. 2024;47:595-611.

6. Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime
prevalence and age-of-onset distributions of DSM-IV disorders in the National
Comorbidity Survey Replication. Arch Gen Psychiatry. 2005;62:593-602.

7. Caspi A, Houts RM, Ambler A, Danese A, Elliott ML, Hariri A, et al. Longitudinal
assessment of mental health disorders and comorbidities across 4 decades
among participants in the Dunedin Birth Cohort Study. JAMA Netw Open.
2020;3:203221.

8. Rush AJ, Trivedi MH, Wisniewski SR, Nierenberg AA, Stewart JW, Warden D, et al.
Acute and longer-term outcomes in depressed outpatients requiring one or
several treatment steps: A STAR*D Report. Am J Psychiatry. 2006;163:1905-17.

9. Robinson D, Woerner MG, Alvir JM, Bilder R, Goldman R, Geisler S, et al. Pre-
dictors of relapse following response from a first episode of schizophrenia or
schizoaffective disorder. Arch Gen Psychiatry. 1999;56:241-7.

10. Bowie CR, Depp C, McGrath JA, Wolyniec P, Mausbach BT, Thornquist MH, et al.
Prediction of real-world functional disability in chronic mental disorders: a
comparison of schizophrenia and bipolar disorder. Am J Psychiatry.
2010;167:1116-24.

11. Judd LL, Schettler PJ, Akiskal HS. The prevalence, clinical relevance, and public
health significance of subthreshold depressions. Psychiatr Clin North Am.
2002;25:685-98.

12. Prince M, Patel V, Saxena S, Maj M, Maselko J, Phillips MR, et al. No health
without mental health. Lancet. 2007;370:859-77.

SPRINGER NATURE

303



D.J. Holt et al.

304

13.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Harvey PD, Helldin L, Bowie CR, Heaton RK, Olsson AK, Hjarthag F, et al.
Performance-based measurement of functional disability in schizophrenia: a
cross-national study in the United States and Sweden. Am J Psychiatry.
2009;166:821-7.

. Sanchez-Moreno J, Martinez-Aran A, Tabares-Seisdedos R, Torrent C, Vieta E,

Ayuso-Mateos JL. Functioning and disability in bipolar disorder: an extensive
review. Psychother Psychosom. 2009;78:285-97.

. Kessler RC, Frank RG. The impact of psychiatric disorders on work loss days.

Psychol Med. 1997;27:861-73.

. D'Arcy C, Meng X. Prevention of common mental disorders: conceptual fra-

mework and effective interventions. Curr Opin Psychiatry. 2014;27:294-301.
Mendelson T, Eaton WW. Recent advances in the prevention of mental dis-
orders. Soc Psychiat Epidemiol. 2018;53:325-39.

Hartmann JA, McGorry PD, Destree L, Amminger GP, Chanen AM, Davey CG,
et al. Pluripotential risk and clinical staging: theoretical considerations and
preliminary data from a transdiagnostic risk identification approach. Front
Psychiatry. 2020;11:553578.

. Stephan J, Gehrmann J, Sinha M, Stullich A, Gabel F, Richter M. A scoping review of

prevention classification in mental health: examining the application of Caplan’s
and Gordon’s Prevention Frameworks (2018-2024). J Prev. 2025;46:427-54.
Wainberg ML, Scorza P, Shultz JM, Helpman L, Mootz JJ, Johnson KA, et al.
Challenges and opportunities in global mental health: a research-to-practice
perspective. Curr Psychiatry Rep. 2017;19:28.

Caspi A, Moffitt TE. All for one and one for all: mental disorders in one
dimension. Am J Psychiatry. 2018;175:831-44.

Watson D, Levin-Aspenson HF, Waszczuk MA, Conway CC, Dalgleish T, Dretsch
MN, et al. Validity and utility of Hierarchical Taxonomy of Psychopathology
(HIiTOP): 1ll. Emotional dysfunction superspectrum. World Psychiatry: J World
Psychiatr Assoc (WPA). 2022;21:26-54.

Kotov R, Krueger RF, Watson D, Achenbach TM, Althoff RR, Bagby RM, et al. The
Hierarchical Taxonomy of Psychopathology (HiTOP): A dimensional alternative
to traditional nosologies. J Abnorm Psychol. 2017;126:454-77.

McGorry PD, Hickie 1B, Kotov R, Schmaal L, Wood SJ, Allan SM, et al. New
diagnosis in psychiatry: beyond heuristics. Psychol Med. 2025;55:€26.
Mennigen E, Bearden CE. Psychosis risk and development: what do we know
from population-based studies?. Biol Psychiatry. 2020;88:315-25.

Fusar-Poli P, Salazar de Pablo G, Correll CU, Meyer-Lindenberg A, Millan MJ,
Borgwardt S, et al. Prevention of psychosis: advances in detection, prognosis,
and intervention. JAMA Psychiatry. 2020;77:755.

Kessler RC, Zhao S, Blazer DG, Swartz M. Prevalence, correlates, and course of
minor depression and major depression in the National Comorbidity Survey. J
Affect Disord. 1997;45:19-30.

Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, et al. Research
domain criteria (RDoC): toward a new classification framework for research on
mental disorders. Am J Psychiatry. 2010;167:748-51.

Hoy N, Lynch SJ, Waszczuk MA, Reppermund S, Mewton L. Transdiagnostic
biomarkers of mental illness across the lifespan: A systematic review examining
the genetic and neural correlates of latent transdiagnostic dimensions of psy-
chopathology in the general population. Neurosci Biobehav Rev.
2023;155:105431.

Lynch SJ, Sunderland M, Newton NC, Chapman C. A systematic review of
transdiagnostic risk and protective factors for general and specific psycho-
pathology in young people. Clin Psychol Rev. 2021;87:102036.

Dana K, Finik J, Koenig S, Motter J, Zhang W, Linaris M, et al. Prenatal exposure
to famine and risk for development of psychopathology in adulthood: a meta-
analysis. J Psychiatry Psychiatr Disord. 2019;3:227-40.

McLaughlin KA, Colich NL, Rodman AM, Weissman DG. Mechanisms linking
childhood trauma exposure and psychopathology: a transdiagnostic model of
risk and resilience. BMC Med. 2020;18:96.

Hogg B, Gardoki-Souto |, Valiente-Gdmez A, Rosa AR, Fortea L, Radua J, et al.
Psychological trauma as a transdiagnostic risk factor for mental disorder: an
umbrella meta-analysis. Eur Arch Psychiatry Clin Neurosci. 2023;273:397-410.
O’Donovan MC, Owen MJ. The implications of the shared genetics of psychiatric
disorders. Nat Med. 2016;22:1214-9.

Grotzinger AD. Shared genetic architecture across psychiatric disorders. Psychol
Med. 2021;51:2210-6.

DeTore NR, Balogun O, Choi KW, Holt DJ. Transdiagnostic prevention in youth
mental health, Part II: interventions. Neuropsychopharmacol Rev. in press.
Pettersson E, Lichtenstein P, Larsson H, Song J, Agrawal A, Berglum AD, et al.
Genetic influences on eight psychiatric disorders based on family data of
4,408,646 full and half-siblings, and genetic data of 333,748 cases and controls.
Psychol Med. 2019;49:1166-73.

Wray NR, Lee SH, Mehta D, Vinkhuyzen AA, Dudbridge F, Middeldorp CM.
Research review: Polygenic methods and their application to psychiatric traits. J
Child Psychol Psychiatry. 2014;55:1068-87.

SPRINGER NATURE

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Gratten J, Wray NR, Keller MC, Visscher PM. Large-scale genomics unveils the
genetic architecture of psychiatric disorders. Nat Neurosci. 2014;17:782-90.
Shimelis H, Oetjens MT, Walsh LK, Wain KE, Znidarsic M, Myers SM, et al. Pre-
valence and penetrance of rare pathogenic variants in neurodevelopmental
psychiatric genes in a health care system population. Am J Psychiatry.
2023;180:65-72.

Musliner KL, Krebs MD, Albinana C, Vilhjalmsson B, Agerbo E, Zandi PP, et al.
Polygenic risk and progression to bipolar or psychotic disorders among indi-
viduals diagnosed with unipolar depression in early life. Am J Psychiatry.
2020;177:936-43.

Rasic D, Hajek T, Alda M, Uher R. Risk of mental illness in offspring of parents
with schizophrenia, bipolar disorder, and major depressive disorder: a meta-
analysis of family high-risk studies. Schizophr Bull. 2014;40:28-38.

