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Abstract

Human studies of fear neurobiology have established neural circuits that are activated to
threatening stimuli, whether it be during Pavlovian fear conditioning or in response to naturally
occurring threats. This circuitry involves the central and basolateral amygdala, as well as the bed
nucleus of the stria terminalis, insula, hippocampus, and regulatory regions such as the anterior
cingulate cortex and ventromedial prefrontal cortex. While research has found that fear-based
disorders, such as anxiety and post-traumatic stress disorder, as associated with dysfunction

in these circuits, there is substantial individual heterogeneity in the clinical presentation of
symptoms. Recent work has used data-driven methods to derive brain biotypes that capitalize

on the activity of the fear circuit and its interaction with other regions of the brain. These biotypes
have great utility in both describing individual variation in psychopathology and in identifying
individuals at greater risk for fear-based disorders after an environmental stressor, such as a
traumatic event. The review discusses recent examples of how fear neurobiology studies can be
leveraged to derive biotypes that may ultimately lead to improved treatment.
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Trauma, defined as exposure to actual or threatened death, serious injury, or sexual
violence, is highly prevalent: global data indicate that 70% of individuals around the
world have experienced at least one major traumatic event in their lives (Kessler et

al., 2017). Those who have experienced trauma are at risk for multiple mental health
disorders (Green et al., 2010), including fear-based disorders characterized by pathological
fear or worry, and heightened physiological arousal triggered by stimuli or situations

in the absence of actual danger (Singewald et al., 2015). Pathological fear or worry is
present in a range of psychiatric conditions, including anxiety disorders (e.g. generalized
anxiety disorder, specific phobias, and panic disorder) and trauma-related disorders (e.g.
posttraumatic stress disorder, PTSD). Despite the prevalent link between trauma exposure
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and fear-based disorders, there is clear evidence for heterogeneity in the type and severity

of outcomes following trauma, and within clinical presentations of fear-based disorders. In
fact, there are 3,150 different symptom combinations which would satisfy diagnostic criteria
for PTSD (Galatzer-Levy and Bryant, 2013). The heterogeneity in clinically observable
symptoms suggests that there are multiple homogeneous biologically-based clusters within
and between diagnostic categories (Insel and Cuthbert, 2015). However, the neurobiological
basis of these clusters remains poorly understood. Identifying unique profiles of brain
activation underlying heterogeneity in fear-based disorders may help improve diagnostic
specificity, treatment response, and aid in predicting divergent outcomes following trauma.

In response, the National Institutes of Mental Health advanced the Research Domain Criteria
(RDoC) framework with the primary goal to restructure mental health classification given
that these disorders emerge from dysfunction in neural circuits (Insel et al., 2010). Aligned
with this approach, current research has empirically distinguished unique clinical symptom
profiles, or subtypes, of PTSD which showed differential associations with functional
impairment (Breslau et al., 2005; Naifeh et al., 2010). In trauma-exposed youth, clinical
subtypes were differentially associated with longitudinal risk for worsening symptoms and
functional impairment (Ayer et al., 2011). As such, identifying associations between these
clinical subtypes and their biological substrates may provide more precise biomarkers in
vulnerable populations like trauma-exposed youth. Neuroimaging studies play a key role
in filling this gap by identifying neural correlates of fear that are predictive of subsequent
mental health outcomes following trauma.

Given that fear-based disorders are often characterized by exaggerated threat reactivity,
experimental models of these disorders include direct associative learning of threat and
safety, as well as social threat processing (Shackman and Fox, 2021). Extensive work
describing the neural correlates of Pavlovian fear conditioning has been conducted in rodent
models (Ganella and Kim, 2013) and humans (Jovanovic et al., 2013) and has identified an
evolutionarily conserved neurocircuit underlying the acquisition, expression, and modulation
of learned threat responses. Work with rodent models has implicated the amygdala and its
connections to the brain stem in the execution of efferent behavioral responses to threatening
or unconditioned aversive stimuli (Davis, 1992; Gafford and Ressler, 2016). Microcircuits
within the central and basolateral amygdala are involved in consolidating threat during fear
conditioning, by associating an unconditioned stimulus (US) with a conditioned stimulus
(CS+) (Fanselow and LeDoux, 1999). Translational work in monkeys and humans has
shown that, in addition to the central amygdala, the bed nucleus of the stria terminalis
supports increased physiological arousal to both acute and potential threat (Shackman and
Fox, 2016). Neuroimaging research in humans has extended the fear conditioning circuitry
beyond amygdala microcircuits to include the dorsal anterior cingulate cortex (dACC),
hippocampus, insula, and the dorsolateral prefrontal cortex (dIPFC) during the acquisition of
fear (Alvarez et al., 2008; Fullana et al., 2016; Milad et al., 2007a), and the ventromedial
prefrontal cortex (vmPFC) during the extinction of fear (Milad et al., 2007b). This same
neurocircuitry may also mediate responses to stimuli that are not inherently threatening,

