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Abstract—Traumatic experiences early in life predispose
animals and humans to later cognitive-behavioral, emo-
tional, and somatic problems. In humans, traumatic experi-
ences are strong predictors of psychiatric illness. A
growing body of research has emphasized alterations in
neurological structure and function that underscore pheno-
typic changes following trauma. However, results are mixed
and imprecise. We argue that future translation of neurolog-
ical findings to clinical practice will require: (1) discovery of
neurobehavioral associations within a longitudinal context,
(2) dissociation of trauma types and of trauma versus
chronic stress, and (3) better localization of neural sequelae
considerate of the fine resolution of neural circuitry. We
provide a brief overview of early brain development and
highlight the role of longitudinal research in unearthing
brain-behavior relations in youth. We relay an emergent
framework in which dissociable trauma types are hypothe-
sized to impact distinct, rationally informed neural systems.
In line with this, we discuss the long-standing challenge of
separating effects of chronic stress and trauma, as these are
often intertwined. We bring to light inconsistencies in local-
ization of neural correlates of trauma, emphasizing results
in medial prefrontal regions. We assert that more precise
spatial brain localization will help to advance prevailing
models of trauma pathways and inform future research.
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“And the first step. . .is always what matters most, particularly
when we are dealing with the young and tender. This is the
time when they are taking shape and when any impression
we choose to make leaves a permanent mark.”
Plato, referenced in (Clarke and Clarke, 2000).

Plato’s writings c. 400 BC convey fragility and
malleability in the developing human brain and
emphasize the significant and lasting role of early
experiences. Research over the past 50years has
substantiated this long-standing view within an empirical
context. Seminal studies c. 1970 in the laboratory of
Harry Harlow demonstrated that early maternal
separation in baby rhesus monkeys induced lasting
negative behavioral effects (Young et al., 1973). Numer-
ous investigations have followed and these converge on
the idea that trauma and adverse early experiences
(e.g., neglect, violence, abuse, medical trauma) leave
“scars” that compromise individual wellbeing (Felitti
et al., 1998; Pechtel and Pizzagalli, 2011; McEwen,
2012). The overarching goal of current research is to dis-
sect these “scars” and to discover points of vulnerability,
forms of injury, and divergent pathways of resilience or

injury.
Concerns about psychopathological and
neurocognitive impacts of early-life trauma are

widespread. The Centers for Disease Control (CDC)
recognize child maltreatment as the leading preventable
cause of a range of major mental illnesses, including
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post traumatic stress disorder (PTSD), alcoholism,
depression, and anxiety (www.cdc.gov/ace). Moreover,
early adversity is strongly associated with poorer
response to ftreatment, increased chronicity of
symptoms, and suicide risk (Dube et al., 2001; Zlotnick
et al., 2001; Brown et al.,, 2014). Youth exposed to
adverse childhood experiences are at a greater risk for
learning and behavioral problems; they are more likely
to have poorer school performance (Delaney-Black
et al., 2002), more days of school absence (Hurt et al.,
2001), and decreased verbal 1Q (Saigh et al., 2006). Esti-
mates of prevalence of traumatic experiences in children
range from 15% to 60% (Kessler et al., 1995; Dube et al.,
2001; Stein et al., 2010), but prevailing concern about
underreporting suggests these numbers may be even
higher. Herein, the fact that early adversity represents a
chief public health concern and financial burden is
indisputable.

EARLY BRAIN DEVELOPMENT

Neuroimaging techniques have been central to
characterization of normal brain development in
domains of structure, function, and connectivity.
Longitudinal structural magnetic resonance imaging
(MRI) studies show a linear increase with age in white
matter that is most pronounced between early childhood
and adolescence (Giedd and Rapoport, 2010). Myelina-
tion of the corpus callosum, the primary white matter tract
in the brain that controls inter-hemispheric communica-
tion, occurs in a rostral-caudal sequence and continues
throughout childhood into early adulthood (Giedd et al.,
1996). In contrast, gray matter follows an inverted
U-shaped pattern of change, rapidly increasing until about
age 10 then decreasing thereafter (Sowell et al., 2003).
This pattern presumably reflects concurrent and comple-
mentary processes of axonal myelination and synaptic
pruning (Sowell et al., 2001). Diffusion tensor imaging
(DTI) and functional connectivity MRI (fcMRI) data
highlight a transition from short-range to long-range wiring
in the brain through adolescence, thought to reflect
increasingly optimized brain neurocircuitry (Supekar
et al., 2009). In addition to the strengthening of long-
range connections, increasing regional specialization
and experience-dependent plasticity also play an intricate
and commensurate role in brain maturation (Kelly et al.,
2009; Stevens et al., 2009). Extended discussion of
human brain developmental processes is available in prior
influential works (see Paus, 2005; Houston et al., 2014).