Cheng CM, Chang WH, Chen MH, Tsai CF, Su TP, Li CT, et al. Co-aggregation of
major psychiatric disorders in individuals with first-degree relatives with schizo-
phrenia: a nationwide population-based study. Mol Psychiatry. 2018;23:1756-63.
Chou 1), Kuo CF, Huang YS, Grainge MJ, Valdes AM, See LC, et al. Familial
Aggregation and Heritability of Schizophrenia and Co-aggregation of Psychiatric
llinesses in Affected Families. Schizophr Bull. 2017;43:1070-8.

Watanabe K, Stringer S, Frei O, Umicevi¢ Mirkov M, de Leeuw C, Polderman TJC,
et al. A global overview of pleiotropy and genetic architecture in complex traits.
Nat Genet. 2019;51:1339-48.

Smoller JW. Psychiatric genetics begins to find its footing. Am J Psychiatry.
2019;176:609-14.

Genomic Relationships. Novel Loci, and Pleiotropic mechanisms across eight
psychiatric disorders. Cell. 2019;179:1469-82.e11.

Grotzinger AD, Mallard TT, Akingbuwa WA, Ip HF, Adams MJ, Lewis CM, et al.
Genetic architecture of 11 major psychiatric disorders at biobehavioral, func-
tional genomic and molecular genetic levels of analysis. Nat Genet.
2022;54:548-59.

Grotzinger AD, Werme J, Peyrot WJ, Frei O, de Leeuw C, Bicks LK, et al. The
landscape of shared and divergent genetic influences across 14 psychiatric dis-
orders. medRxiv. (2025). Preprint at https://doi.org/10.1101/2025.01.14.25320574.
Schork AJ, Won H, Appadurai V, Nudel R, Gandal M, Delaneau O, et al. A
genome-wide association study of shared risk across psychiatric disorders
implicates gene regulation during fetal neurodevelopment. Nat Neurosci.
2019;22:353-61.

Mallard TT, Grotzinger AD, Smoller JW. Examining the shared etiology of psycho-
pathology with genome-wide association studies. Physiol Rev. 2023;103:1645-65.
Stein MB, Choi KW, Jain S, Campbell-Sills L, Chen CY, Gelernter J, et al. Genome-
wide analyses of psychological resilience in U.S. Army soldiers. Am J Med Genet
B Neuropsychiatr Genet. 2019;180:310-9.

Polemiti E, Hese S, Schepanski K, Yuan J, Schumann G. How does the macro-
environment influence brain and behaviour-a review of current status and
future perspectives. Mol Psychiatry. 2024;29:3268-86.

Sorkhou M, Dent EL, George TP. Cannabis use and mood disorders: a systematic
review. Front Public Health. 2024;12:1346207.

Urits |, Gress K, Charipova K, Li N, Berger AA, Cornett EM, et al. Cannabis use and its
association with psychological disorders. Psychopharmacol Bull. 2020;50:56-67.
Li M, Gao T, Su Y, Zhang Y, Yang G, D'Arcy C, et al. The timing effect of childhood
maltreatment in depression: a systematic review and meta-analysis. Trauma
Violence Abus. 2023;24:2560-80.

Schaefer JD, Cheng TW, Dunn EC. Sensitive periods in development and risk for
psychiatric disorders and related endpoints: a systematic review of child mal-
treatment findings. Lancet Psychiatry. 2022;9:978-91.

Green JG, McLaughlin KA, Berglund PA, Gruber MJ, Sampson NA, Zaslavsky AM,
et al. Childhood adversities and adult psychiatric disorders in the national
comorbidity survey replication I: associations with first onset of DSM-IV dis-
orders. Arch Gen Psychiatry. 2010;67:113-23.

Kessler RC, McLaughlin KA, Green JG, Gruber MJ, Sampson NA, Zaslavsky AM,
et al. Childhood adversities and adult psychopathology in the WHO World
Mental Health Surveys. Br J Psychiatry. 2010;197:378-85.

McLaughlin KA, Greif Green J, Gruber MJ, Sampson NA, Zaslavsky AM, Kessler
RC. Childhood adversities and first onset of psychiatric disorders in a national
sample of US adolescents. Arch Gen Psychiatry. 2012;69:1151-60.

Lewis SJ, Arseneault L, Caspi A, Fisher HL, Matthews T, Moffitt TE, et al. The
epidemiology of trauma and post-traumatic stress disorder in a representative
cohort of young people in England and Wales. Lancet Psychiatry. 2019;6:247-56.
Felitti VJ, Anda RF, Nordenberg D, Williamson DF, Spitz AM, Edwards V, et al.
Relationship of childhood abuse and household dysfunction to many of the
leading causes of death in adults. The Adverse Childhood Experiences (ACE)
Study. Am J Prev Med. 1998;14:245-58.

Dong M, Giles WH, Felitti VJ, Dube SR, Williams JE, Chapman DP, et al. Insights
into causal pathways for ischemic heart disease: adverse childhood experiences
study. Circulation. 2004;110:1761-6.

Neuropsychopharmacology (2026) 51:293 - 309


https://doi.org/10.1101/2025.01.14.25320574

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Afifi TO, Mather A, Boman J, Fleisher W, Enns MW, Macmillan H, et al. Childhood
adversity and personality disorders: results from a nationally representative
population-based study. J Psychiatr Res. 2011;45:814-22.

Hoppen TH, Chalder T. Childhood adversity as a transdiagnostic risk factor for
affective disorders in adulthood: A systematic review focusing on biopsycho-
social moderating and mediating variables. Clin Psychol Rev. 2018;65:81-151.
McLaughlin KA, Koenen KC, Bromet EJ, Karam EG, Liu H, Petukhova M, et al.
Childhood adversities and post-traumatic stress disorder: evidence for stress
sensitisation in the World Mental Health Surveys. Br J Psychiatry. 2017;211:280-8.
Morgan C, Gayer-Anderson C. Childhood adversities and psychosis: evidence,
challenges, implications. World Psychiatry: J World Psychiatr Assoc (WPA).
2016;15:93-102.

Young EA, Abelson JL, Curtis GC, Nesse RM. Childhood adversity and vulner-
ability to mood and anxiety disorders. Depress Anxiety. 1997;5:66-72.

Waters RC, Gould E. Early Life Adversity and neuropsychiatric disease: differ-
ential outcomes and translational relevance of rodent models. Front Syst Neu-
rosci. 2022;16:860847.

McLaughlin KA, Weissman D, Bitran D. Childhood adversity and neural devel-
opment: a systematic review. Annu Rev Dev Psychol. 2019;1:277-312.

Teicher MH, Samson JA. Annual Research Review: Enduring neurobiological effects
of childhood abuse and neglect. J Child Psychol Psychiatry. 2016;57:241-66.
Brown AS, Susser ES, Butler PD, Richardson Andrews R, Kaufmann CA, Gorman
JM. Neurobiological plausibility of prenatal nutritional deprivation as a risk
factor for schizophrenia. J Nerv Ment Dis. 1996;184:71-85.

Chang S, Zeng L, Brouwer ID, Kok FJ, Yan H. Effect of iron deficiency anemia in
pregnancy on child mental development in rural China. Pediatrics. 2013;131:€755-63.
Susser E, Keyes KM. Prenatal nutritional deficiency and psychosis: where do we
go from here?. JAMA psychiatry. 2017;74:349-50.

Brown AS, Susser ES, Lin SP, Neugebauer R, Gorman JM. Increased risk of
affective disorders in males after second-trimester prenatal exposure to the
Dutch hunger winter of 1944-45. Br J Psychiatry. 1995;166:601-6.

Brown AS, van Os J, Driessens C, Hoek HW, Susser ES. Further evidence of
relation between prenatal famine and major affective disorder. Am J Psychiatry.
2000;157:190-5.

Réikkonen K, Forsén T, Henriksson M, Kajantie E, Heinonen K, Pesonen AK, et al.
Growth trajectories and intellectual abilities in young adulthood: The Helsinki
Birth Cohort study. Am J Epidemiol. 2009;170:447-55.

Heinonen K, Raikkdnen K, Pesonen AK, Andersson S, Kajantie E, Eriksson JG,
et al. Trajectories of growth and symptoms of attention-deficit/hyperactivity
disorder in children: a longitudinal study. BMC Pediatr. 2011;11:84.

