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Abstract
Purpose of Review PTSD in youth is common and debilitating.
In contrast to adult PTSD, relatively little is known about the
neurobiology of pediatric PTSD, nor how neurodevelopment
may be altered. This review summarizes recent neuroimaging
studies in pediatric PTSD and discusses implications for future
study.
Recent Findings Pediatric PTSD is characterized by abnormal
structure and function in neural circuitry supporting threat
processing and emotion regulation. Furthermore, cross-
sectional studies suggest that youth with PTSD have abnormal
frontolimbic development compared to typically developing
youth. Examples include declining hippocampal volume, in-
creasing amygdala reactivity, and declining amygdala-
prefrontal coupling with age.
Summary Pediatric PTSD is characterized by both overt and
developmental abnormalities in frontolimbic circuitry.
Notably, abnormal frontolimbic development may contribute
to increasing threat reactivity and weaker emotion regulation
as youth age. Longitudinal studies of pediatric PTSD are
needed to characterize individual outcomes and determine
whether current treatments are capable of restoring healthy
neurodevelopment.

Keywords Trauma . PTSD . Neurodevelopment . Children .

Adolescents . Neuroimaging

Introduction

Approximately two-thirds of youth are exposed to trauma
during childhood, and many develop PTSD as a result [1].
By age 18, roughly 8% of traumatized youth have met criteria
for a diagnosis of PTSD, with numbers rising up to 40% in
cases of sexual abuse and assault [1]. In addition to the psy-
chological suffering imposed, PTSD is associated with lower
academic achievement, and increasing incidence of depres-
sion, suicide attempts, and substance abuse into adulthood
[2]. Childhood trauma and PTSD also pose a tremendous
societal cost in terms of health care utilization and financial
outlay. For example, the sequelae of childhood maltreatment,
including PTSD, are estimated to cost the USA over $500
billion annually [3]. These sobering statistics highlight the
need to elucidate neurodevelopmental disruptions in youth
with PTSD, with the aim of mitigating its effects throughout
the lifespan.

Neuroimaging studies in adult PTSD suggest structural and
functional abnormalities in frontolimbic circuitry supporting
threat processing and emotion regulation. Briefly, structural
brain meta-analyses in adult PTSD show decreased gray mat-
ter volume in the dorsal anterior cingulate cortex (dACC) and
ventromedial prefrontal cortex (vmPFC), as well as the hip-
pocampus and temporal pole [4, 5]. Functional brain meta-
analyses in adult PTSD show hyperactivation of the amygda-
la, insula, and midACC, but hypoactivation of dACC and
medial/lateral prefrontal regions particularly to threat-related
stimuli [6–8]. Of note, many of these findings are unlikely to
be specific to PTSD and may instead represent common neu-
ral abnormalities across psychiatric disorders [9•, 10•].
Functional connectivity findings in adult PTSD have been
mixed, suggesting both greater [11–13] and lower [14]
amygdala-mPFC connectivity to negative stimuli. Overall,
frontolimbic models of adult PTSD posit hyperactivation of
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threat-promoting regions (amygdala, insula), and impaired
function of contextual and emotion regulatory areas to nega-
tive stimuli [15, 16]. In addition to the frontolimbic model,
recent work also implicates dysfunction in larger scale brain
networks in adult PTSD involved in salience detection, self-
referential thought, and executive control. A more in depth
discussion of these network abnormalities can found be found
elsewhere in this special issue [17], though I briefly discuss
relevant findings in pediatric PTSD later in this article.

Compared to adult PTSD, relatively few neuroimaging
studies have been conducted in pediatric PTSD. Such studies
are crucial to understanding the neurobiology of PTSD
throughout development and for designing treatments that ap-
propriately target developmental brain processes in youth.
Recent studies have begun to shed light on the typical devel-
opment of neural circuits supporting emotion processing and
regulation, and provide a foundational backdrop for under-
standing abnormal neurodevelopment in pediatric PTSD. In
this review, I will briefly summarize neuroimaging studies of
frontolimbic circuitry in typically developing youth, and dis-
cuss the general impact of childhood trauma on frontolimbic
development. Next, I will highlight recent studies frommy lab
and others which point to abnormal neurodevelopment in
frontolimbic circuits in pediatric PTSD.While findings to date
are based on cross-sectional age-related data, we are in the
process of extending these findings in our longitudinal neuro-
imaging study of pediatric PTSD. Finally, I will discuss con-
vergence of these findings with those in animal models and
highlight some potential genetic mechanisms linking child-
hood trauma to impaired neurodevelopment and PTSD.