but may convey information about potential threats nearby. For example, the socio-cultural
environment can provide such information through observation of fearful emotional states
of others (Bandura and Walters, 1977; Olsson and Phelps, 2007). The recognition of
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these social threat cues is an important survival mechanism to appropriately respond to
environmental threats. In humans, patterns of brain activation similar to those evoked by
fear conditioning paradigms, can be observed when fear is acquired via social observation
(Olsson et al., 2007) and passive viewing of negative emotions (Shin and Liberzon, 2010).

While neural correlates of threat may underlie hallmark symptoms of fear-based disorders
(Etkin and Wager, 2007; Wen et al., 2021), focusing exclusively on these brain regions may
obscure meaningful differences in neural engagement giving rise to individual variation in
fear-based symptomology (LeDoux and Pine, 2016). Heterogeneity in fear-based symptoms
may be explained in part by interactions between fear conditioning circuitry with other
brain regions that are not typically considered part of the this circuit (Insel and Cuthbert,
2015; Pessoa and Adolphs, 2010). For example, the ventral visual stream was recently
implicated in reexperiencing symptoms in PTSD patients and predicted increasing symptom
severity over time (Harnett et al., 2022). To broaden the scope of fear conditioning circuit
interactions, a data-driven approach can be applied to identify patterns of activation or
connectivity across multiple networks to describe unique functional brain profiles, or
biotypes, in the context of threat (Figure 1a). This approach may explain heterogeneity
within clinical presentations of fear-based disorders (Maron-Katz et al., 2020) and different
mental health outcomes following trauma exposure (Stevens et al., 2021)(Figure 1b). This
review will provide a focused discussion of the recent studies which derived threat-related
biotypes to test their associations with fear-based symptoms, and their predictive value in
identifying differing outcomes following trauma exposure.

Fear conditioning (i.e. acquisition) and extinction paradigms serve as an experimental
model of fear-based disorders and elucidate pathological processes underlying differences in
learned fear and safety (Graham and Milad, 2011; Jovanovic and Ressler, 2010). Although
much progress had been made in identifying the neurocircuitry involved in fear acquisition
and extinction, relatively few studies have used these paradigms to define biotypes.

To address this gap in the literature, Ahrenholtz and co-authors applied a data-driven
approach to functional magnetic resonance imaging (FMRI) data collected during a fear
acquisition and extinction task in adult women with PTSD (Ahrenholtz et al., 2021). A
K-means clustering analysis identified 3 distinct biotypes of functional brain activation when
contrasting CS+>CS- during acquisition and extinction separately. The first biotype was
characterized by greater engagement of the salience network, which may indicate greater
attentional awareness of potentially threatening stimuli. The second biotype was represented
by greater activation in the ventral visual network during both acquisition and extinction,
and may be associated with processes related to object recognition. The last biotype

was characterized by increased engagement of the default mode network (DMN) during
acquisition. These biotypes demonstrated distinct associations with clinical, behavioral, and
trauma-related measures, such that biotype 1 was uniquely associated with higher working
memory, better emotion regulation, and less distress; in addition, biotypes 1 and 3 were
associated with less early life sexual abuse, as well as lower skin conductance response
(SCR) and reexperiencing symptoms. Moreover, individuals whose functional profiles most
closely resembled the second biotype were more likely to demonstrate greater SCR and
threat expectancy ratings specific to the CS+ during acquisition compared to extinction.
These results show that, although all women in the sample were diagnosed with PTSD,
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there are apparent distinct functional profiles of brain activation during fear acquisition and
extinction with differing clinical characteristics.