Schlotz W, Phillips DI. Fetal origins of mental health: evidence and mechanisms.
Brain Behav Immun. 2009;23:905-16.

Contu L, Hawkes CA. A review of the impact of maternal obesity on the cog-
nitive function and mental health of the offspring. Int J Mol Sci. 2017;18:1-11.
Edlow AG. Maternal obesity and neurodevelopmental and psychiatric disorders
in offspring. Prenat Diagn. 2017;37:95-110.

Rivera HM, Christiansen KJ, Sullivan EL. The role of maternal obesity in the risk of
neuropsychiatric disorders. Front Neurosci. 2015;9:194.

Sullivan EL, Riper KM, Lockard R, Valleau JC. Maternal high-fat diet programming
of the neuroendocrine system and behavior. Hormones Behav. 2015;76:153-61.
Hasebe K, Kendig MD, Morris MJ. Mechanisms underlying the cognitive and
behavioural effects of maternal obesity. Nutrients. 2021;13:1-23.

Nathanielsz P, Nathanielsz P. Life in the Womb: The Origin of Health and Dis-
ease. Ithaca, NY: Promethean Press; 1999.

Georgieff MK, Tran PV, Carlson ES. Atypical fetal development: Fetal alcohol
syndrome, nutritional deprivation, teratogens, and risk for neurodevelopmental
disorders and psychopathology. Dev Psychopathol. 2018;30:1063-86.
Al-Haddad BJS, Jacobsson B, Chabra S, Modzelewska D, Olson EM, Bernier R,
et al. Long-term Risk of Neuropsychiatric Disease After Exposure to Infection In
Utero. JAMA Psychiatry. 2019;76:594-602.

Lydholm CN, Kéhler-Forsberg O, Nordentoft M, Yolken RH, Mortensen PB,
Petersen L, et al. Parental infections before, during, and after pregnancy as risk
factors for mental disorders in childhood and adolescence: A Nationwide Danish
Study. Biol Psychiatry. 2019;85:317-25.

Cheslack-Postava K, Brown AS. Prenatal infection and schizophrenia: A decade
of further progress. Schizophr Res. 2022;247:7-15.

Lee YH, Cherkerzian S, Seidman LJ, Papandonatos GD, Savitz DA, Tsuang MT,
et al. Maternal bacterial infection during pregnancy and offspring risk of psy-
chotic disorders: variation by severity of infection and offspring sex. Am J
Psychiatry. 2020;177:66-75.

Tioleco N, Silberman AE, Stratigos K, Banerjee-Basu S, Spann MN, Whitaker AH,
et al. Prenatal maternal infection and risk for autism in offspring: A meta-
analysis. Autism Res. 2021;14:1296-316.

Brown AS. Epidemiologic studies of exposure to prenatal infection and risk of
schizophrenia and autism. Dev Neurobiol. 2012;72:1272-6.

Neuropsychopharmacology (2026) 51:293 - 309

D.J.

Holt et al.

93.

94.

95.

96.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1

112,

113.

114.

115.

116.

117.

118.

Flinkkild E, Keski-Rahkonen A, Marttunen M, Raevuori A. Prenatal inflammation,
infections and mental disorders. Psychopathology. 2016;49:317-33.

Weinstock M. The potential influence of maternal stress hormones on devel-
opment and mental health of the offspring. Brain Behav Immun.
2005;19:296-308.

Van den Bergh BR, Marcoen A. High antenatal maternal anxiety is related to
ADHD symptoms, externalizing problems, and anxiety in 8- and 9-year-olds.
Child Dev. 2004;75:1085-97.

Chahal R, Miller JG, Yuan JP, Buthmann JL, Gotlib IH. An exploration of
dimensions of early adversity and the development of functional brain network
connectivity during adolescence: Implications for trajectories of internalizing
symptoms. Dev Psychopathol. 2022;34:557-71.

. Gerin M|, Viding E, Herringa RJ, Russell JD, McCrory EJ. A systematic review of

childhood maltreatment and resting state functional connectivity. Dev Cogn
Neurosci. 2023;64:101322.

Jirsaraie RJ, Palma AM, Small SL, Sandman CA, Davis EP, Baram TZ, et al. Prenatal
exposure to maternal mood entropy is associated with a weakened and
inflexible salience network in adolescence. Biol psychiatry Cogn Neurosci neu-
roimaging. 2024;9:207-16.

Schouler-Ocak M, Moran JK. Racial discrimination and its impact on mental
health. Int Rev Psychiatry. 2023;35:268-76.

Conway CC, Raposa EB, Hammen C, Brennan PA. Transdiagnostic pathways from
early social stress to psychopathology: a 20-year prospective study. J Child
Psychol Psychiatry. 2018;59:855-62.

Reinhard MA, Dewald-Kaufmann J, Wistenberg T, Musil R, Barton BB, Jobst A,
et al. The vicious circle of social exclusion and psychopathology: a systematic
review of experimental ostracism research in psychiatric disorders. Eur Arch
Psychiatry Clin Neurosci. 2020;270:521-32.

Bauriedl-Schmidt C, Jobst A, Gander M, Seidl E, Sabal3 L, Sarubin N, et al.
Attachment representations, patterns of emotion regulation, and social exclu-
sion in patients with chronic and episodic depression and healthy controls. J
Affect Disord. 2017;210:130-8.

Williams DR, Mohammed SA. Discrimination and racial disparities in health:
evidence and needed research. J Behav Med. 2009;32:20-47.

Rodriguez-Seijas C, Stohl M, Hasin DS, Eaton NR. Transdiagnostic factors and
mediation of the relationship between perceived racial discrimination and
mental disorders. JAMA Psychiatry. 2015;72:706-13.

Ransome Y, Valido AD, Espelage DL, Clements GL, Harrell C, Eckel C, et al. A
systematic review of how social connectedness influences associations between
racism and discrimination on health outcomes. Epidemiol Rev. 2023;45:44-62.
Bjorkqvist K. Social defeat as a stressor in humans. Physiol Behav.
2001;73:435-42.

Selten JP, van Os J, Cantor-Graae E. The social defeat hypothesis of schizo-
phrenia: issues of measurement and reverse causality. World psychiatry : J World
Psychiatr Assoc (WPA). 2016;15:294-5.

Selten JP, Ormel J. Low status, humiliation, dopamine and risk of schizophrenia.
Psychol Med. 2023;53:609-13.

Selten JP, Cantor-Graae E. Social defeat: risk factor for schizophrenia?. Br J
Psychiatry. 2005;187:101-2.

Siddaway AP, Taylor PJ, Wood AM, Schulz J. A meta-analysis of perceptions of
defeat and entrapment in depression, anxiety problems, posttraumatic stress
disorder, and suicidality. J Affect Disord. 2015;184:149-59.

. Laman-Maharg A, Trainor BC. Stress, sex, and motivated behaviors. J Neurosci

Res. 2017;95:83-92.

Kumar S, Hultman R, Hughes D, Michel N, Katz BM, Dzirasa K. Prefrontal cortex
reactivity underlies trait vulnerability to chronic social defeat stress. Nat Com-
mun. 2014;5:4537.

Hultman R, Mague SD, Li Q, Katz BM, Michel N, Lin L, et al. Dysregulation of
prefrontal cortex-mediated slow-evolving limbic dynamics drives stress-induced
emotional pathology. Neuron. 2016;91:439-52.

Akdeniz C, Tost H, Meyer-Lindenberg A. The neurobiology of social environ-
mental risk for schizophrenia: an evolving research field. Soc Psychiatry Psy-
chiatr Epidemiol. 2014;49:507-17.

Holz NE, Tost H, Meyer-Lindenberg A. Resilience and the brain: a key role for
regulatory circuits linked to social stress and support. Mol Psychiatry.
2020;25:379-96.

Winter A, Gruber M, Thiel K, Flinkenfligel K, Meinert S, Goltermann J, et al.
Shared and distinct structural brain networks related to childhood maltreatment
and social support: connectome-based predictive modeling. Mol Psychiatry.
2023;28:4613-21.

Guxens M, Lubczyriska MJ, Muetzel RL, Dalmau-Bueno A, Jaddoe VWV, Hoek G,
et al. Air Pollution exposure during fetal life, brain morphology, and cognitive
function in school-age children. Biol Psychiatry. 2018;84:295-303.