Typical Development of Neural Circuits Supporting
Negative Emotion Processing and Regulation

Prevailing models of emotional development posit that emo-
tional reactivity to negative content declines, while regulatory
capacity increases with age in typically developing (TD)
youth [18, 19]. Indeed, negative emotions such as fear and
anxiety tend to decrease with age in TD youth, albeit with
shifts in content [20]. In the laboratory setting, affective rat-
ings of both neutral and negative images decrease with age in
TD youth [21]. Accordingly, TD youth also show increased
ability to regulate negative emotion with age. For example, on
automatic emotion regulation tasks (which use emotional
distractors in the midst of cognitive demands), TD youth show
increased performance with age [22–25]. Further evidence for
age-related improvement in emotion regulation comes from
studies of voluntary emotion regulation. These studies have
primarily examined cognitive reappraisal of negative content,
which is notable as a common target of cognitive-behavioral
therapies in youth with affective disorders. Here, cross-
sectional studies of TD youth show greater downregulation

of negative affect with age [26–28] (though see [29, 30]),
and independent of general cognitive ability [27].

What are the neurodevelopmental changes which allow for
age-related decline in emotional reactivity and improved emo-
tion regulation? Current neural models suggest that increased
emotional reactivity in youth (relative to adults) reflects rela-
tive delays in prefrontal vs. subcortical (e.g., amygdala) mat-
uration [31, 32]. For example, structural MRI studies show
relatively early maturation of amygdala and other subcortical
regions supporting threat reactivity (~age 5) [32], with much
later maturation of emotion regulatory regions such as dorsal/
lateral PFC (mid-20s) [31]. Functional MRI studies in TD
youth also point to maturation in prefrontal-amygdala circuits
which may allow for improved regulation of negative emotion
with age. In cross-sectional studies of emotion processing and
automatic regulation, amygdala reactivity to negative faces
and images decreases with age [21, 33–36] and is accompa-
nied by greater structural and functional connectivity between
the amygdala and mPFC/rACC [25, 33, 34, 36]. In turn,
amygdala-mPFC connectivity appears to partly mediate age-
related decreases in normative anxiety [33]. On voluntary
emotion regulation (reappraisal) tasks, TD youth show greater
amygdala downregulation [28–30], increased lateral (l)PFC
recruitment, and increased amygdala-lPFC coupling [26, 28]
with age. In summary, these studies suggest that age-related
improvements in regulating negative emotion are reflected by
declining amygdala reactivity to emotional stimuli, which in
turn may be due to increasing recruitment and connectivity
with prefrontal regulatory regions.

Impacts of ChildhoodTrauma onNeurodevelopment

Many studies now suggest that childhood trauma may in-
fluence the development of threat processing and emotion
regulatory systems, contributing risk for the emergence of
affective disorders. In a recent meta-analysis of structural
MRI studies [37], childhood trauma was associated with
reduced gray matter in the hippocampus and dorsolateral
(dl)PFC, regions implicated in the contextual regulation of
threat and emotion regulation, respectively. In functional
MRI studies, we and others have shown that childhood
trauma and adversity are associated with increased amyg-
dala reactivity particularly to negative stimuli (e.g.,
[38–47]) as well as decreased resting functional coupling
between the amygdala and vmPFC [48, 49]. It is worth
noting that such changes have been observed across healthy
and psychiatric samples of youth. An intriguing possibility
is that such changes allow for enhanced automatic detection
of potential threats in the environment, thus serving an
adaptive role for youth growing up in a dangerous environ-
ment. On the other hand, we have proposed that enhanced
coupling between the amygdala and more dorsal/lateral
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prefrontal regions involved in higher level appraisal and
emotion regulation may reduce the likelihood of psychopa-
thology following childhood trauma [45]. Supporting this
notion, childhood trauma is actually associated with in-
creased prefrontal recruitment and amygdala-prefrontal
coupling during emotion regulation in otherwise healthy
youth or when adjusting for affective symptoms [40•, 45•,
46, 50, 51]. Conversely, recent neuroimaging studies of
pediatric PTSD suggest a failure to upregulate prefrontal
circuits, but nevertheless show increasing amygdala reac-
tivity with age. These and other neuroimaging studies of
pediatric PTSD are discussed further below.