To further understand the neural bases of heterogeneity in fear-based disorders, Wen and
colleagues used a whole brain approach to evaluate altered dynamic functional connectivity
(FC) in healthy controls, anxiety patients, and PTSD patients (Wen et al., 2022). Participants
underwent fear acquisition and extinction learning, and extinction recall the following

day. During fear extinction learning and recall, the authors used dynamic FC to capture
temporal changes in the functional coupling of brain regions between large-scale brain
networks related to fear-based disorders. Specifically, during extinction learning, healthy
controls demonstrated increasing FC to the CS+ from early to late extinction, whereas FC
decreased in both anxiety and PTSD groups. These FC reductions predominately occurred
between the DMN, frontoparietal control network (CON), somatomotor network (SMN),
and ventral and dorsal attentional networks (VAN/DAN). FC reductions were associated
with subjective measures of fear across all subjects and with clinical measures of anxiety
and PTSD symptoms, in the anxiety and PTSD group, respectfully. These results suggest
functional coupling of wide-spread brain networks beyond fear conditioning circuitry can
explain symptoms of fear-based disorders. FC profiles observed during extinction learning
were then compared between the anxiety and PTSD patient groups. Partial overlap in

FC profiles was demonstrated involving the CON, DMN, and SMN during extinction
learning, and may explain common symptomology between anxiety disorders and PTSD.
However, distinct connections were also observed between the anxiety and PTSD groups.
Specifically, connections between the dIPFC and other regions across the fear conditioning
circuitry (including the dACC, vmPFC, and insula), were markedly different across patient
groups. One interesting distinction was that the dIPFC-hippocampus FC was impaired in
the PTSD group only, whereas the dIPFC-insula was impaired in the anxiety group. As
such, heterogeneity in fear-based symptoms may be explained by differing interactions
between the fear conditioning circuitry and other brain regions. In addition to describing
heterogeneity among disorders, differences in such interactions in the context of threat could
be used to prospectively predict varying clinical outcomes following trauma exposure.

As noted above, trauma exposure increases risk for a wide range of fear-based disorders,
including PTSD. Stevens and colleagues conducted a longitudinal fMRI study tracking
clinical outcomes of individuals exposed to acute traumatic events from the emergency
department with the goal of identifying biotypes relevant to stress vulnerability (Stevens et
al., 2021). Using a hierarchical clustering approach, they identified 3 replicated biotypes that
demonstrated distinct brain activation patterns across threat, reward, and response inhibition
fMRI tasks. Individuals in the first biotype were classified as “reactive/disinhibited” as

they demonstrated greater activity in amygdala, insula, and dACC during both threat and
reward tasks, and less engagement of regulatory regions such as the hippocampus and
vmPFC during the inhibition task. Biotype 2 was coined “low reward/high threat” and was
characterized by greater engagement of fear circuits specifically during the threat task and
less activation to the reward task. Lastly, biotype 3, or “inhibited,” demonstrated deactivation
of the fear circuits during the threat task, and higher activation of the hippocampus and
vmPFC during the response inhibition task. They then identified associations between

these biotypes, psychophysiological measures during a fear-conditionings task, and the
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later emergence of symptoms. Notably, the “low reward/high threat” biotype also showed
higher levels of fear-potentiated startle during a fear conditioning task compared to the other
groups. Mental health outcomes were then tracked at multiple time points from 2 weeks

to 6 months following trauma exposure across the biotypes. The “reactive/disinhibited”
biotype was associated with greater PTSD and anxiety symptoms over the six months
post-trauma. In order to control for pre-existing symptoms, a regression analysis controlled
for PTSD and anxiety symptom levels prior to the emergency room trauma, since a history
of psychopathology was not an exclusion for this study. The “reactive/disinhibited” biotype
remained significant in predicting future anxiety, suggesting that biotype membership
provided unique predictive value in mental health outcomes above prior psychopathology.
These findings are significant as they provide strong foundational support for the theoretical
model that distinct biotypes can predict heterogeneity in outcomes following trauma
exposure. A notable caveat is that while this study included an internal replication, external
replications are still necessary to demonstrate generalizability.

Importantly, this same approach can be applied to prospectively predict risk for fear-

based disorders in developmental populations that have experienced trauma. Most anxiety
disorders emerge during early adolescence (Wehry et al., 2015), making this an important
developmental period in understanding the neurobiological mechanisms contributing to the
heterogeneity in outcomes following trauma (Teicher et al., 2016). As an initial step in

this direction, Sellnow and colleagues conducted a study characterizing biotypes of emotion
processing circuitry in adolescents exposed to early life interpersonal violence (Sellnow et
al., 2020). Data were collected during a negative and neutral emotional faces fMRI task, and
biotypes were created using a data-driven K-means clustering approach. Three biotypes of
emotional processing circuitry were identified, differing in activation of the mPFC, IPFC,
hippocampus, insula, posterior cingulate, parietal cortex, and ventral visual cortex. However,
these biotypes were derived using the main effect of task (combined fearful and neutral
faces), and not specific valence, meaning the biotypes could be related to face processing
more generally rather than specific to negative emotion. Nevertheless, the individual
differences found in emotion processing circuitry were related to individual differences

in trauma exposure and symptomology. A parallel cluster analysis was performed with
self-report measures of internalizing symptoms and trauma exposure, yielding three distinct
subtypes; those with low levels of trauma exposure and low internalizing symptomology, or
the “asymptomatic” group; those with high trauma exposure and moderate symptomology,
or the “high trauma moderate symptoms” group; and individuals with high trauma exposure
and high symptomology, or the “high trauma high symptoms” group. The authors then
tested if individual differences in similarity with these clinical subtypes was related to
similarity with emotional processing biotypes. Specifically, classification into biotype 1 was
associated with the asymptomatic subtype, classification into biotype 2 associated with the
high trauma moderate symptoms subtype, and classification into biotype 3 associated with
the high trauma high symptoms subtype. In a subset of the sample, biotypes were derived
before and after administration of cognitive behavioral therapy. It was found that PTSD
symptom reduction following treatment was associated with changes in biotypes, such that
participants who demonstrated the largest symptom reduction also demonstrated increased
similarity with biotype 1. These results demonstrate that the derived biotypes have direct
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clinical relevance in youth populations exposed to trauma and are related to treatment
response.

While data-driven clustering approaches may aid in advancing our understanding of mental
health disorders, there are several limitations to this approach. For example, clustering
analysis relies on expert knowledge to interpret the results, and derive meaning from the
groups. Moreover, the number of groups are either determined a priori or derived from

the analysis based on a series of user-defined hyperparameters. As such, variability among
clustering approaches may dampen the ability to replicate results, and full transparency is
essential to derive reproducible biotypes from neuroimaging data (Garcia-Dias 2020). More
research is needed to assess the test-retest reliability of biotypes; to test the reliability of
brain derived biotypes across different statistical clustering analyses, scan sites, and different
MRI acquisition protocols and functional paradigms; and to test their generalizability across
different racial/ethnic backgrounds. Nevertheless, clustering approaches have been used
across many domains of research and have identified brain-based biotypes distinct from
clinical diagnoses (Clementz et al., 2016) and associated with distinct clinical symptom
subtypes (Drysdale et al., 2017). Among individuals with PTSD, other investigations have
identified biotypes from resting state functional connectivity with unique clinical features
(Maron-Katz et al., 2020), although these have not always replicated in the same symptom
domains (Esterman et al., 2020). With regard to treatment, some biotypes derived from
resting state functional connectively have predicted poor response to psychotherapy (Etkin et
al., 2019). Therefore, these data-driven approaches are aligned with the goal of translational
research to utilize pattern-recognition techniques and predictive modeling to serve as a
clinical tool (Woo et al., 2017). Translating these metrics in the clinic could aid in
developing targeted treatments and therapeutics, which parallels new initiatives in other
areas of medicine (Rosell et al., 2013).

In summary, these recent data-driven studies demonstrate the high potential for functional
neuroimaging in defining threat-related functional brain profiles, or biotypes, to help explain
the neurobiological underpinnings of heterogeneity in fear-based disorders. These biotypes
may serve as important clinical tools to identify risk and resilience to posttraumatic stress. In
a developmental context, these biotypes may serve as important intermediate phenotypes and
help predict the emergence of anxiety disorders during adolescence. In the future, this line of
research has the potential to improve diagnostic precision and treatment response, and offer
effective early interventions in youth exposed to trauma.
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Figure 1. Schematic of different theoretical biotypes identified during fear learning.
A) The threat stimuli represented here is a reinforced conditioned stimulus (CS+) paired

with an aversive shock. In the context of this threat, different patterns of neural interactions
with the fear conditioning circuit (yellow) may emerge within groups. This example
demonstrates three hypothetical functional profiles of brain activation or connectivity,

or biotypes, defined by differing interactions with the ventral visual stream (green) or
prefrontal regions (blue). Bidirectional arrows denote connectivity between regions. Brain-
based biotypes may aid in characterizing heterogeneity in fear-based symptomology. B)
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Following trauma exposure, these brain-based biotypes can provide predictive value in
determining mental health outcomes. This example demonstrates how hypothetical biotypes
1, 2, and 3 from panel A may aid in predicting different clinical symptom clusters, or
subtypes, following trauma.
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