Peterson BS, Bansal R, Sawardekar S, Nati C, Elgabalawy ER, Hoepner LA, et al.
Prenatal exposure to air pollution is associated with altered brain structure,

SPRINGER NATURE

305



D.J. Holt et al.

306

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134,

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

function, and metabolism in childhood. J
2022;63:1316-31.

Finegood ED, Rarick JRD, Blair C. Exploring longitudinal associations between
neighborhood disadvantage and cortisol levels in early childhood. Dev Psy-
chopathol. 2017;29:1649-62.

Hackman DA, Betancourt LM, Brodsky NL, Hurt H, Farah MJ. Neighborhood
disadvantage and adolescent stress reactivity. Front Hum Neurosci. 2012;6:277.
Hackman DA, Farah MJ, Meaney MJ. Socioeconomic status and the brain:
mechanistic insights from human and animal research. Nat Rev Neurosci.
2010;11:651-9.

Murtha K, Larsen B, Pines A, Parkes L, Moore TM, Adebimpe A, et al. Associations
between neighborhood socioeconomic status, parental education, and execu-
tive system activation in youth. Cereb Cortex. 2023;33:1058-73.

Gur RE, Moore TM, Rosen AFG, Barzilay R, Roalf DR, Calkins ME, et al. Burden of
environmental adversity associated with psychopathology, maturation, and
brain behavior parameters in youths. JAMA Psychiatry. 2019;76:966-75.

Hunt JFV, Buckingham W, Kim AJ, Oh J, Vogt NM, Jonaitis EM, et al. Association
of neighborhood-level disadvantage with cerebral and hippocampal volume.
JAMA Neurol. 2020;77:451-60.

Bratman GN, Hamilton JP, Hahn KS, Daily GC, Gross JJ. Nature experience
reduces rumination and subgenual prefrontal cortex activation. Proc Natl Acad
Sci USA. 2015;112:8567-72.

Tost H, Reichert M, Braun U, Reinhard |, Peters R, Lautenbach S, et al. Neural
correlates of individual differences in affective benefit of real-life urban green
space exposure. Nat Neurosci. 2019;22:1389-93.

Sudimac S, Sale V, Kiihn S. How nature nurtures: Amygdala activity decreases as
the result of a one-hour walk in nature. Mol Psychiatry. 2022;27:4446-52.
Ursini G, Punzi G, Chen Q, Marenco S, Robinson JF, Porcelli A, et al. Convergence of
placenta biology and genetic risk for schizophrenia. Nat Med. 2018;24:792-801.
Dalvie S, Maihofer AX, Coleman JRI, Bradley B, Breen G, Brick LA, et al. Genomic
influences on self-reported childhood maltreatment. Transl Psychiatry. 2020;10:38.
Warrier V, Kwong ASF, Luo M, Dalvie S, Croft J, Sallis HM, et al. Gene-
environment correlations and causal effects of childhood maltreatment on
physical and mental health: a genetically informed approach. Lancet Psychiatry.
2021;8:373-86.

Socrates AJ, Mullins N, Gur RC, Gur RE, Stahl E, O'Reilly PF, et al. Polygenic risk of
social isolation behavior and its influence on psychopathology and personality.
Mol Psychiatry. 2024;29:3599-606.

Day FR, Ong KK, Perry JRB. Elucidating the genetic basis of social interaction and
isolation. Nat Commun. 2018;9:2457.

Shen X, Howard DM, Adams MJ, Hill WD, Clarke TK, Deary 1J, et al. A phenome-
wide association and Mendelian Randomisation study of polygenic risk for
depression in UK Biobank. Nat Commun. 2020;11:2301.

Peyrot WJ, Milaneschi Y, Abdellaoui A, Sullivan PF, Hottenga JJ, Boomsma DI,
et al. Effect of polygenic risk scores on depression in childhood trauma. Br J
Psychiatry. 2014;205:113-9.

Mullins N, Power RA, Fisher HL, Hanscombe KB, Euesden J, Iniesta R, et al.
Polygenic interactions with environmental adversity in the aetiology of major
depressive disorder. Psychol Med. 2016;46:759-70.

Uher R, Zwicker A. Etiology in psychiatry: embracing the reality of poly-gene-
environmental causation of mental iliness. World Psychiatry: J World Psychiatr
Assoc (WPA). 2017;16:121-9.

Choi KW, Wilson M, Ge T, Kandola A, Patel CJ, Lee SH, et al. Integrative analysis
of genomic and exposomic influences on youth mental health. J Child Psychol
Psychiatry. 2022;63:1196-205.

Keers R, Pluess M. Childhood quality influences genetic sensitivity to environ-
mental influences across adulthood: A life-course Gene x Environment inter-
action study. Dev Psychopathol. 2017;29:1921-33.

Cleary JL, Fang Y, Zahodne LB, Bohnert ASB, Burmeister M, Sen S. Polygenic risk
and social support in predicting depression under stress. Am J Psychiatry.
2023;180:139-45.

Barrantes-Vidal N, Torrecilla P, Mas-Bermejo P, Papiol S, Bakermans-Kranenburg
MJ, Rosa A, et al. Genetic life. Schizophr Bull. 2025;51:574-s84.

Koike S, Sakakibara E, Satomura Y, Sakurada H, Yamagishi M, Matsuoka J, et al.
Shared functional impairment in the prefrontal cortex affects symptom severity
across psychiatric disorders. Psychol Med. 2022;52:2661-70.

McTeague LM, Huemer J, Carreon DM, Jiang Y, Eickhoff SB, Etkin A. Identification
of common neural circuit disruptions in cognitive control across psychiatric
disorders. Am J Psychiatry. 2017;174:676-85.

Chen F, Bertelsen AB, Holm IE, Nyengaard JR, Rosenberg R, Dorph-Petersen KA.
Hippocampal volume and cell number in depression, schizophrenia, and suicide
subjects. Brain Res. 2020;1727:146546.

Cao P, Chen C, Si Q, Li Y, Ren F, Han C, et al. Volumes of hippocampal subfields
suggest a continuum between schizophrenia, major depressive disorder and
bipolar disorder. Front Psychiatry. 2023;14:1191170.

Child  Psychol Psychiatry.

SPRINGER NATURE

145.

146.

147.

148.

149.

150.

151.

152.

153.

154,

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Mathew |, Gardin TM, Tandon N, Eack S, Francis AN, Seidman LJ, et al. Medial
temporal lobe structures and hippocampal subfields in psychotic disorders:
findings from the Bipolar-Schizophrenia Network on Intermediate Phenotypes
(B-SNIP) study. JAMA Psychiatry. 2014;71:769-77.

Heckers S, Konradi C. Hippocampal pathology in schizophrenia. Curr Top Behav
Neurosci. 2010;4:529-53.

Marsden WN. Synaptic plasticity in depression: molecular, cellular and functional
correlates. Prog Neuropsychopharmacol Biol Psychiatry. 2013;43:168-84.
Drevets WC. Neuroimaging abnormalities in the amygdala in mood disorders.
AnnNYAcadSci. 2003;985:420-44.

Rauch SL, Shin LM, Wright Cl. Neuroimaging studies of amygdala function in
anxiety disorders. AnnNYAcadSci. 2003;985:389-410.

Holt DJ, Phillips ML. The human amygdala in schizophrenia. In: Phelps EA,
Whalen PJ, editors. The Human Amygdala. New York: Guilford; 2009. p. 344-61.
McTeague LM, Rosenberg BM, Lopez JW, Carreon DM, Huemer J, Jiang Y, et al.
Identification of common neural circuit disruptions in emotional processing
across psychiatric disorders. Am J Psychiatry. 2020;177:411-21.

Dixon ML, De La Vega A, Mills C, Andrews-Hanna J, Spreng RN, Cole MW, et al.
Heterogeneity within the frontoparietal control network and its relationship to the
default and dorsal attention networks. Proc Natl Acad Sci USA. 2018;115:E1598-e607.
Harding IH, Yuicel M, Harrison BJ, Pantelis C, Breakspear M. Effective connectivity
within the frontoparietal control network differentiates cognitive control and
working memory. Neuroimage. 2015;106:144-53.

Cocuzza CV, Ito T, Schultz D, Bassett DS, Cole MW. Flexible coordinator and
switcher hubs for adaptive task control. J Neurosci. 2020;40:6949-68.