Gray Matter Volume Abnormalities in Pediatric
PTSD

To date, only three published studies have examined gray
matter volume in pediatric PTSD using voxelwise approaches.
In an initial report of youth with a spectrum of PTSD symp-
toms (~ 50% were threshold for PTSD), Carrion and col-
leagues found increased vmPFC gray matter volume in youth
with PTSD symptoms compared to TD youth [52]. On the
other hand, two recent studies, including our own, found de-
creased vmPFC volume in youth with PTSD relative to either
TD or trauma-exposed youth without PTSD [53•, 54]. One
possible reason for these inconsistences may be differences
in illness severity among the study samples (i.e., whether in-
cluding subthreshold PTSD or not). Interestingly, none of
these studies found differences in average hippocampal vol-
ume between PTSD and TD youth. This is somewhat surpris-
ing given that reduced hippocampal volume is characteristic
of both adult PTSD [4] and adults with a history of childhood
trauma [37]. One possible reason for this discrepancy is a
delayed developmental effect, whereby hippocampal volume
either fails to increase with age or declines with age in youth
with PTSD. To explore this possibility, we incorporated cross-

sectional age-related differences (8–18 years) in our analysis
of PTSD and TD youth. Here, we found a group by age inter-
action in right hippocampal volume, such that hippocampal
volume increased with age in TD youth, but decreased with
age in youth with PTSD [53•]. Together, these findings would
suggest that youth with PTSD show disrupted hippocampal
development and reduced vmPFC volume, which may con-
tribute to impaired regulation of threat via poor contextual
gating and inhibition of threat responses, respectively.

Functional Brain Abnormalities During Emotion
Processing in Pediatric PTSD

Several published studies have examined functional brain ac-
tivation during emotion processing in pediatric PTSD, using
tasks involving presentation of emotional faces or images. A
summary of differences in average frontolimbic activation or
amygdala connectivity can be found in Table 1. In these stud-
ies, amygdala hyperactivation has been reported in only one
study of pediatric PTSD [38], with no difference (negative
studies) in three others [55, 56, 57•]. Similar to the case for
hippocampal volume, the general lack of average amygdala
activation differences is curious given relatively consistent
reports of amygdala hyperactivation in both adult PTSD
[6–8] and adolescents/adults with a history of childhood trau-
ma [47]. As in the case of hippocampal volume, this could
represent a delayed developmental effect, whereby amygdala
hyperactivation is not fully apparent until adulthood. To ex-
plore this possibility, we again incorporated cross-sectional
age-related differences (8–18 years) in our analysis of PTSD
and TD youth completing an emotional face processing task.
Here, we found a group by age interaction on amygdala acti-
vation to both angry and happy faces. Specifically, TD youth
showed the expected pattern of decreased amygdala activation
with age, while youth with PTSD showed increased activation
with age [35•]. Interestingly, amygdala activation was actually

Table 1 Summary of average frontolimbic activation or amygdala connectivity differences during emotion processing in pediatric PTSD compared to
typically developing (TD) youth. Activation findings are summarized as increased (↑) in PTSD, decreased (↓) in PTSD, or with mixed findings (↑↓) in
PTSD vs. TD youth. Negative studies refer to those in which no group differences in average activation were observed

Brain region/circuit Activation/Connectivity
(PTSD vs. TD youth)

Symptom relationship? Reference Negative studies

Amygdala ↑ No [38] [55, 56, 57•]

vmPFC/rACC ↑↓ Hyperactivation positively correlated with symptoms [38, 56] [55, 57•]

dACC ↑ Positively correlated with symptoms [35•, 57•] [38, 55, 56]

dmPFC ↑↓ Hyperactivation positively correlated with symptoms [35•, 55] [38, 56, 57•]

vlPFC ↑↓ No [38, 55, 56] [35•, 57•]

dlPFC ↓ No [38] [35•, 55, 56, 57•]

Amygdala-rACC/dmPFC ↓a Negatively correlated with symptoms [35•, 57•, 58] –

a Specific to negative emotional stimuli
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lower in PTSD compared to TD youth at younger ages
(< 15 years), but showed hyperactivation by late adolescence.
An intriguing possibility is that younger children with PTSD
may actually show compensatory downregulation of the
amygdala, which then becomes compromised as youth age.
If this is the case, then one would expect that youth with PTSD
may show compensatory engagement of prefrontal regulatory
circuits particularly at younger ages. As discussed below,
there is at least some evidence to suggest this is the case.