Drilling down deeper into brain maturation we find that
brain maturation is linked to pubertal status (Blakemore
et al., 2010), that different structures in adjacent brain
regions mature at different rates (Gogtay et al., 2004;
Goddings et al., 2014), and that neurodevelopmental con-
nectional and structural trajectories differ between the
sexes (Goddings et al., 2014; Simmonds et al., 2014).
Knowledge that the human brain varies along these mul-
tifaceted dimensions (age, region, sex) adds a level of
complexity to consideration of the impacts of trauma in
the early developing brain. By the nature of their early
and upstream effects, disturbances affecting the brain in

time-sensitive developmental periods can have lasting
or widespread organizational impact. Increased vulnera-
bility is ascribed to periods of rapid maturation (Paus
et al., 2008; Tottenham, 2014), but empirical research is
needed to unpack interactions between stress/adversity
and sensitive periods in human development. Also,
because adjacent brain structures mature at different
rates, it is likely that individual neural regions and circuits
have distinct windows of vulnerability to effects of trau-
matic stress. Thus, the developmental timing of traumatic
events and sex of the victim are relevant to behavioral
and neurological outcomes (Tottenham and Sheridan,
2009), compelling the need for longitudinal and sex-
specific developmental research.

LONGITUDINAL DEVELOPMENTAL RESEARCH

The vast majority of neuroimaging studies in children and
adolescents (youth) are cross-sectional and draw on
community-based samples. Cross-sectional studies of
development test subjects spanning an array of ages,
whereas longitudinal studies take repeat measurements,
testing subjects across multiple time points. Longitudinal
designs are less likely to suffer from cohort effects,
wherein intra-individual differences have the potential to
eclipse age-related effects. Fitting with this, longitudinal
designs are better able to differentiate inter- and intra-
individual effects, leading to greater variability in effects
of interest and improved power (Rogosa et al., 1982).
Thus, statistical inference is superior in longitudinal
research, because it is possible to account for inter-
individual differences from any number of sources to
better parse interactions between experience and
age-related developmental change.

Additional distinct benefits of longitudinal research are
the ability to associate phenotypic and neurological
change over time, and to address non-linear
developmental change. The former  enables
identification of deviations or convergence in relations
between factors across time. The latter enables
sensitivity to varied maturational trajectories. Linear
modeling is appropriate for systems with increasing or
decreasing change with no sign of slowing, but not
appropriate for systems better described in terms of
spurts, halts, and/or reversals — all of which are evident
in development. Non-linear inverse and quadratic
models have been used to define human functional
neural maturation (Ordaz et al., 2013), and cubic, quadra-
tic and linear models have categorized structural brain
development (Shaw et al., 2008). Inverse trajectories
describe increase or decrease with age, but also allow
for shifts in magnitude of change across development
(cf. Ordaz et al., 2013). In contrast, quadratic trajectories
depict increase or decrease that ceases at a particular
point then reverses direction. Cubic trajectories are even
more complex, and can account for a peak followed by a
leveling off into adulthood, as depicted by the second
point of inflection (Shaw et al., 2008). Clearly, a variety
of models are necessary to best capture distinct pro-
cesses present in human development (Di Martino
et al., 2014).
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Discussion of longitudinal approaches is germane to
the current review because systematic, longitudinal
studies of neurodevelopmental impacts of traumatic
adversity are scarce, despite their potential for
translational benefit (for example, see Tam et al., 2015).
Practical constraints of longitudinal research are rampant
(cf. Thomson and Holland, 2003), and at least some of
these are amplified in human neuroimaging research.
Heightened neuroimaging costs translate into greater
attrition expense and at the same time restrict ability to
oversample to mitigate potential attrition effects. In addi-
tion, best practices for image acquisition are continually
changing, spurring ongoing upgrades of scanner software
and hardware with potential to introduce methodological
error into estimates of developmental change over time.
Fortunately, there are statistical and study design attri-
butes that can allay some of these concerns, some of
which are drawn from solutions presented for combining
data collected across scan platforms (Glover et al,
2012) or for calibrating non-neuronal aspects of individual
acquisitions (Thomason et al., 2007). Thus, longitudinal
research is not presented as an easy solution, yet herein,
we attempt to describe ways in which the longitudinal
approach has the potential to move the field of neurode-
velopmental traumatic adversity from topological phe-
nomenology to etiological nosology (see also, Di Martino
et al., 2014). As stated above, longitudinal studies can
capture unique aspects of brain development associated
with more negative versus more resilient clinical or pheno-
typic outcomes and can make attributions of causality.
This sounds optimal, but achieving a parsimonious
account of the impacts of trauma on brain development
will be difficult. More likely, we will discover that many
pathways exist between early adversity and brain matura-
tion. Concerns about complexity aside, we maintain that
discovery in this context is the only road toward individu-
ally tailored and maximally effective intervention and
prevention.

In parallel to emphatic calls for increased longitudinal
developmental research, recent commentaries (Falk
et al., 2013) and reviews (Di Martino et al., 2014) reveal
an emergent widespread sentiment that well-
characterized, large, representative samples are badly
needed in neurodevelopmental research. These topics
are not the focus of the current review, but have bearing
on what can be discovered about the impacts of trauma
in the developing brain. Strong phenotypic, genetic, and
physiological characterization anchor neural effects in a
wider context. Large, representative samples can unearth
new knowledge about cross-cutting impacts. Recruitment
approaches in current and past studies of trauma have
primarily evaluated narrow demographic groups, many
of which involve some form of selection bias. There are
difficult decisions to be made around selectivity in recruit-
ment, a topic we more fully address in the next section.
Arguments are justified both for broad representation
and for focused selection, but conversation in this area
is currently lacking. There is a responsibility to evaluate
and acknowledge how recruitment decisions have bear-
ing on interpretations drawn from results.