Phan KL, Fitzgerald DA, Nathan PJ, Moore GJ, Uhde TW, Tancer ME. Neural
substrates for voluntary suppression of negative affect: a functional magnetic
resonance imaging study. Biol Psychiatry. 2005;57:210-9.

Etkin A, Egner T, Kalisch R. Emotional processing in anterior cingulate and
medial prefrontal cortex. Trends Cogn Sci. 2011;15:85-93.

Vermeylen L, Wisniewski D, Gonzélez-Garcia C, Hoofs V, Notebaert W, Braem S.
Shared neural representations of cognitive conflict and negative affect in the
medial frontal cortex. J Neurosci. 2020;40:8715-25.

Haber SN. Corticostriatal circuitry. Dialogues Clin Neurosci. 2016;18:7-21.
Frank MJ, Badre D. Mechanisms of hierarchical reinforcement learning in cor-
ticostriatal circuits 1: computational analysis. Cereb Cortex. 2012;22:509-26.
Goodkind M, Eickhoff SB, Oathes DJ, Jiang Y, Chang A, Jones-Hagata LB, et al.
Identification of a common neurobiological substrate for mental illness. JAMA
psychiatry. 2015;72:305-15.

Opel N, Goltermann J, Hermesdorf M, Berger K, Baune BT, Dannlowski U. Cross-
disorder analysis of brain structural abnormalities in six major psychiatric dis-
orders: a secondary analysis of mega- and meta-analytical findings from the
ENIGMA Consortium. Biol Psychiatry. 2020;88:678-86.

Brosch K, Stein F, Schmitt S, Pfarr JK, Ringwald KG, Thomas-Odenthal F, et al.
Reduced hippocampal gray matter volume is a common feature of patients with
major depression, bipolar disorder, and schizophrenia spectrum disorders. Mol
Psychiatry. 2022;27:4234-43.

Huang K, Kang Y, Wu Z, Wang Y, Cai S, Huang L. Asymmetrical alterations of grey
matter among psychiatric disorders: A systematic analysis by voxel-based activation
likelihood estimation. Prog Neuropsychopharmacol Biol Psychiatry. 2021;110:110322.
Gong Q, Scarpazza C, Dai J, He M, Xu X, Shi Y, et al. A transdiagnostic neuroana-
tomical signature of psychiatric illness. Neuropsychopharmacology. 2019;44:869-75.
Park BY, Kebets V, Lariviere S, Hettwer MD, Paquola C, van Rooij D, et al. Mul-
tiscale neural gradients reflect transdiagnostic effects of major psychiatric
conditions on cortical morphology. Commun Biol. 2022;5:1024.
Garcia-Cabezas M, Zikopoulos B, Barbas H. The Structural Model: a theory linking
connections, plasticity, pathology, development and evolution of the cerebral
cortex. Brain Struct Funct. 2019;224:985-1008.

Hansen JY, Shafiei G, Vogel JW, Smart K, Bearden CE, Hoogman M, et al. Local
molecular and global connectomic contributions to cross-disorder cortical
abnormalities. Nat Commun. 2022;13:4682.

Hettwer MD, Lariviere S, Park BY, van den Heuvel OA, Schmaal L, Andreassen
OA, et al. Coordinated cortical thickness alterations across six neurodevelop-
mental and psychiatric disorders. Nat Commun. 2022;13:6851.

de Lange SC, Scholtens LH, van den Berg LH, Boks MP, Bozzali M, Cahn W, et al.
Shared vulnerability for connectome alterations across psychiatric and neuro-
logical brain disorders. Nat Hum Behav. 2019;3:988-98.

Patel Y, Parker N, Shin J, Howard D, French L, Thomopoulos S|, et al. Virtual
Histology of Cortical Thickness and Shared Neurobiology in 6 Psychiatric Dis-
orders. JAMA Psychiatry. 2021;78:47-63.

Shen EH, Overly CC, Jones AR. The Allen Human Brain Atlas: comprehensive
gene expression mapping of the human brain. Trends Neurosci. 2012;35:711-4.
Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, Miller JA, et al. An
anatomically comprehensive atlas of the adult human brain transcriptome.
Nature. 2012;489:391-9.

Neuropsychopharmacology (2026) 51:293 - 309



173.
174.
175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194,

195.

196.

197.

198.

199.

McEwen BS, Nasca C, Gray JD. Stress effects on neuronal structure: Hippocampus,
Amygdala, and Prefrontal Cortex. Neuropsychopharmacology. 2016;41:3-23.
Tavosanis G. Dendritic structural plasticity. Dev Neurobiol. 2012;72:73-86.
Martinez-Cerdefio V. Dendrite and spine modifications in autism and related
neurodevelopmental disorders in patients and animal models. Dev Neurobiol.
2017;77:393-404.

Konopaske GT, Lange N, Coyle JT, Benes FM. Prefrontal cortical dendritic spine
pathology in schizophrenia and bipolar disorder. JAMA Psychiatry. 2014;71:1323-31.
Guo JL, Lee VM. Cell-to-cell transmission of pathogenic proteins in neurode-
generative diseases. Nat Med. 2014;20:130-8.

Fornito A, Zalesky A, Breakspear M. The connectomics of brain disorders. Nat
Rev Neurosci. 2015;16:159-72.

Raj A, Powell F. Models of Network Spread and Network Degeneration in Brain
Disorders. Biol psychiatry Cogn Neurosci Neuroimaging. 2018;3:788-97.
Bradshaw NJ, Korth C. Protein misassembly and aggregation as potential con-
vergence points for non-genetic causes of chronic mental illness. Mol Psy-
chiatry. 2019;24:936-51.

Davis AA, Leyns CEG, Holtzman DM. Intercellular spread of protein aggregates in
neurodegenerative disease. Annu Rev Cell Dev Biol. 2018;34:545-68.

Jan A, Gongalves NP, Vaegter CB, Jensen PH, Ferreira N. The Prion-Like
Spreading of Alpha-Synuclein in Parkinson’s Disease: Update on Models and
Hypotheses. Int J Mol Sci. 2021;22(15).

Tzioras M, McGeachan RI, Durrant CS, Spires-Jones TL. Synaptic degeneration in
Alzheimer disease. Nat Rev Neurol. 2023;19:19-38.

Henderson MX, Cornblath EJ, Darwich A, Zhang B, Brown H, Gathagan RJ, et al.
Spread of a-synuclein pathology through the brain connectome is modulated
by selective vulnerability and predicted by network analysis. Nat Neurosci.
2019;22:1248-57.

Basheer N, Buee L, Brion JP, Smolek T, Muhammadi MK, Hritz J, et al. Shaping
the future of preclinical development of successful disease-modifying drugs
against Alzheimer’s disease: a systematic review of tau propagation models.
Acta Neuropathol Commun. 2024;12:52.

Barbour AJ, Hoag K, Cornblath EJ, Chavez A, Lucas A, Li X, et al. Hyperactive
neuronal networks facilitate tau spread in an Alzheimer’s disease mouse model.
bioRxiv. (2024). Preprint at https://doi.org/10.1101/2024.12.01.625514.
Cornblath EJ, Li HL, Changolkar L, Zhang B, Brown HJ, Gathagan RJ, et al.
Computational modeling of tau pathology spread reveals patterns of regional
vulnerability and the impact of a genetic risk factor. Sci Adv. 2021;7:1-15.
Wall RV, Basavarajappa D, Klistoner A, Graham S, You Y. Mechanisms of Trans-
synaptic degeneration in the aging brain. Aging Dis. 2024;15:2149-67.

Chopra S, Segal A, Oldham S, Holmes A, Sabaroedin K, Orchard ER, et al.
Network-based spreading of gray matter changes across different stages of
psychosis. JAMA psychiatry. 2023;80:1246-57.

Casey BJ, Cannonier T, Conley MI, Cohen AO, Barch DM, Heitzeg MM, et al. The
Adolescent Brain Cognitive Development (ABCD) study: Imaging acquisition
across 21 sites. Dev Cogn Neurosci. 2018;32:43-54.

Wannan CMJ, Nelson B, Addington J, Allott K, Anticevic A, Arango C, et al.
Accelerating Medicines Partnership® Schizophrenia (AMP® SCZ): Rationale and
study design of the largest global prospective cohort study of clinical high risk
for psychosis. Schizophr Bull. 2024;50:496-512.

Ohashi K, Anderson CM, Bolger EA, Khan A, McGreenery CE, Teicher MH. Sus-
ceptibility or resilience to maltreatment can be explained by specific differences
in brain network architecture. Biol Psychiatry. 2019;85:690-702.