Prefrontal-cingulate findings during emotion processing
in pediatric PTSD have largely been mixed to date. With
regard to mid/dACC activation, earlier studies found no dif-
ferences in activation relative to TD youth [38, 55, 56]. On
the other hand,we have found dACChyperactivation to both
threat pictures and emotional faces in our sample of youth
with PTSD [35•, 57•]. This is notable given that the dACC is
hypoactive in adult PTSD [59]. The dACC has been impli-
cated in the conscious appraisal of threat [59] and could con-
ceivably represent an adaptive response at monitoring the
environment in youth with PTSD. With regard to the PFC,
published studies also showmixed activation findings in pe-
diatric PTSD. Findings include increased [38] and decreased
[56] vmPFC/rACCactivation, increased [35•] and decreased
[55] dorsomedial (dm)PFCactivation, increased [38, 56] and
decreased [55] ventrolateral (vl)PFC activation, and de-
creased dlPFC [38] activation in youth with PTSD
(Table 1). There are many possible reasons for these discrep-
ancies, including task differences, trauma-related factors
(age at trauma, trauma type, trauma chronicity), and also
potential sex differences [55] in youth with PTSD. Age-
related differences also appear to factor in, supported by

our finding of decreased dmPFC recruitment with age in
youthwith PTSD [57•]. Furthermore, it is crucial to examine
neural function in pediatric PTSD beyond brain activation,
incorporating network level communication. To this end, we
examined amygdala functional connectivity during emotion
processing in our sample of youth with PTSD. Notably, we
found that youth with PTSD exhibit reduced coupling be-
tween the amygdala and rACC/dmPFC, which was further
linked to PTSD severity [35•, 57•]. These findings also agree
with studies showing an inverse relationship between PTSD
symptoms and amygdala-rACC coupling in adolescent sex-
ual assault victims [58].Wehave also recently shown that the
“failure” to upregulate amygdala-dmPFC coupling in the
wake of childhood adversity is associated with anxiety and
depressive symptoms by late adolescence. Thus, deficits in
this key voluntary emotion regulation circuit [59, 60] may
play an important role in impaired regulation of negative
emotion in pediatric PTSD.

Finally, we have also identified age-related abnormalities in
amygdala-PFC coupling in pediatric PTSD. Specifically, we
have shown that while TD youth exhibit increased amygdala-
vmPFC coupling to negative images with age, youth with
PTSD show decreased coupling with age [57•]. Mirroring
amygdala findings, however, younger youth with PTSD
(< 15 years) actually show greater amygdala-vmPFC coupling
compared to TD youth, with the reverse pattern by late ado-
lescence. Thus, younger children with PTSD may exhibit
some degree of compensatory function in automatic emotion
regulatory circuitry, with relative downregulation of the amyg-
dala, but which becomes compromised as these youth age
(Fig. 1).

Fig. 1 Age-related abnormalities
in frontolimbic activation and
amygdala-prefrontal connectivity
in pediatric PTSD. Data from our
cross-sectional studies [35•, 57•]
show that, in contrast to typically
developing youth, youth with
PTSD show increased amygdala
activation with age, combined
with decreased prefrontal
recruitment and coupling with
age. These findings suggest that
youth with PTSD may have
abnormal neurodevelopment in
key frontolimbic circuits which
could lead to increasing threat
reactivity and weaker emotion
regulation ability over time
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Frontolimbic Development, Age at Traumatization,
and Implications for PTSD Presentation in Youth

How do the age-related findings in frontolimbic circuits relate to
age of initial traumatization and sensitive periods in
neurodevelopment? Childhood and adolescence are known vul-
nerable periods for the effects of trauma on neurodevelopment.
For example, studies of adults with retrospective reports of
childhood abuse suggest that abuse has the most prominent
impact on hippocampal volume prior to age 14, amygdala vol-
ume between 10 and 11 years of age, and prefrontal volume
between 14 and 16 years of age [61•]. Notably, these stress-
sensitive periods coincide with periods of maturation in these
brain regions [31, 32], though stress effects may not be fully
apparent until adulthood. In support of this latter notion, our age-
related findings in pediatric PTSD (e.g., increased amygdala
activation, decreased amygdala-vmPFC coupling with age)
were not accounted for by age at index trauma or duration of
PTSD [35•, 53•, 57•]. These findings suggest a more general
and sustained pattern of abnormal neurodevelopment, further
complicated by the possibility of early compensatory brain re-
sponses as outlined above. One likely possibility, then, is that
youth with PTSD are subject to multiple and/or repeated
traumas that interact with genetic vulnerability to alter
neurodevelopment over the course of childhood and adoles-
cence. Some of these potential mechanisms, including the glu-
cocorticoid stress pathway, are discussed further below.

Next, what do the age-related findings and overall
frontolimbic abnormalities suggest for the presentation of
PTSD in youth? Of note, the DSM-5 introduced the preschool
(< 6 years) subtype of PTSD, which requires fewer symptoms
of avoidance and negative cognitions to meet the diagnostic
threshold (1 avoidance and 2 cognition for adults compared to
1 avoidance or cognition for preschoolers) [62]. This subtype
was introduced given evidence that PTSD is underdiagnosed
in younger children using adult criteria, and could reflect im-
maturity in systems underlying appraisal and reporting of neg-
ative emotion. On the other hand, our findings might suggest
that younger children with PTSD actually have compensatory
frontolimbic development which could reduce the expression
of certain PTSD symptoms such as negative emotional states
and cognitions related to trauma. This intriguing possibility
will require further study in these younger age groups to pro-
vide more definitive answers.

Finally, what implications do the extant neuroimaging find-
ings in pediatric PTSD have for the presentation of dissocia-
tive symptoms in pediatric and adult PTSD? DSM-5 intro-
duced the dissociative subtype of PTSD [62], recognizing an
important variation in the PTSD presentation which requires
more nuanced therapeutic approaches. Furthermore, early data
in adults suggest potential neurobiological differences in dis-
sociative PTSD [63•]. Based on initial studies of dissociative
PTSD, Lanius and colleagues have proposed a model of

heightened prefrontal recruitment with associated dampening
of amygdala-based threat responding [64]. Furthermore, re-
cent studies suggest that dissociative PTSD patients show in-
creased resting coupling between the amygdala and prefrontal
cortex [65], and potentially greater anti-correlation between
the default mode and executive networks [66]. Such findings
are intriguing in the context of our findings in pediatric PTSD.
While speculative, it is possible that trauma limited to earlier
ages (e.g., < 15 years) could induce a sustained neural pattern
characterized by increased amygdala-prefrontal connectivity
and dampened amygdala reactivity, thereby contributing to a
dissociative phenotype. However, further studies will be need-
ed to test these hypotheses, ideally involving longitudinal im-
aging and larger sample sizes stratified by age at trauma
exposure.

Large Scale Network Abnormalities in Pediatric
PTSD

Complementing the frontolimbic model, recent work increas-
ingly implicates abnormalities in larger brain networks in
PTSD. For an in depth discussion of this topic in adult
PTSD, I refer readers elsewhere in this special issue [17].
Briefly, numerous studies have identified a set of core, func-
tionally connected networks in the brain. These networks in-
clude the default mode network (DMN), involved in self-
referential thought and processing, the salience network
(SN), involved in detection of relevant internal or external
cues including threat, and the central executive network
(CEN), involved in goal-directed behavior and emotion regu-
lation [67]. Notably, the CEN and DMN are normally anti-
correlated, reflecting functionally competing systems that
switch between goal-directed behavior and internal processing
[68]. As reviewed by Akiki and colleagues [17], studies of
adult PTSD suggest increased SN activity, decreased DMN
and CEN activity, and inefficient modulation between the
CEN and DMN which could account for symptoms of hyper-
vigilance, intrusive thought, and poor emotion regulation. The
studies of pediatric PTSD reviewed above tend to agree with
the notion of a hyperactive salience network (dACC, amyg-
dala) particularly as youth age, as well as impaired recruitment
of the CEN (dmPFC/dlPFC). To date, however, few studies
have specifically examined large-scale network function in
pediatric PTSD. In an initial study, we examined DMN func-
tion and its relationship to task positive networks (combining
CEN/SN) in our sample of youth with PTSD [69•]. In contrast
to findings in adult PTSD, youth with PTSD showed in-
creased connectivity within the DMN, combined with greater
anti-correlation between the DMN and CEN/SN. CEN/SN
strength, in turn, was associated with lower re-experiencing
symptoms. These findings raise the intriguing possibility that
pediatric PTSD may be characterized, in part, by
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compensatory recruitment of executive control systems to
suppress trauma-related thought, although such compensatory
recruitment could also conceivably contribute to dissociative
symptoms as discussed above. However, further work is clear-
ly needed to better characterize intrinsic network function in
pediatric PTSD and how this changes over the course of de-
velopment and into adulthood.

Neurobiological Pathways to PTSD in Youth:
Insights From Animal Models

The studies reviewed above suggest neurodevelopmental ab-
normalities in frontolimbic circuits in pediatric PTSD which
could contribute to deficits in threat discrimination and emo-
tion regulation. However, in human studies, it is particularly
difficult to establish clear environmental, genetic, and neural
mechanisms causing PTSD. Extant studies have relied primar-
ily on cross-sectional cohort designs, which may be influ-
enced by other potential factors that differ between youth
groups. For example, youth with PTSD may be more likely
than TD youth to have chronic stressors (e.g., family financial
stress, food scarcity), multiple trauma types, genetic vulnera-
bility, and poor social support which cumulatively lead to the
PTSD phenotype. As such, it is important to corroborate clin-
ical research findings with those from animal models, which
can more precisely control environmental exposures, genetic
background, and developmental timing of trauma. On the oth-
er hand, creating an animal model of PTSD is inherently dif-
ficult given its syndromal nature and uniqueness to humans.
Here, we may gain more traction by focusing on circuit-based
abnormalities as well as specific behavioral constructs [70]
found to be abnormal in PTSD, which can then be translated
in animal models.

A notable area of research in rodent and non-human pri-
mate models involves the use of early life stress (ELS) such as
abusive caregiving or stress hormone (glucocorticoid) expo-
sure to simulate traumatic experiences and adversity during
childhood. Studies of chronic stress or glucocorticoid expo-
sure in adult animals show notable effects on frontolimbic
circuitry including dendritic atrophy of the mPFC and hippo-
campus, and expansion of the basolateral amygdala [71].
While there are relatively fewer studies examining the effects
of ELS on frontolimbic circuits in developing animals, initial
studies suggest that ELS decreases hippocampal neuron pro-
liferation [72], increases turnover of cortical dendritic spines
[73], and increases amygdala volume [74] and reactivity [44].
Interestingly, rodent developmental studies of threat learning
and extinction suggest that ELS induces early maturation of
these processes, including enhanced threat learning and re-
newal [75], bearing similarity to enhanced threat bias in youth
with ELS [44]. These findings, then, may be more indicative
of the general effects of early life trauma and represent the

brain’s attempt to adaptively detect threat, but at the potential
cost of sustained hypervigilance and difficulty of inhibiting
threat responses. Thus, neuroanatomical changes following
childhood trauma may have both adaptation and vulnerability
effects.

What is it then that differentiates so-called resilient and
vulnerable youth from the effects of childhood abuse and ad-
versity? In a recent study, we simultaneously examined the
effects of childhood adversity and symptoms of internalizing
(anxiety and depression) on prefrontal-amygdala function in a
community sample of late adolescents [45•]. Regardless of
internalizing levels, all adolescents showed adversity-related
increases in amygdala reactivity to negative images. However,
differences emerged between low and high internalizing ado-
lescents in prefrontal-amygdala coupling. Here, low internal-
izing adolescents showed adversity-related increases in
prefrontal-amygdala coupling, while high internalizing ado-
lescents did not. Remarkably, use of this same emotion pro-
cessing task in our pediatric PTSD sample showed decreased
amygdala connectivity to the same prefrontal region
(rACC/dmPFC), which further correlated with PTSD severity
[57•]. Thus, early life adversity may generally induce neural
changes geared towards improved automatic detection of
threat (increased amygdala reactivity, age-related decline in
amygdala-vmPFC coupling). On the other hand, emergence
of trauma-related psychopathology may reflect a failure to
enhance, or subsequently lose, higher level compensatory
brain mechanisms involved in voluntary appraisal and emo-
tion regulation. Further research, including longitudinal neu-
roimaging in youth starting prior to trauma exposure, will be
needed to explore these possibilities.

What are some of the potential genetic and molecular
mechanisms which may lead to PTSD and associated
frontolimbic abnormalities in youth following trauma? A full
review of such mechanisms is beyond the scope of this article;
I refer readers elsewhere for further information on genetic
mechanisms linking childhood adversity to mental and phys-
ical health [76, 77], as well as the genetic andmolecular mech-
anisms of PTSD reviewed in this special issue [78]. However,
I highlight here some promising candidate pathways mediat-
ing the link between childhood trauma and psychopathology
involving the glucocorticoid stress pathway. Studies across
animals and humans point to altered methylation and expres-
sion of the glucocorticoid receptor (GR or NR3C1) and
FKBP5, a GR chaperone protein which impedes GR signal-
ing, following ELS [79–81]. In the case of NR3C1, ELS is
associated with hypermethylation particularly in exon 1F,
which in turn is associated with downregulation of GR in
the brain and periphery [80, 81]. In the case of FKBP5, a
common variant of the gene’s enhancer region is associated
with demethylation of GR response elements following ELS,
leading to increased expression of FKBP5 and greater risk for
psychopathology [76, 77]. In both cases, the net effect is
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blunted glucocorticoid signaling and reduced negative feed-
back, leading to hyper-responsivity of the HPA stress re-
sponse. Chronically elevated glucocorticoid levels, in turn,
are known to induce remodeling of the hippocampus, amyg-
dala, and mPFC [71] which may partially account for the
neurodevelopmental abnormalities observed in pediatric
PTSD. While no genetic/epigenetic studies have so far been
reported in pediatric PTSD, several studies have now shown
that ELS is associated with GR hypermethylation in youth,
though findings for FKBP5 have so far been mixed [79].
Further research is clearly needed on the study of genetic
and molecular mechanisms linking childhood trauma to
PTSD and other psychopathology in youth. On the other hand,
extant studies suggest potentially novel biological pathways
which could be targeted in the prevention or treatment of
pediatric PTSD.

Conclusions

In summary, the findings reviewed here suggest that pediatric
PTSD shows some structural and functional brain abnormali-
ties similar to adult PTSD. Examples include reduced vmPFC
volume and impaired recruitment of lateral prefrontal cortex.
Conversely, other feature characteristics of adult PTSD, such
as reduced hippocampal volume, and hyperactivity of the
amygdala and insula, have not been consistently observed in
pediatric PTSD. One reason for such discrepancies appears to
be delayed neurodevelopmental effects in pediatric PTSD, in-
cluding decreasing hippocampal volume, increasing amygdala
reactivity, and decreasing amygdala-mPFC coupling with age.
Thus, PTSD may differ in youth compared to adults both due
to heightened stress sensitivity of developing neural systems,
as well as delayed expression of the full effects of childhood
trauma exposure. Additionally, recent studies implicate net-
work level abnormalities in pediatric PTSD which may reflect
effects of childhood trauma and the expression of PTSD, most
notably for prefrontal-amygdala connectivity. In total, youth
with PTSD exhibit both overt and developmental abnormali-
ties in frontolimbic circuits which may contribute to increasing
threat reactivity and declining emotion regulation capacity as
youth age (Fig. 1). Further work is needed, however, to ad-
vance our understanding of neurobiological mechanisms un-
derlying pediatric PTSD. In particular, future studies are
merited to examine longitudinal neurodevelopment, character-
ize larger scale intrinsic network function, explore genetic and
molecular mechanisms of abnormal neurodevelopment, and
determine to what extent current evidence-based treatments
are capable of restoring “healthy” neurodevelopment. Studies
such as these will be vital to mapping individual outcomes and
developing novel, biologically based, and targeted treatments
to alleviate the suffering of afflicted youth and their families.
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