TRAUMA-ASSOCIATED DISRUPTION IN
NEURAL VOLUME, STRUCTURE AND
CONNECTIVITY

The primary neural systems implicated in trauma
exposure are the neural stress pathway and the emotion
processing and regulation pathway (Hart and Rubia,
2012). In addition, cognitive control, selective attention,
and reward processing pathways have been identified
as conduits of trauma- and stress-related change
(Mueller et al., 2010; Pechtel and Pizzagalli, 2011;
McLaughlin et al., 2014b; Lim et al., 2015; Marusak
et al.,, 2015a). While these are often conceptualized as
unique pathways, systems of the brain are highly inte-
grated. Changes in one pathway will almost certainly have
bearing on others. Moreover, examination of these path-
ways typically centers on core system constituents. This
happens, in part, because it is hard to draw lines at points
where one neural system begins and another ends. Here,
we provide a brief review of alterations in neural systems
most frequently associated with traumatic stress.

The stress pathway is one of the most obvious
candidates when considering the impact of trauma on
animal biology. Although stress induces responses
across the entire body, the brain is the central regulator
of the stress response through action of the hypothala
mic—pituitary—adrenal (HPA) axis. The HPA axis
mobilizes endocrine, metabolic, cardiovascular, and
immune system responses by way of glucocorticoids,
such as cortisol, the hormonal end product of the HPA
axis in humans (Romeo and McEwen, 2006). The hip-
pocampus, situated bilaterally in medial temporal lobe,
is replete with glucocorticoid receptors and is on the
receiving end of the stress hormone cascade (McEwen
and Milner, 2007; McEwen, 2012). Repeat hits to this
receptor system are associated with atrophy, reduced
neurogenesis and synaptogenesis, and protein expres-
sion modification in animals (McEwen, 2012). Fitting with
this, combat-related PTSD is associated with reductions
in hippocampal volume in humans (Bremner et al,
1997), a finding that has now been replicated more that
20 times (Woon and Hedges, 2008). These data reveal
a tight association between response to trauma and hip-
pocampal integrity, but do not exclude the possibility that
smaller hippocampal volumes are a preexisting risk factor
for PTSD.

The relationship between trauma exposure and
hippocampus volumetric reduction in children and
adolescents is less clear. Some studies show
hippocampal reduction in children exposed to early
stress (i.e. physical abuse, neglect, low socioeconomic
status; Hanson et al., 2015), but other studies (Keding
and Herringa, 2015) and meta-analyses (Woon et al.,
2010) do not reproduce this effect. An interesting notion
with potential to reconcile these inconsistencies is that
traumatic adversity-related hippocampal reduction is late
emerging. That is, select morphological changes associ-
ated with early stress may not be manifest until later in life
(Tottenham and Sheridan, 2009). This idea is corrobo-
rated by the 2015 study from Keding and Herringa
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showing that age positively predicted hippocampal vol-
ume in healthy youth but negatively predicted volume in
youth with PTSD.

Dysregulated HPA axis function has been linked to
emotional psychopathology including anxiety (Kallen
et al., 2008), depression (Palazidou, 2012) and PTSD
(Shea et al., 2005). Youth that develop post-traumatic
stress symptoms have higher levels of cortisol than youth
without trauma history (Carrion and Wong, 2012).
Increased fearful vigilance and anxiety in a threatening
environment can be adaptive in the short term, yet under
chronic stress, persistent activation may become mal-
adaptive. Emerging evidence suggests that repeat trau-
matic exposure may evoke different responses in the
stress system machinery, leading to the prevailing theory
that stress-related endocrine function may be dependent
upon trauma type and duration (Carrion and Kletter,
2012).

Another pathway that has received substantial
attention and shown significant linkages to traumatic
experiences is the limbic, emotion regulatory brain
network. In particular, the prefrontal cortex (PFC), the
anterior cingulate cortex (ACC), and the amygdala are
central to emotional responding. Impoverished gray
matter volume has been observed in the PFC in youth
that experience trauma (e.g. orbitofrontal cortex; Carrion
etal., 2009; Hanson et al., 2010; Lim et al., 2014), and lar-
ger amygdala volume has been observed in children
reared in orphanages (Mehta et al., 2009; Tottenham
etal., 2010, although see Sheridan et al., 2012) and those
exposed to maternal depressive symptomology (Lupien
et al.,, 2011). Animal research corroborates this effect,
demonstrating neuropil expansion in the amygdala of ani-
mals subjected to chronic stress (Vyas et al., 2002). Com-
bined differences in PFC and amygdala volume are
noteworthy because they are major constituents of brain
emotion circuitry. Medial PFC receives inputs from lateral
regions, such as the dorsolateral cortex, that help to reg-
ulate amygdala response via direct and indirect (e.g.
ACC) inhibition (see review by Kalisch, 2009).

The amygdala is highly reactive to threat, rapidly
alerting the animal to dangerous conditions through

initiation of the neural stress cascade (LeDoux, 2003).
Amygdala activation engages stress hormone release
and engagement of the sympathetic nervous system such
to prepare the fight or flight response (Rodrigues et al.,
2009). Furthermore, the amygdala plays a central role in
ascribing emotional significance of stimuli and, through
intricate reciprocal connections with the hippocampus,
plays a key role in the formation of emotional memories
(Davis and Whalen, 2001; Phelps and LeDoux, 2005).
Task-based functional magnetic resonance imaging
(fMRI) studies reveal increased response in the amygdala
and hippocampus in individuals that experience early
adversity (Maheu et al., 2010; McCrory et al., 2011;
Dannlowski et al., 2012; Garrett et al., 2012; Marusak
et al., 2015b) suggesting that early trauma may alter neu-
robiological ascription of salience to emotional cues. For
example, history of childhood maltreatment in 145 adults
was associated with amygdala hyper-responsiveness to
threatening facial expressions (see Fig. 1; Dannlowski
et al., 2012).

Neural pathways that subserve processing and
evaluation of reward are a third common area of inquiry
in the search to understand biological consequences of
early traumatic adversity. An emerging theory informed
by animal and human research is that reduced
sensitivity to reward is an intermediate phenotype that
links early stress exposure to affective disorder (Bogdan
et al., 2013). Structural and functional changes are docu-
mented in the dopaminergic reward centers in the brain of
animals subjected to early stress (Hall et al., 1999;
Chocyk et al., 2015). Further, reduced response to reward
in the ventral striatum, a key brain reward center, is doc-
umented in early-institutionalized youth (Goff et al., 2013)
and adults reporting histories of early stress (Corral-Frias
et al.,, 2015). We and others have found that trauma-
related changes in brain function and connectivity corre-
spond with diminished experience of positive affect rather
than heightened negative affect (Nikolova et al., 2012;
Marusak et al., 2015b), suggesting that robust brain
reward function and associated levels of positive affect
may be protective against stress-related psychopathol-
ogy. Consistent with this, higher striatal response to
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Fig. 1. Neurobiological correlates of childhood trauma are evident even decades later into adulthood. History of childhood maltreatment is positively
associated with amygdala responses to negative facial expressions in adults (Dannlowski et al., 2012). Copyright: Elsevier, reprinted with

permission.
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reward is associated with reduced PTSD symptomology
in combat-exposed soldiers (Admon et al., 2013). Individ-
ual differences in dopamine systems and brain reward
activity is linked to stress-related HPA axis activation
(Bogdan et al., 2013), highlighting again the intertwined
nature of these systems. ldentifying individual difference
variables that confer vulnerability or resiliency to stress-
related anhedonia will be an important target for future
research.

Beyond differences in brain regions that subserve
cognitive and affective processing, many studies have
demonstrated that the connectional architecture of the
brain also differs in those exposed to severe trauma.
Evaluation of neural system connectivity can provide
localized information about select network integrity and
also global information about overall information
transfer efficiency. Connectivity analyses can also be
applied to quantify degree of independence and/or
overlap between neural networks, providing knowledge
about shared information processing across neural
systems. As such, analysis of neural connectivity in
individuals that experience trauma adds a Vvital
dimension to characterization of the imprint of trauma
in the human brain. Altered functional connectivity has
been demonstrated in adults with history of early
childhood trauma (with comorbid PTSD; Bluhm et al.,
2009), childhood neglect (with comorbid major depres-
sive disorder; Wang et al., 2013), and emotional mal-
treatment (van der Werff et al., 2012). Several studies
of early adversity have reported altered connectivity in
an important regulatory emotion pathway linking the
amygdala and ventromedial PFC in individuals that
experience early adversity. For example, Burghy and
colleagues evaluated connectivity in 57 young adults
(mean age + sd = 18.44 + 0.19 years) and observed
decreased frontoamygdala connectivity in those
exposed to maternal stress during infancy. Lower con-
nectivity was, in turn, related to self-reported anxiety
and depression symptoms, and to elevated childhood
cortisol, in females (Burghy et al., 2012). Altered fron-
toamygdala functional connectivity has also been
observed in previously institutionalized children (mean

CM amygdala
¥

age + sd = 13.2 £ 5.2 years) while viewing emotional
face stimuli (Gee et al.,, 2013), and in urban, trauma-
exposed youth (mean age + sd = 12.6 + 2.1 years)
during resting-state fMRI (see Fig. 2; Thomason et al.,
2015).