Doucet GE, Janiri D, Howard R, O'Brien M, Andrews-Hanna JR, Frangou S.
Transdiagnostic and disease-specific abnormalities in the default-mode network
hubs in psychiatric disorders: A meta-analysis of resting-state functional ima-
ging studies. Eur Psychiatry. 2020;63:e57.

Sha Z, Wager TD, Mechelli A, He Y. Common dysfunction of large-scale neuro-
cognitive networks across psychiatric disorders. Biol Psychiatry. 2019;85:379-88.
Tu PC, Bai YM, Li CT, Chen MH, Lin WC, Chang WC, et al. Identification of
common thalamocortical dysconnectivity in four major psychiatric disorders.
Schizophr Bull. 2019;45:1143-51.

Ma Q, Tang Y, Wang F, Liao X, Jiang X, Wei S, et al. Transdiagnostic dysfunctions in
brain modules across patients with schizophrenia, bipolar disorder, and major
depressive disorder: a connectome-based study. Schizophr Bull. 2020;46:699-712.
Tu PC, Chen MH, Chang WC, Kao ZK, Hsu JW, Lin WC, et al. Identification of
common neural substrates with connectomic abnormalities in four major psy-
chiatric disorders: A connectome-wide association study. Eur Psychiatry.
2020;64:8.

Repple J, Gruber M, Mauritz M, de Lange SC, Winter NR, Opel N, et al. Shared
and specific patterns of structural brain connectivity across affective and psy-
chotic disorders. Biol Psychiatry. 2023;93:178-86.

Zhang L, Zhang R, Han S, Womer FY, Wei Y, Duan J, et al. Three major psychiatric
disorders share specific dynamic alterations of intrinsic brain activity. Schizophr
Res. 2022;243:322-9.

Neuropsychopharmacology (2026) 51:293 - 309

D.J.

Holt et al.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

213.

214,

216.

217.

218.

220.

221.

223.

224,

Cheon EJ, Bearden CE, Sun D, Ching CRK, Andreassen OA, Schmaal L, et al. Cross
disorder comparisons of brain structure in schizophrenia, bipolar disorder, major
depressive disorder, and 22g11.2 deletion syndrome: A review of ENIGMA
findings. Psychiatry Clin Neurosci. 2022;76:140-61.

Koshiyama D, Fukunaga M, Okada N, Morita K, Nemoto K, Usui K, et al. White
matter microstructural alterations across four major psychiatric disorders: mega-
analysis study in 2937 individuals. Mol Psychiatry. 2020;25:883-95.

McCrae RR, Costa PT Jr. Validation of the five-factor model of personality across
instruments and observers. J Pers Soc Psychol. 1987;52:81-90.

Goldberg LR. The structure of phenotypic personality traits. Am Psychol.
1993;48:26-34.

Clark LA, Watson D. Personality, disorder, and personality disorder: towards a
more rational conceptualization. J Personal Disord. 1999;13:142-51.

Markon KE, Krueger RF, Watson D. Delineating the structure of normal and
abnormal personality: an integrative hierarchical approach. J Pers Soc Psychol.
2005;88:139-57.

Kotov R, Gamez W, Schmidt F, Watson D. Linking “big” personality traits to
anxiety, depressive, and substance use disorders: a meta-analysis. Psychol Bull.
2010;136:768-821.

Krabbendam L, Janssen |, Bak M, Bijl RV, de Graaf R, van Os J. Neuroticism and
low self-esteem as risk factors for psychosis. Soc Psychiatry Psychiatr Epidemiol.
2002;37:1-6.

Kromenacker B, Yassin W, Keshavan M, Parker D, Thakkar VJ, Pearlson G, et al.
Evaluating the exposome score for schizophrenia in a transdiagnostic psychosis
cohort: associations with psychosis risk, symptom severity, and personality
traits. Schizophr Bull. 2025;51:1454-63.

Jeronimus BF, Kotov R, Riese H, Ormel J. Neuroticism’s prospective association with
mental disorders halves after adjustment for baseline symptoms and psychiatric history,
but the adjusted association hardly decays with time: a meta-analysis on 59 long-
itudinal/prospective studies with 443,313 participants. Psychol Med. 2016;46:2883-906.
Boyette LL, Korver-Nieberg N, Verweij K, Meijer C, Dingemans P, Cahn W, et al.
Associations between the Five-Factor Model personality traits and psychotic
experiences in patients with psychotic disorders, their siblings and controls.
Psychiatry Res. 2013;210:491-7.

. Goodwin RD, Fergusson DM, Horwood LJ. Neuroticism in adolescence and

psychotic symptoms in adulthood. Psychol Med. 2003;33:1089-97.

. Bogg T, Roberts BW. Conscientiousness and health-related behaviors: a meta-

analysis of the leading behavioral contributors to mortality. Psychol Bull.
2004;130:887-919.

Bogg T, Roberts BW. The case for conscientiousness: evidence and implications
for a personality trait marker of health and longevity. Ann Behav Med.
2013;45:278-88.

Rosenstrom T, Gjerde LC, Krueger RF, Aggen SH, Czajkowski NO, Gillespie NA,
et al. Joint factorial structure of psychopathology and personality. Psychol Med.
2019;49:2158-67.

. Boomsma DI, Helmer Q, Nieuwboer HA, Hottenga JJ, de Moor MH, van den Berg

SM, et al. An Extended Twin-Pedigree Study of Neuroticism in the Netherlands
Twin Register. Behav Genet. 2018;48:1-11.

Nagel M, Jansen PR, Stringer S, Watanabe K, de Leeuw CA, Bryois J, et al. Meta-
analysis of genome-wide association studies for neuroticism in 449,484 indivi-
duals identifies novel genetic loci and pathways. Nat Genet. 2018;50:920-7.
Hirshfeld-Becker DR, Micco J, Henin A, Bloomfield A, Biederman J, Rosenbaum J.
Behavioral inhibition. Depress Anxiety. 2008;25:357-67.

Fox NA, Buzzell GA, Morales S, Valadez EA, Wilson M, Henderson HA. Under-
standing the emergence of social anxiety in children with behavioral inhibition.
Biol Psychiatry. 2021;89:681-9.

. Verhagen M, Derks M, Roelofs K, Maciejewski D. Behavioral inhibition, negative

parenting, and social withdrawal: Longitudinal associations with loneliness
during early, middle, and late adolescence. Child Dev. 2023;94:512-28.

Quilty LC, Mackew L, Bagby RM. Distinct profiles of behavioral inhibition and
activation system sensitivity in unipolar vs. bipolar mood disorders. Psychiatry
Res. 2014;219:228-31.

Feola B, Armstrong K, Woodward ND, Heckers S, Blackford JU. Childhood tem-
perament is associated with distress, anxiety and reduced quality of life in
schizophrenia spectrum disorders. Psychiatry Res. 2019;275:196-203.

. Feola B, Armstrong K, Flook EA, Woodward ND, Heckers S, Blackford JU. Evi-

dence for inhibited temperament as a transdiagnostic factor across mood and
psychotic disorders. J Affect Disord. 2020;274:995-1003.

Gustavson DE, Morrison CL, Mallard TT, Jennings MV, Fontanillas P, Elson SL,
et al. Executive function and impulsivity predict distinct genetic variance in
internalizing problems, externalizing problems, thought disorders, and com-
pulsive disorders: a genomic structural equation modeling study. Clin Psychol
Sci. 2024;12:865-81.

Green MF. Cognitive impairment and functional outcome in schizophrenia and
bipolar disorder. J Clin Psychiatry. 2006;67:1-3.

SPRINGER NATURE

307


https://doi.org/10.1101/2024.12.01.625514

D.J. Holt et al.

308

225.

226.

227.

228.

229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

240.

241,

242.

243,

244,

245,

246.

247.

248.

249.

Sheffield J, Karcher N, Barch D. Cognitive Deficits in Psychotic Disorders: A
Lifespan Perspective. Neuropsychology rev. 2018;28:509-33.

Smeland O, Bahrami S, Frei O, Shadrin A, O'Connell K, Savage J, et al. Genome-
wide analysis reveals extensive genetic overlap between schizophrenia, bipolar
disorder, and intelligence. Mol Psychiatry. 2020;25:844-53.

He Q, Mam-Lam-Fook CJ, Chaignaud J, Danset-Alexandre C, Iftimovici A, Hauguel
JG, et al. Influence of polygenic risk scores for schizophrenia and resilience on the
cognition of individuals at-risk for psychosis. Transl Psychiatry. 2021;11:1-9.
Bortolato B, Miskowiak K, Kéhler C, Vieta E, Carvalho A. Cognitive dysfunction in
bipolar disorder and schizophrenia: a systematic review of meta-analyses.
Neuropsychiatr Dis Treat. 2015;11:3111-25.

Choi KW, Stein MB, Dunn EC, Koenen KC, Smoller JW. Genomics and psycho-
logical resilience: a research agenda. Mol Psychiatry. 2019;24:1770-8.

Kleiman EM, Chiara AM, Liu RT, Jager-Hyman SG, Choi JY, Alloy LB. Optimism
and well-being: a prospective multi-method and multi-dimensional examination
of optimism as a resilience factor following the occurrence of stressful life
events. Cogn Emot. 2017;31:269-83.

Fritz J, de Graaff AM, Caisley H, van Harmelen AL, Wilkinson PO. A systematic
review of amenable resilience factors that moderate and/or mediate the rela-
tionship between childhood adversity and mental health in young people. Front
Psychiatry. 2018;9:230.

Sewart AR, Zbozinek TD, Hammen C, Zinbarg RE, Mineka S, Craske MG. Positive
affect as a buffer between chronic stress and symptom severity of emotional
disorders. Clin Psychol Sci. 2019;7:914-27.

Thoern HA, Grueschow M, Ehlert U, Ruff CC, Kleim B. Attentional bias towards
positive emotion predicts stress resilience. PLoS One. 2016;11:e0148368.
Trompetter HR, de Kleine E, Bohlmeijer ET. Why does positive mental health
buffer against psychopathology? an exploratory study on self-compassion as a
resilience mechanism and adaptive emotion regulation strategy. Cogn Ther Res.
2017;41:459-68.

Oztekin GG, Gémez-Salgado J, Yildinm M. Future anxiety, depression and stress
among undergraduate students: psychological flexibility and emotion regula-
tion as mediators. Front Psychol. 2025;16:1517441.

Bonanno GA, Burton CL. Regulatory flexibility: an individual differences per-
spective on coping and emotion regulation. Perspect Psychol Sci.
2013;8:591-612.

Waaktaar T, Torgersen S. Genetic and environmental causes of variation in trait
resilience in young people. Behav Genet. 2012;42:366-77.

Malouff JM, Schutte NS. Can psychological interventions increase optimism? A
meta-analysis. J Posit Psychol. 2017;12:594-604.

. Ferrari M, Hunt C, Harrysunker A, Abbott MJ, Beath AP, Einstein DA. Self-

compassion interventions and psychosocial outcomes: a meta-analysis of RCTs.
2019.

Amstadter AB, Moscati A, Maes OxonMA, Myers HH, Kendler JM. KS. Personality,
cognitive/psychological traits and psychiatric resilience: A multivariate twin
study. Pers Individ Dif. 2016;91:74-9.

Morris SE, Cuthbert BN. Research Domain Criteria: cognitive systems, neural
circuits, and dimensions of behavior. Dialogues Clin Neurosci. 2012;14:29-37.
Zapetis SL, Nasiriavanaki Z, Luther L, Holt DJ. Neural Correlates of Variation in
Personal Space and Social Functioning in Schizophrenia and Healthy Individuals.
Schizophr Bull. 2022;48:1075-84.

Vinke LN, Avanaki M, Jeffrey C, Harikumar A, Mow JL, Tootell RBH, et al. Neural
correlates of personal space regulation in psychosis: role of the inferior parietal
cortex. Mol Psychiatry. 2025;30:3008-17.

Pintos Lobo R, Bottenhorn KL, Riedel MC, Toma Al, Hare MM, Smith DD, et al.
Neural systems underlying RDoC social constructs: An activation likelihood
estimation meta-analysis. Neurosci Biobehav Rev. 2023;144:104971.

Pizzagalli DA. Toward a better understanding of the mechanisms and patho-
physiology of anhedonia: are we ready for translation?. Am J Psychiatry.
2022;179:458-69.

Liang S, Wu Y, Hanxiaoran L, Greenshaw AJ, Li T. Anhedonia in depression and
schizophrenia: brain reward and aversion circuits. Neuropsychiatr Dis Treat.
2022;18:1385-96.

Pearlson GD, Clementz BA, Sweeney JA, Keshavan MS, Tamminga CA. Does
biology transcend the symptom-based boundaries of psychosis?. Psychiatr Clin
North Am. 2016;39:165-74.

Krueger RF, Caspi A, Moffitt TE, Silva PA. The structure and stability of common
mental disorders (DSM-III-R): a longitudinal-epidemiological study. J Abnorm
Psychol. 1998;107:216-27.

Wright AG, Krueger RF, Hobbs MJ, Markon KE, Eaton NR, Slade T. The structure
of psychopathology: toward an expanded quantitative empirical model. J
Abnorm Psychol. 2013;122:281-94.

. Krueger RF, Kotov R, Watson D, Forbes MK, Eaton NR, Ruggero CJ, et al. Progress

in achieving quantitative classification of psychopathology. World psychiatry: J
World Psychiatr Assoc (WPA). 2018;17:282-93.

SPRINGER NATURE

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

Kotov R, Krueger RF, Watson D. A paradigm shift in psychiatric classification: the
Hierarchical Taxonomy Of Psychopathology (HiTOP). World Psychiatry: J World
Psychiatr Assoc (WPA). 2018;17:24-5.

Krabbendam L, van Os J. Affective processes in the onset and persistence of
psychosis. Eur Arch Psychiatry Clin Neurosci. 2005;255:185-9.

Guloksuz S, Pries LK, Ten Have M, de Graaf R, van Dorsselaer S, Klingenberg B,
et al. Association of preceding psychosis risk states and non-psychotic mental
disorders with incidence of clinical psychosis in the general population: a pro-
spective study in the NEMESIS-2 cohort. World Psychiatry : J World Psychiatr
Assoc (WPA). 2020;19:199-205.

Kessing LV, Willer I, Andersen PK, Bukh JD. Rate and predictors of conversion
from unipolar to bipolar disorder: A systematic review and meta-analysis.
Bipolar Disord. 2017;19:324-35.

Keramatian K, Chakrabarty T, Saraf G, Yatham LN. Transitioning to bipolar dis-
order: A systematic review of prospective high-risk studies. Curr Opin Psychiatry.
2022;35:10-21.

Shah JL, Scott J, McGorry PD, Cross SPM, Keshavan MS, Nelson B, et al. Trans-
diagnostic clinical staging in youth mental health: a first international consensus
statement. World Psychiatry : J World Psychiatr Assoc (WPA). 2020;19:233-42.
Allegrini AG, Cheesman R, Rimfeld K, Selzam S, Pingault JB, Eley TC, et al. The p
factor: genetic analyses support a general dimension of psychopathology in
childhood and adolescence. J Child Psychol Psychiatry. 2020;61:30-9.

von Stumm S, Malanchini M, Fisher HL. The developmental interplay between
the p-factor of psychopathology and the g-factor of intelligence from age 7
through 16 years. Dev Psychopathol. 2023:1-10.

Pietrzak RH, Kinley J, Afifi TO, Enns MW, Fawcett J, Sareen J. Subsyndromal
depression in the United States: prevalence, course, and risk for incident psy-
chiatric outcomes. Psychol Med. 2013;43:1401-14.

Yung AR, Phillips U, Yuen HP, McGorry PD. Risk factors for psychosis in an ultra high-
risk group: psychopathology and clinical features. Schizophr Res. 2004;67:131-42.
Salokangas RK, Schultze-Lutter F, Hietala J, Heinimaa M, From T, llonen T, et al.
Depression predicts persistence of paranoia in clinical high-risk patients to
psychosis: results of the EPOS project. Soc Psychiatry Psychiatr Epidemiol.
2016;51:247-57.

Uchida M, Fitzgerald M, Lin K, Carrellas N, Woodworth H, Biederman J. Can
subsyndromal manifestations of major depression be identified in children at
risk?. Acta Psychiatr Scand. 2017;135:127-37.

Uchida M, Fitzgerald M, Woodworth H, Carrellas N, Kelberman C, Biederman J.
Subsyndromal manifestations of depression in children predict the develop-
ment of major depression. J Pediatr. 2018;201:252-8.e1.