There is also evidence that the default mode (DMN)
and salience networks (SN) of the brain are differently
organized in individuals that experience early traumatic
stress. Comprised of medial PFC, posterior cingulate,
and parietal and medial temporal cortices, the DMN
exhibits heightened activity during periods of rest and
self-referential or introspective thought (Raichle et al.,
2001; Andrews-Hanna et al., 2014). In complementary
fashion, the SN, comprised of the anterior cingulate and
bilateral insular cortices, responds when presented with
visceral, external stimuli, or events likely to evoke salient
physical or emotional response (Seeley et al., 2007;
Thomason et al., 2011). Philip and colleagues found
reduced connectivity between nodes of the DMN (2013)
and weaker down regulation of DMN activity during a cog-
nitively demanding working memory task (Philip et al.,
2012) in adults with history of early-life stress. Results
obtained by our group demonstrate that connectivity
within the SN is enhanced and that connectivity between
the SN and DMN is diminished in trauma-exposed chil-
dren (Marusak et al., 2015a). These findings provide a
valuable heuristic understanding of neural outcomes fol-
lowing exposure to stress and trauma in early life and
may help us to generate new hypotheses about what dis-
poses some individuals to more deleterious trauma-
related outcomes. Specifically, these observations arouse
ideas about possible shifts in information processing or
perception in individuals that endure trauma. For exam-
ple, increased signal covariance in the SN could reflect
a large-scale neural oscillator in the SN system that
results in exaggerated attribution to salience in common-
place events (Menon, 2011; Uddin, 2015). It is these
ideas that motivate further work to decompose trauma-
related iliness into constituent alterations in neural pro-
cessing. Later sections of this review call for more
anatomical and experiential specificity when making
these attributions, and for bridging brain and behavioral
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Fig. 2. Lack of negative centromedial (CM) amygdala-subgenual ACC resting-state functional connectivity in trauma-exposed youth. Urban
children and adolescents (ages 9-15) with a history of trauma (n = 21) compared to their unexposed counterparts (n = 21). Results shown at
p < 0.05, FWE corrected, cluster minimum = 10 voxels. Error bars represent standard error. From Thomason et al. (2015).



60 M. E. Thomason, H. A. Marusak /Neuroscience 342 (2017) 55-67

phenotype. The latter brings experiential significance to
observed neural effects.

DISSOCIATION OF TRAUMA TYPES AND OF
TRAUMA VERSUS CHRONIC STRESS

A maijor challenge for research into budding neurobiology
of trauma is selection of research participants or groups.
Arguments for narrowing trauma into select categories
as a means for comparison conflict with more
naturalistic approaches where trauma is multifaceted
and complex. Selection of narrow classes may bring us
closer to mechanistic understanding of select cases, as
this approach does not dilute discovery by mixing
potentially unique pathways. However, trauma rarely
occurs in isolation. More often, one individual
experiences multiple forms of trauma and may also be
exposed to chronic environmental stressors. Beyond
this, response to trauma varies widely between
individuals.

A prominent model of adversity and neural
development distinguishes deprivation and threat as
dimensions of environmental experience likely to
differently influence neural development (Sheridan and
McLaughlin, 2014; McLaughlin et al., 2014a). Deprivation
embodies absence of adaptive environmental inputs,
whereas threat represents harmful experiences that com-
promise physical integrity. Deprivation and threat are
among the most frequently experienced trauma types
and the idea that they may have distinct consequences
is well reasoned.

Enhanced understanding of consequences of
deprivation has resulted from human and animal
research, which have developed in parallel. Consistent
results have emanated from these lines of inquiry.
Animals deprived of sensory inputs undergo reduced
neuronal pruning and manifest neural organization best
suited to low complexity environments. Animals
deprived of early maternal care also appear more
anxious and show alterations in  amygdala,
hippocampus, and medial PFC structure and function
(Tottenham and Sheridan, 2009; Eiland and McEwen,
2012). Similar results are reported in early-
institutionalized children. Institutionalized children show
reduced cortical volume and altered amygdala structure
and function (Chugani et al., 2001; Tottenham, 2012).

Despite similarities in animal and human literatures,
deprivation in humans is highly convoluted in contrast to
experimentally controlled conditions endured by
animals. In humans, deprivation encompasses any
number of things, many of which frequently co-occur.
Forms of human deprivation include, for example,
absence of early attachment bonds (inconsistent
caregiving), lack of provision for basic needs (scarce
food, clothing, shelter), or deficient environmental inputs
(reduced linguistic input). Clearly, one challenge of
breaking trauma down into core components is the
question of how far to go when segmenting experiences
into unique kinds. At some point we fall down a rabbit
hole of examination and find it difficult to connect with
cross-cutting themes. In addition, forms of deprivation,

such as those enumerated above, are not likely to
contribute equally to observed outcomes. For example,
deficient early-attachment is likely more coupled to later
socioemotional difficulties, whereas deficient linguistic
inputs are likely to link to cognitive or expressive delays.
Nonetheless, subdivision of individuals along core
dimensions of trauma, such as deprivation and threat, is
likely to advance understanding.

Observations about neural underpinnings of threat-
related trauma emphasize lasting changes in neural
circuits that undergird emotional learning. Changes
observed include atypical response to emotional stimuli,
reduced hippocampal response during declarative
memory retrieval (Carrion et al.,, 2010), amplified
response to stimuli depicting negative emotions (Pollak
and Sinha, 2002; McCrory et al., 2011), and altered con-
nectivity in amygdala-prefrontal circuitry (Thomason
et al., 2015). Animal studies further elaborate the basis
of these observations demonstrating, for example, that
animals exposed to chronic restraint stress show reduced
dendritic elaboration in hippocampus and medial PFC
(mPFC) pyramidal cells (Eiland et al., 2012).

Three additional considerations arise in pursuit of
understanding unique impacts of early trauma on the
developing brain. These are: the role of chronic stress in
driving neural effects; the interface between
symptomology and neural traits; and the influence of
age of onset and chronicity on observed outcomes. All
of these are likely to interact with traumatic events to
alter development of key neural systems; however,
understanding of these interactions is currently lacking.
Given the intermingling of factors that could influence
individual outcomes, selection of participants for
comparison is therefore complex. It is particularly
difficult to control for the presence of chronic stress in
studies of early trauma in part because communities
high in trauma prevalence also tend to be high in
general stressors.

The double-hit of trauma and chronic stress can have
any number of effects (e.g. additive, synergistic,
buffering), all with potential to alter measurements in
neural pathways of greatest interest. Decisions about
whether to equate or control effects of stress within and
between study groups are not clear-cut. For example,
selection of control participants from the same
environment is likely to yield results that better reflect
unique consequences of trauma. However, it follows to
reason that in such a comparison both groups differ
from what is typical. Further, definitions of trauma can
be complex. Take the following as an example. A study
that addresses the impact of interpersonal victimization
(sexual, physical, emotional abuse) on child neural
connectivity screens two participants for inclusion.
Parent reports that 10-year-old child A (risk case) was
repeatedly sexually assaulted at age 5 by a cousin that
stayed in the house over a 5-month period. Child A
reports not remembering the event and does not show
posttraumatic symptomology or negative affect. 10-year-
old child B (control case) witnessed “angry and yelling”
fights over a 7-month period between mother and her
boyfriend at age 7, and at age 8 child and mother spent
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6 months living with friends and family members while
mom established a secure living situation. Child B
reports  subthreshold anxiety symptomology and
describes sometimes ‘“reliving” negative experiences.
Child B would not qualify as a risk case as there is no
history of being a victim of interpersonal abuse, yet this
child has been exposed to conditions of compromised
security and demonstrates mild but sustained emotional
and somatic concerns. Determinations about pathways
of risk are muddied when control experiences overlap
with features that may themselves be causal drivers of
change. This example also highlights the individual and
elaborate nature of a given trauma narrative. All are
distinctive stories to be considered and understood in
order to inform analytic approaches and to interpret
observed effects. Cognitive psychology and human
neuroscience study designs rarely consider results at
the individual subject level. Instead, results are most
often determined and reported using group level
statistical approaches.

Subject selection and interpretation concerns are
amplified in neuroimaging studies where samples tend
to be small, typically with fewer than 60 participants.
Given power constraints, variability in participant
characteristics (e.g. age, pubertal status, 1Q, chronic
stress) that can confound observed effects are difficult
to address. When considered a priori, one solution is to
narrow subject selection criteria to reduce variation in
these characteristics, for example, by restricting the age
range. Another solution is to address these potentially
confounding variables post hoc. For instance, in
secondary analyses it is possible to isolate main effects
that relate to participant characteristics or to confirm
whether main effects replicate in subsamples
deliberately matched on these characteristics. These
strategies have been employed in prior fMRI studies of
youth with histories of trauma (Thomason et al., 2015;
Marusak et al., 2015a,b).

The possible influence of chronic stress in studies of
early-life trauma is more difficult to address. Strategies
highlighted above assume that potential confounds are
easily quantified. Developing valid measures of stressful
life events has plagued the field for decades (e.g.
Dohrenwend, 2006), and measuring chronic stress may
be even more convoluted. Stress is a complex construct
that refers both to environmental factors and also the indi-
vidual’'s psychological and physiological responses over
time (Pacak and Palkovits, 2001; Monroe, 2008). The lit-
erature is replete with examples of subject or population
specific inventories of environmental stress (e.g. asthma
and school stress inventories, Roder et al., 2002), but
consensus on chronic stress measurement has not been
reached. One possible proxy of chronic stress is neigh-
borhood disadvantage, which captures indirect informa-
tion about access to resources and community
structure, which are correlates of stress. However, effects
of neighborhood disadvantage can vary with features
more difficult to measure such as community disorganiza-
tion, collective efficacy, and social capital (Haines et al.,
2011), raising concern about sensitivity. Weaknesses
aside, neighborhood disadvantage and sociodemo-

graphic information can account for some of the variance
that would be assumed by chronic stress and therefore
can serve as useful factors in studies of early traumatic
adversity. Another solution is to collect physiological as
well as behavioral or self-report measures of stress (e.g.
cortisol, heart rate, telomere length, cytokines). These
can reflect the biological embedding of stress, which
serves the overarching purpose of better characterization
of stress in the individual. See (Dohrenwend, 2006;
Monroe, 2008; Piazza et al., 2010; Shalev et al., 2013)
for further discussion.

Altogether, it is difficult to constrain trauma-types, to
disentangle symptomology and experience, and to
mitigate the co-mingling of wider environmental stress.
As such, discovery about neurological sequela following
trauma is best derived at the individual study and
aggregate level, and results are best interpreted
considerate of study design and analytic approach.

NEED FOR ANATOMICAL SPECIFICITY IN
TRAUMA-RELATED EFFECTS

Moving forward in our understanding of how trauma
impacts the developing brain requires a shift in the way
findings are conveyed. Extant neuroimaging research
has almost universally described the location of trauma-
related effects in terms of large, general brain areas
(e.g. ACC, parietal cortex, insula). Peak stereotaxic
coordinates are frequently also reported, but when
these are compared across studies it is apparent that
while the same overall label is given, the peak of the
effect can vary substantially. There are several
examples in the literature that illustrate this point
(Northoff et al., 2006; Etkin et al., 2011; Ochsner et al.,
2012). This approach not only obscures meaningful
boundaries between brain regions, but also implicitly
assumes the same brain circuitries are involved. Lack of
specificity both with regard to the brain region and neu-
roanatomic makeup of the circuit within which the region
is embedded constitute critical barriers to identifying the
neural systems affected by early trauma, and ultimately,
risk for stress-related psychopathology.

As described above, studies of trauma, and more
generally emotional psychopathology, implicate
alterations in medial PFC, ACC, and amygdala
structure, function, and connectivity. For example,
altered connectivity between amygdala and mPFC is
reported across a range of psychopathology risk factors
(e.g. childhood trauma exposure), and, additionally,
across internalizing conditions (e.g. PTSD, depression).
Aggregation of results would suggest these are reliable
effects, yet mPFC, ACC and amygdala encompass
heterogeneous subregions with unique functions,
cellular compositions, and/or positions within brain
circuitry. Closer evaluation of reported peaks confirms
that phenotypically relevant regional substructure can be
extracted from existing data. In illustration of this point
we used GingerALE software (Turkeltaub et al., 2002;
Eickhoff et al., 2009) to perform brief meta-analyses of
29 affective neuroscience resting-state fcMRI studies that
observed disruptions in amygdala-mPFC/ACC connectivity.
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Fig. 3. Regional substructure of the mPFC/ACC. Panel A, meta-analysis of 29 resting-state studies linking psychopathology risk/symptomology to
differences in amygdala to mPFC/ACC connectivity yielded three distinct peak clusters. Panel B, supporting the notion that these constitute unique
circuits, mPFC/ACC peaks show unique patterns of whole-brain resting-state functional connectivity. Resting-state functional connectivity used
publicly available data at Neurosynth.org in N = 1000 healthy adults at p < 0.01 FDR-corrected threshold. Panel C, data-derived mPFC/ACC
subareas show unique patterns of co-activation during tasks. This was determined using meta-analytic connectivity modeling (Eickhoff et al., 2011)
via GingerALE and the BrainMap.org database (accessed on 7/9/15) thresholded with cluster-level FWE-corrected p < 0.05 and voxel level
p < 0.001. Panel D, radar plots depicting number of experiments contributing to panel C effects organized by behavioral domains. All domains with
>20 corresponding studies are included. All images displayed on standard templates. Abbreviations: ACC, anterior cingulate cortex; pgACC,
pregenual ACC; dACC, dorsal ACC; sgACC, subgenual ACC; ALE; activation likelihood estimation; FWE, family-wise error; FDR, false discovery

rate.

We found that peak effects are centered in 3 separable,
focal subareas of the ACC. We further confirmed that
these discrete subregions have unique connectivity
profiles. These subareas also show unique patterns of
neural co-activation during tasks, and are associated with
separable behavioral processes (see Fig. 3). Taken
together, these observations indicate that these are
dissociable brain regions that when isolated have unique
relevance to connectivity, co-activation, and behavior.
While parcellation of the brain into separable
subregions has long been a goal of human
neuroscience, best practices continue to evolve. For
more than a century, neuroscientists have relied on
cytoarchitectonic (histological) divisions of the cortex
published by neurologist, Korbinian Brodmann, in the
early 1900’s (Brodmann, 1909). These designations are
frequently included with reported fMRI coordinates. How-
ever, Brodmann’s labored inquisition was limited; for
example, his segregation was constrained to cortical but
not subcortical brain regions. It is almost counterintuitive

that with the major advances in neurocimaging we remain
reliant on the dated Brodmann designations.

Since Brodmann’s time, more sensitive
microstructural mapping techniques such as
neurotransmitter receptor binding, myelin composition,
and gene expression have been developed. There are
now a number of publicly available 3D multimodal brain
atlases that allow registration of fMRI data into cyto-,
myelo-, and chemo-architectonic maps, derived from
other data sources. For example, the Eickhoff-Zilles
atlas distributed with SPM Anatomy Toolbox (Eickhoff
et al., 2005) and the Harvard-Oxford atlas (Desikan
et al., 2006) distributed with FSL software are increasingly
used for fMRI processing and interpretation.

An alternative to contextualizing observed effects
within available structural atlases is to evaluate data as
it compares to results aggregated from hundreds or
thousands of prior functional studies. For example, data
registries (e.g. BrainMap, Neurosynth) avail opportunity
to model and query libraries of fMRI results to achieve
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deeper understanding of how neuroimaging findings
inhabit larger operational frameworks. In addition, large
neuroimaging cohorts have been used to generate
parcellation schemes that are publicly available. For
example, efforts by the Human Connectome Project
have lead to a publicly available summary of functional
connectivity in 468 subjects (Van Essen et al., 2012).
Parcellation based on functional connectivity is interesting
because instead of designation based on physical struc-
tures, this method conveys information about coordination
of activity across brain areas. An interesting question then
becomes how to integrate use of this information in our
processing schemes. These data need to be developed
into easily implemented tools that can improve our ability
to incorporate our results into a whole brain architecture,
one that may distinguish results across studies from one
another in meaningful ways. It is also possible to perform
additional processing steps within the data set to learn
about parcellation or network connectivity specific to the
study sample. For example, spatial spectral clustering is
a data-driven approach for parcellating the brain into dif-
ferent regions based on functional profiles computed
across the cohort (Craddock et al., 2012). Others have
developed methods for considering results based on
intrinsic functional networks within the group (Khullar
et al.,, 2011). Data set specific strategies are particularly
valuable when studying cases for which standard atlases
would not be appropriate or are not yet available.

In summary, more precise localization and more in-
depth contextualization will improve our ability to gain
knowledge from f/fcMRI assessment of neural correlates
of trauma and associated emotional psychopathology.
This claim is not specific to evaluation of trauma, but
may propel this area forward if effectively implemented.
In particular, we note wide variation in reported
localization of trauma-related effects along midline
prefrontal structures. Differences between studies may
be meaningful, and closer assessment of these can
generate new thinking about specificity of effects and
interaction within a more expansive neurological
framework.

CONCLUSIONS

A growing body of research describes altered
neurological structure and function in individuals that
experience early emotional trauma. In this review, we
present an overview of what has been learned and
provide suggestions about next steps. We describe prior
results in children and adolescents that support a model
in which trauma early in life alters neural circuits
consistently implicated in emotional health. That is,
effects observed in individuals that experience trauma
resemble those described in psychopathology. These
are  hyper-responsiveness in  medial temporal
components of limbic circuitry, hypo-responsiveness in
medial and lateral prefrontal regions associated with
regulating limbic response, and decreased engagement
of components of the basal ganglia involved in reward-
related processing. Alterations in stress regulatory
pathways including the hippocampus and hypothalamus

are also frequently observed in individuals that
experience trauma, and most consistently in adults
affected by PTSD. Overlap between neurobiological
correlates of trauma-exposure and psychopathology
suggests that the brain may be a conduit for the link
between early adversity and development of emotional
psychology. We are not the first to highlight this
inference (e.g. Dannlowski et al., 2012), but more
research is needed to further support this conclusion.

We emphasize three areas for advancing
understanding of the neurobiological bases of trauma:
(1) discovery of neurobehavioral associations within a
longitudinal context, (2) dissociation of trauma types and
of trauma versus chronic stress, and (3) better
localization of neural sequelae considerate of the fine
resolution of neural circuitry. Longitudinal research can
address several current limitations in the literature. Brain
networks evolve, grow and adapt to changing cognitive
demands (Bullmore and Sporns, 2012), a meaningful con-
text in which to dissect the neurobiology of trauma. Longi-
tudinal examination is needed to evaluate prevailing
theory that neural mechanisms that undergird emotional
illness may mediate correspondence between severe
early adversity and emergence of emotional disorder.

We relay an emergent framework in which dissociable
trauma types are hypothesized to impact distinct,
rationally informed neural systems (Sheridan and
McLaughlin, 2014; McLaughlin et al., 2014a). In line with
this, we discuss the long-standing challenge of separating
effects of chronic stress and trauma, as these are often
intertwined. We convey that closer investigation of trauma
type, developmental timing, and event duration may lead
to a more parsimonious account of the neurobiology of
trauma. We offer this suggestion with two significant
caveats. The first is that in the practice of dissecting
trauma into narrow classes, it is difficult to draw lines
between types of experiences, and difficult to isolate
“pure” forms of trauma. Another consideration is that
trauma is almost by definition embedded in the context
of high-stress environments and also occurs more fre-
quently in environments high in sociodemographic risk
(Gillespie et al., 2009). These real-world environmental
variables are meaningful aspects of the role of trauma in
shaping the human experience. To remove them from
the analytic equation may reduce the ecological validity
of observed effects.

We present concrete methods for applying advances
in neuroimaging analytic and approach strategies to
more precisely determine the neurobiological correlates
of trauma. Brodmann himself asserted that regionally
specific disturbances will be important for understanding
psychiatric disorders caused by pathological insults
during brain development (Brodmann et al., 1914). It is
still the case that more precise spatial attribution will
advance understanding of the biological embedding of
trauma and inform future research. It will also aid develop-
ment of targeted interventions — a much needed area for
the 35 million US children afflicted by early adversity
(Child and Adolescent Health Management Initiative,
2012). These are encouraging directions for unearthing
key brain-behavior relations in youth exposed to trauma.
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