Uchida M, Hirshfeld-Becker D, DiSalvo M, Rosenbaum J, Henin A, Green A, et al.
Further evidence that subsyndromal manifestations of depression in childhood
predict the subsequent development of major depression: a replication study in
a 10 year longitudinally assessed sample. J Affect Disord. 2021;287:101-6.

van Os J, Linscott RJ, Myin-Germeys |, Delespaul P, Krabbendam L. A systematic
review and meta-analysis of the psychosis continuum: evidence for a psychosis
proneness-persistence-impairment model of psychotic disorder. Psychol Med.
2009;39:179-95.

Linscott RJ, van Os J. An updated and conservative systematic review and meta-
analysis of epidemiological evidence on psychotic experiences in children and
adults: on the pathway from proneness to persistence to dimensional expres-
sion across mental disorders. Psychol Med. 2013;43:1133-49.

Hanssen M, Bak M, Bijl R, Vollebergh W, van Os J. The incidence and outcome of
subclinical psychotic experiences in the general population. Br J Clin Psychol.
2005;44:181-91.

Poulton R, Caspi A, Moffitt TE, Cannon M, Murray R, Harrington H. Children’s self-
reported psychotic symptoms and adult schizophreniform disorder: a 15-year
longitudinal study. Arch Gen Psychiatry. 2000;57:1053.

Welham J, Scott J, Williams GM, Najman JM, Bor W, O’Callaghan M, et al. The
antecedents of non-affective psychosis in a birth-cohort, with a focus on
measures related to cognitive ability, attentional dysfunction and speech pro-
blems. Acta Psychiatr Scand. 2009;121:273-79.

Kelleher |, Keeley H, Corcoran P, Lynch F, Fitzpatrick C, Devlin N, et al. Clin-
icopathological significance of psychotic experiences in non-psychotic young
people: evidence from four population-based studies. Br J Psychiatry.
2012;201:26-32.

Asher L, Zammit S, Sullivan S, Dorrington S, Heron J, Lewis G. The relationship
between psychotic symptoms and social functioning in a non-clinical popula-
tion of 12year olds. Schizophr Res. 2013;150:404-9.

Hazan H, Spelman T, Amminger GP, Hickie I, McGorry PD, Phillips LJ, et al. The
prognostic significance of attenuated psychotic symptoms in help-seeking
youth. Schizophr Res. 2020;215:277-83.

Rimvall MK, van Os J, Verhulst F, Wolf RT, Larsen JT, Clemmensen L, et al. Mental
health service use and psychopharmacological treatment following psychotic
experiences in preadolescence. Am J Psychiatry. 2020;177:318-26.

Neuropsychopharmacology (2026) 51:293 - 309



274.

275.

276.

277.

278.

279.

280.

282.

283.

284,

285.

286.

287.

288.

289.

Sharma A, Wolf DH, Ciric R, Kable JW, Moore TM, Vandekar SN, et al. Common
Dimensional Reward Deficits Across Mood and Psychotic Disorders: A
Connectome-Wide Association Study. Am J Psychiatry. 2017;174:657-66.
Wieland L, Fromm S, Hetzer S, Schlagenhauf F, Kaminski J. Neuromelanin-
Sensitive Magnetic Resonance Imaging in Schizophrenia: A Meta-Analysis of
Case-Control Studies. Front Psychiatry. 2021;12:770282.

Cassidy CM, Zucca FA, Girgis RR, Baker SC, Weinstein JJ, Sharp ME, et al.
Neuromelanin-sensitive MRI as a noninvasive proxy measure of dopamine
function in the human brain. Proc Natl Acad Sci USA. 2019;116:5108-17.
McKenna F, Vinke L, Williams M, Gaw M, Dunk M, Jacobs H, et al. Postpartum psy-
chosis is associated with elevated midbrain neuromelanin Mol Psychiatry. In press.
Kebets V, Holmes AJ, Orban C, Tang S, Li J, Sun N, et al. Somatosensory-motor
dysconnectivity spans multiple transdiagnostic dimensions of psychopathology.
Biol Psychiatry. 2019;86:779-91.

Romer AL, Knodt AR, Houts R, Brigidi BD, Moffitt TE, Caspi A, et al. Structural
alterations within cerebellar circuitry are associated with general liability for
common mental disorders. Mol Psychiatry. 2018;23:1084-90.

Elliott ML, Romer A, Knodt AR, Hariri AR. A Connectome-wide functional sig-
nature of transdiagnostic risk for mental illness. Biol Psychiatry. 2018;84:452-9.

. Romer AL, Elliott ML, Knodt AR, Sison ML, Ireland D, Houts R, et al. Pervasively

Thinner Neocortex as a transdiagnostic feature of general psychopathology. Am
J Psychiatry. 2021;178:174-82.

Kaczkurkin AN, Moore TM, Calkins ME, Ciric R, Detre JA, Elliott MA, et al. Com-
mon and dissociable regional cerebral blood flow differences associate with
dimensions of psychopathology across categorical diagnoses. Mol Psychiatry.
2018;23:1981-9.

McGorry PD, Purcell R, Hickie IB, Yung AR, Pantelis C, Jackson HJ. Clinical staging: a
heuristic model for psychiatry and youth mental health. Med J Aust. 2007;187:540-2.
Scott J, lorfino F, Capon W, Crouse J, Nelson B, Chanen AM, et al. Staging 2.0:
refining transdiagnostic clinical staging frameworks to enhance reliability and
utility for youth mental health. Lancet Psychiatry. 2024;11:461-71.

Menon V, Uddin LQ. Saliency, switching, attention and control: a network model
of insula function. Brain Struct Funct. 2010;214:655-67.

Seeley WW. The salience network: a neural system for perceiving and
responding to homeostatic demands. J Neurosci. 2019;39:9878-82.

Burke AS, Shapero BG, Pelletier-Baldelli A, Deng WY, Nyer MB, Leathem L, et al.
Rationale, methods, feasibility, and preliminary outcomes of a transdiagnostic
prevention program for at-risk college students. Front Psychiatry. 2019;10:1030.
DeTore NR, Luther L, Deng W, Zimmerman J, Leathem L, Burke AS, et al. Efficacy
of a transdiagnostic, prevention-focused program for at-risk young adults: a
waitlist-controlled trial. Psychol Med. 2022:1-10.

Holt DJ, DeTore NR, Aideyan B, Utter L, Vinke L, Johnson DS, et al. Enhancing social
functioning using multi-user, immersive virtual reality. Sci Rep. 2025;15:2790.

Neuropsychopharmacology (2026) 51:293 - 309

D.J. Holt et al.

AUTHOR CONTRIBUTIONS
All of the authors contributed to the conceptualization, drafting, and editing of this
review.

FUNDING

Research conducted by the authors related to this article has received funding from
the National Institute of Mental Health (ROIMH134936, ROIMH127265, ROIMH12542,
ROIMH122371 (DJH); KO8BMH127413 (KWC); K23MH131793 (NRD)), the Charles H.
Hood Foundation (KWC), the Massachusetts Department of Mental Health, the Sidney
R. Baer Jr Foundation and the Ruderman Family Foundation.

COMPETING INTERESTS
KWC is a paid consultant and member of the Mind Advisory Committee of Sword
Health. The remaining authors have no disclosures.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Daphne J. Holt.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

SPRINGER NATURE

309


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Transdiagnostic prevention in youth mental health, Part I: rationale, shared risk factors
	Introduction
	Evidence for shared genetic and environmental risk factors across psychiatric disorders
	Genetic risk
	Environmental risk
	Gene-environment correlations and interactions

	Potential neural manifestations of transdiagnostic genetic and environmental risk factors
	Changes in the brain associated with psychiatric conditions: limited evidence for diagnostic specificity
	Findings of cross-disorder meta-analyses of pooled MRI data
	The “spreading pathology” hypothesis
	Transdiagnostic functional connectivity studies
	Differences between diagnostic groups
	Current limitations of this line of research and future directions

	Potential psychological manifestations of transdiagnostic genetic and environmental risk factors
	Personality, temperament, and cognition
	The Research Domain Criteria
	Dimensional models of psychopathology
	Subclinical symptoms
	Neuroimaging studies of dimensional aspects of psychopathology

	Summary and proposed model
	Clinical implications and future directions
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION


