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Abstract Childhood psychological trauma is a strong
predictor of psychopathology. Preclinical research points to
the influence of this type of trauma on brain development.
However, the effects of psychological trauma on the
developing human brain are less known and a challenging
question is whether the effects can be reversed or even
prevented. The aim of this review is to give an overview of
neuroimaging studies in traumatized juveniles and young
adults up till 2012. Neuroimaging studies in children and
adolescents with traumatic experiences were found to be
scarce. Most studies were performed by a small number of
research groups in the United States and examined struc-
tural abnormalities. The reduction in hippocampal volume
reported in adults with PTSD could not be confirmed in
juveniles. The most consistent finding in children and
adolescents, who experienced psychological trauma are
structural abnormalities of the corpus callosum. We could
not identify any studies investigating treatment effects.
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Neuroimaging studies in traumatized children and adoles-
cents clearly lag behind studies in traumatized adults as
well as studies on ADHD and autism.
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Introduction

In countries all over the world, varying from low to high-
income, similar proportions of respondents, as many as one
in three, reported adversities in childhood, including psy-
chological trauma [1]. This poses an important problem for
mental health, as childhood adversity is known to be a
strong predictor for both child and adult affective psy-
chopathology such as anxiety disorders, posttraumatic
stress disorders and depression [1, 2].

The maturation of the human brain is a complex process
which lasts into early adulthood and can be strongly
influenced by experiences [3, 4]. Differentiation of brain
structures during development takes place through the
formation of new neurons, dendrites and synapses, the
selective ‘pruning’ of neurons, dendrites and synapses, and
the myelinisation of neurons. These processes are influ-
enced by neuronal hormones like the stress hormones
cortisol and catecholamines [5].

Preclinical science has shown that structure and func-
tioning of the developing brain are highly vulnerable to the
effects of adversity, particularly in certain critical time
windows. An extensive body of animal research in rodents,
as well as in non-human primates, has demonstrated that
childhood adversity—Ilike prolonged maternal separation
or maternal stress—has profound immediate and long
lasting (into adulthood) effects on functioning of the HPA
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axis [3, 6]. In general, HPA axis effects are more profound
after earlier and repeated exposure to adversity. The
sequelae of exposure to adversity are not limited to dis-
turbances in HPA axis functioning, but typically also
involve increases in anxiety related behaviour and
impairment in cognitive functioning [7, 8]. In animal
studies, childhood adversity was found to be associated
with changes in brain structures involved in the stress and
emotion regulation, such as the hippocampus and certain
prefrontal regions [9, 10], probably underlying vulnera-
bility to the impact of stressors later in life. In humans too,
a history of chronic traumatization during childhood and
adolescence was found to be associated with structural and
functional damage in emotion and stress-regulating brain
structures, for example, in the hippocampus in adults
reporting childhood abuse or in the medial prefrontal cor-
tex in adults reporting childhood emotional maltreatment
[11, 12]. Interestingly, in animal studies compensatory
fostering partially reversed several changes in the brain,
while the treatment with an SSRI was shown to have a
similar effect in both animals and adult human studies [13].
In addition, cognitive behavioural treatment was found
to normalize brain activity patterns in adults with post-
traumatic stress disorder [14, 15]. Taken together, data
from studies in animals and adult humans show that
childhood adversity can have a long-lasting impact on
brain structure and functioning, but animal data also sug-
gest that interventions may reduce these effects not only
in the mature, but also in the developing brain. From a
clinician’s perspective, these are intriguing findings and
possibilities, raising interest in the current knowledge on
the structural and functional effects of childhood adversity
at the level of the developing brain, and more importantly,
their malleability by treatment. This type of data could help
in identifying targets and time windows for early inter-
vention, treatment or perhaps prevention by enhancing
resilience mechanisms in humans [11, 16]. We therefore
performed a review of recent structural and functional
neuroimaging studies in children and adolescents with a
history of trauma or maltreatment.

Methods

The databases PubMed and Web of Science were searched
on the keywords: neuroimaging, MRI, fMRI and crossed
one by one with the terms PTSD, trauma, psychotrauma,
abuse and again crossed with children, adolescents, youth,
young adults. We also checked the references from the
resulting articles to identify manuscripts not identified in
the PubMED and Web of Science searches. Furthermore,
we screened relevant review and meta-analysis articles for
additional studies.
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Results
Literature search

Of the 27 articles we found, 26 were studies including a
control group, published between 1999 and 2012. All
studies, except for two, were conducted in the USA. The
number of subjects varied between five and 61. Thirteen
articles reported on findings in PTSD patients, the other
articles on findings in persons with PTSD-symptoms
(N = 2) or various forms of psychological trauma: sexual
abuse (N = 2), interpersonal trauma (N = 1), physical
abuse/maltreatment (N = 2, one with/without PTSD) [17],
harsh corporal punishment (N = 1), early deprivation
(N = 2), abuse (physical or sexual) or neglect (N = 1) and
parent verbal abuse (N = 2). Age of participants ranged
from 4 to 25 years. Two studies included only females, the
other 25 mentioned a male/female ratio (Table 1).

Most studies (N = 24) were structural MRI studies, of
which four were diffusion tensor imaging studies (DTI);
only three studies used functional MRI. There were three
longitudinal studies, all of them structural. Nineteen studies
were performed on a 1.5 T scanner, the other eightona3 T
scanner. In nine articles Michael D. De Bellis was one of
the authors, six articles were from Victor G. Carrion and
his group at Stanford and seven came from the Harvard
group of Martin H. Teicher. The De Bellis group published
three studies on the volumes of different brain regions
(total brain, lateral ventricle, hippocampus, pituitary), but
all examined in the same group of 61 children and ado-
lescents [18-20].

Structural neuroimaging

Structural MRI studies in traumatized children and ado-
lescents have found abnormalities in a number of brain
regions, with the hippocampus, corpus callosum, prefrontal
cortex, total brain, sensory cortex, and cerebellum being
the most frequently reported (Fig. 1).

Hippocampus

The hippocampus is an important part of the limbic system
and plays a critical role in declarative memory, working
memory, memory for episodic events and stress regulation
[21]. The disturbances of verbal declarative memory in
PTSD patients are related to the consistent finding of
reduction in hippocampal volume in adults with PTSD
[22].

Eleven of the 27 studies identified in the present review
reported on the hippocampus, of which one DTI study and
one functional MRI study (see Table 2). In children, most
studies (N = 6) found no change in hippocampal volume



Eur Child Adolesc Psychiatry (2013) 22:745-755 747
Table 1 Reviewed studies
Study N M/F  Inclusion Contr  Age Proc Task Long Med Tesla
1 De Bellis MD, 44 25/19 PTSD + 6-17 Struct - — 1.5
Pittsburgh, 1999
2 Carrion VG, 24 14/10 PTSD + 7-14 Struct - ? 1.5
Stanford, 2001
3 De Bellis MD, 9 5/4 PTSD + 10-13 Struct + - 1.5
Pittsburgh, 2001
4 De Bellis MD, 43 25/18 PTSD + 6-17 Struct - - 1.5
Pittsburgh, 2002
5  De Bellis MD, 28 14/14 PTSD + 4-16 Struct - — 1.5
Pittsburgh, 2002
6  De Belis MD, 61 31/30 Chron PTSD + 4-17 Struct — — 1.5
Pittsburgh, 2003
7 Yang P, Taiwan, 5 1/4 Earthquake PTSD + 12-14 Funct Visual/ — — 1.5
2004 imaginary
recollection
of trauma
8  Thomas LA, 61 31/30  Chronic PTSD + 4-17 Struct — - 1.5
Pittsburgh, 2004
9 Teicher MA, 28 13/15 Abuse/neglect + 9-16 Struct - ? 1.5
Harvard, 2004
10 Richert KA, 23 13/10 Trauma + PTSD- + 7-14 Struct — — 1.5
Stanford, 2005 symptoms
11 Tupler LA, 61 31/30 Chron PTSD + 4-17 Struct — — 1.5
Pittsburgh, 2006
12 Eluvathingal TJ, 7 2/5 Early deprivation + 7-13 Struct (DTI) - - 1.5
Detroit, 2006
13 De Bellis MD, 58 30/28 PTSD + 10-13 Struct — - 1.5
Pittsburgh, 2006
14 Carrion VG, 15 6/9 Maltreatment - 7-13 Struct + - 1.5
Stanford, 2007
15 Carrion VG, 24 14/10 PTSD + 7-14 Struct - — 1.5
Stanford, 2008
16 Carrion VG, 16 7/9 PTSD + 10-16 Funct Response — — 3
Stanford, 2008 inhibition
17 Jackowski AP, 17 7/10  PTSD + 6-14 Struct (DTT) - — 1.5
Yale, 2008
18 Andersen SL, 26 0/26 Childh Sex Abuse + 18-22 Struct — — 1.5
Harvard, 2008
19 Mehta MA, 14 6/8 Early deprivation + 16.2 + 0.72  Struct + — 1.5
London, 2009
20 Choi J, Harvard, 16 4/12 Parent Verb Abuse + 219 £ 24 Struct (DTI) — — 3
2009
21 Tomoda A, 23 0/23 Childh Sex Abuse + 18-22 Struct — — 1.5
Harvard, 2009
22  Tomoda A, 23 15/8  Harsh Corp + 18-25 Struct - - 3
Harvard, 2009 Punishment
23 Carrion VG, 16 6/10  PTSD sympt + 10-17 Funct Verbal - No auton/ 3
Stanford, 2010 declarative HPA effect
memory
24 Hanson, JL, 31 19/12  Physical abuse + 12.0 £ 0.2 Struct - ? 3
‘Wisconsin, 2010
25 De Bellis MD, 49/49 38/60 Maltreatment = PTSD  + 3-17 Struct — ? 3
North Carolina,
2010
26 Tomoda A, 21 9/12  Parent Verb Abuse + 18-25 Struct — - 3
Harvard, 2011
27 Choi J, Harvard, 20 4/16  Witnessing Domestic + 224 £25 Struct (DTI) — ? 3

2011

Violence

M/F male/female ratio, Contr controlled study, Proc structural MRI/(DTI)/functional MRI, Task functional MRI paradigm, Long longitudinal study, Med
medication use during study, Tesla 1.5/3 Tesla scanner
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Fig. 1 Summary of brain regions showing abnormalities in trauma-
tized individuals superimposed on the MNI-152 standard brain (grey).
a Sagittal section, b coronal section, ¢ transversal section of the brain
in which the frontal cortex (brown), corpus callosum (red), cerebel-
lum (pink), visual cortex (blue), amygdala (green), hippocampus

after exposure to psychological trauma [17, 23-27]. These
studies included prepubertal children, as well as postpu-
bertal adolescents. One larger matched controlled study
(N = 61) in children and adolescents with PTSD, aged
4-17 years, found even an increase in specific white matter
volume. Here, hippocampal volume was positively related
to age of trauma onset and level of psychopathology [20].
The remaining two volumetric structural studies report a
decrease in volume. In a study in young female adults
(N = 26), Andersen et al. [28] found decreased hippo-
campal volume to be associated with sexual abuse at ages
3-5 years and 11-13 years.

Choi, in a DTI study, found reduced fractional anisot-
ropy (FA) in the cingulum bundle by the posterior tail of
the left hippocampus in young adults (N = 14) exposed to
parental verbal abuse [29].

In a longitudinal study (N = 15) in 7-13 years old with
a history of maltreatment, posttraumatic stress symptoms
and cortisol at baseline predicted hippocampal volume
reduction over a 12-18 month interval [30]. The volu-
metric results seem to confirm the hypothesis that stress-
induced prolonged exposure to glucocorticoids leads to cell
death and a reduction in hippocampal volume over time.
The experimental research in animals shows a link between
early-life stress and later hippocampal anatomical abnor-
malities [3]. However, De Bellis et al. [24] did not find
smaller hippocampal volume in a longitudinal study with a
two-year follow up in nine sexually abused children with
PTSD. In summary, findings about hippocampal volume in
traumatized children are inconsistent and the reduction in
hippocampal volume seen in adults with PTSD can not be
confirmed in juveniles. As mentioned, it might be
hypothesized that the reduction in volume appears over
time and is therefore only visible in adulthood [31].
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(yellow). In all depicted brain regions, structural abnormalities were
found. The few functional imaging studies found abnormalities in the
cerebellum and the prefrontal, hippocampal and visual cortices; for
details, see Table 2

Furthermore, findings from a study in adult patients com-
paring patients, who developed PTSD in reaction to a
single psychological trauma with patients, who developed
PTSD after multiple trauma and the results from a twin study
in traumatised and non-traumatized adult patients [32] sug-
gest that smaller hippocampal volume could be a sign of
vulnerability instead of a consequence of psychological
trauma, a sign that might appear only at later age [33],
Moreover, both theories might be true: a smaller hippo-
campus may be a vulnerability factor for PTSD and after
trauma exposure PTSD can result in a smaller hippocampus .

Corpus callosum

The corpus callosum (CC) connects the two hemispheres of
the brain. Seven studies presented results on the corpus
callosum, six structural and one DTI study (see Table 2).
Of the six structural studies five found a reduction in cross-
sectional areas and one found no difference compared to
controls. The DTT study reported localised reduced FA in
the corpus callosum.

In the first MRI study in children with PTSD (N = 44) [25],
De Bellis et al. found a reduction in size of the midsaggital,
middle and posterior regions of the corpus callosum. Symp-
toms of PTSD and dissociation correlated negatively with
total and regional CC volumetric measurements. De Bellis
etal. [18, 27] in later studies confirmed these findings. Mehta
et al. [26] (N = 14) found no difference in midsaggital CC
area between early deprived Romanian adoptees and controls.
Teicher et al. [34] in a group of 28 abused or neglected child
psychiatric inpatients found a significant reduction in cross-
sectional area of the corpus callosum as compared to healthy
controls, and to a lesser degree in comparison to psychiatric
inpatients with other diagnoses. In this study, the association
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Table 2 Results reviewed

studies Structure Study Results
Structural (volumetric)
Hippocampus De Bellis MD, Pittsburgh, 1999 =
Carrion VG, Stanford, 2001 =
De Bellis MD, Pittsburgh, 2001 =
De Bellis MD, Pittsburgh, 2002 =
Tupler LA, Pittsburgh, 2006 1
WMV1T
GMV =
Carrion VG, Stanford, 2007 !
Andersen SL, Harvard, 2008 l
Mehta MA, Southampton, 2009 =
De Bellis MD, Durham, 2010 =
Corpus callosum De Bellis MD, Pittsburgh, 1999 CSA|
De Bellis MD, Pittsburgh, 2002 CSA|
De Belis MD, Pittsburgh, 2003 CSA|
Teicher MH, Harvard, 2004 CSA|
Andersen SL, Harvard, 2008 CSA|
Mehta MA, Southampton, 2009 =
Frontal cortex De Bellis MD, Pittsburgh, 2002 l
WMV |
Richert KA, Stanford, 2005 GMV
n
Carrion VG, Stanford, 2008 GMV1
Andersen SL, Harvard, 2008 !
Tomoda A, Harvard, 2009 GMV|
Hanson, JL, Wisconsin, 2010 l
Total brain De Bellis MD, Pittsburgh, 1999 l
Carrion VG, Stanford, 2001 l
De Bellis MD, Pittsburgh, 2002 l
De Belis MD, Pittsburgh, 2003 !
Mehta MA, Southampton, 2009 GMV/|
WMV |
Amygdala De Bellis MD, Pittsburgh, 2001 =
De Bellis MD, Pittsburgh, 2002 =
Mehta MA, Southampton, 2009 i
Visual cortex Tomoda A, Harvard, 2009 GMV|
Sup temp gyrus De Bellis MD, Pittsburgh, 2002 GMV1
WMV |
Choi J, Harvard, 2009 WMT|
Tomoda A, Harvard, 2011 GMV1
Cerebellum De Bellis MD, Pittsburgh, 2006 l
Carrion VG, Stanford, 2009 GMV| vermis
Pituitary Thomas LA, Pittsburgh, 2004 =/
Diffusion Tensor Imaging (DTI)
Hippocampus Choi J, Harvard, 2009 FA|

Corpus callosum

Jackowski AP, Yale, 2008

Cingulum bundle post
tail left hippocampus

FA |
Med + post corpus
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Table 2 continued

Structure Study Results
Visual cortex Choi J, Harvard, 2011 FA|
Visual limbic pathway
Uncinate fasciculus Eluvathingal TJ, Detroit, 2006 FA|
Left
Functional
Hippocampus Carrion VG, Stanford, 2010 l

Frontal cortex

GMYV grey matter volume, WMV Visual cortex

white matter volume, CSA cross
sectional area, FA fractional

Cerebellum

Parahippocampal gyrus

Carrion VG, Stanford, 2008 Medial PFC?T

Middle PFC|

Yang P, Taiwan, 2004 1
Yang P, Taiwan, 2004 1
Yang P, Taiwan, 2004 1

anisotropy

in girls was strongest with sexual abuse, with the reduction in
cross-sectional area more located in the rostral part of the CC,
whereas in boys the stronger association was with neglect and
the reduction in the caudal part. The authors suggest that this
can be explained by the fact that myelinization in the CC
follows arostral-caudal pattern and neglect usually takes place
in an earlier phase of development. De Bellis and Keshavan
[18] also found that the corpus callosum was more affected by
early maltreatment in male than in female children. Jackowski
et al. [35] (N = 17), studying cerebral connectivity in a DTI
study, found reduced fractional anisotropy in the medial and
posterior corpus, pointing to less connectivity.

In traumatized children and adolescents, most studies
show reduced cross-sectional area and connectivity of the
CC [36]. The structural findings seem to be gender specific
and possibly also related to the period in the development
that the abuse or neglect took place. The findings in chil-
dren and adolescents seem to be in line with the results
from studies in adults and preclinical data.

The reduction in cross-sectional area of the CC was also
found in two studies with adults with PTSD [37, 38].
Preclinical research in rhesus monkeys showed a relation-
ship between early life stress and a reduction in the CC [9].
As the corpus callosum is crucial for cortical communi-
cation and individuals with a commissurotomy show dis-
continuities between perception, comprehension and
response, PTSD symptoms like dissociation might be
related to abnormalities in CC structure [25].

Prefrontal cortex

In the emotional circuit of the brain areas in the prefrontal
cortex (PFC) are thought to exert control over the limbic
system. Lesion studies showed that the medial prefrontal
cortex modulates emotional responses through inhibition of
the amygdala, where emotions are generated [22].

Six of the 23 structural articles identified found struc-
tural consequences of early psychological trauma in the
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prefrontal cortex, although the findings were equivocal.
Four studies found a decrease in volume: one study in
children and adolescents with PTSD (N = 28) reported a
smaller volume of the prefrontal cortex and the prefrontal
white matter [14]. Andersen et al. [28] reported decreased
frontal cortex volume in young female adults (N = 26)
related to sexual abuse at ages 1416 years, corresponding
with a period of intensive cortical development in late
adolescence. In physically abused children (N = 31)
Hanson et al. [39] found a reduced volume of the orbito-
frontal cortex. Tomoda et al. [40], using voxel-based
morphometry (VBM), found reduced prefrontal cortical
gray matter volume (GMV) in the medial and dorsolateral
frontal cortex in young adults (N = 23), who experienced
harsh corporal punishment during childhood.

In contrast, Carrion et al. [41] found increased GMV in
the prefrontal cortex (inferior and superior quadrants) of
children 7-14 years of age (N = 14) with PTSD. Finally,
in a study by Richert and Carrion (N = 23), children with
PTSD symptoms showed a larger GMV in the middle
inferior and ventral regions of the PFC. The decreased
volume of gray matter in the dorsal PFC correlated with
increased functional impairment scores [42].

In line with the findings of reduced volume in some of
the studies in children and adolescents, van Harmelen et al.
[12] showed an association between maltreatment and a
reduction in predominantly left dorsal medial prefrontal
cortex volume in a study with adults reporting childhood
emotional maltreatment.

Remarkably, in a cross-sectional review [43] reporting
on neuroimaging findings in children and adolescents with
mental disorders from 2005 to 2008, the frontal cortex was
the region that showed the most structural and functional
abnormalities in children and adolescents with anxiety
disorders. In line with findings in adults [22], the group of
children and adolescents with anxiety or depressive disor-
ders (the affective cluster) was characterized by abnor-
malities of the frontal-limbic regions. In the same review,
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the frontal cortex was also identified as the region, where
the structural and functional abnormalities were consis-
tently found in the group of disorders with ‘cognitive
deficits’ (ADHD, autism spectrum disorders, schizophre-
nia, anorexia nervosa, addiction).

The majority of structural studies in children and ado-
lescents included in our review did not find structural
abnormalities in the PFC associated with maltreatment or
psychological trauma. This may be related to the inclusion
of subjects based on the exposure to a form of psycho-
logical trauma without the presence of psychopathology in
a number of studies, the small numbers of subjects or
differences in scanner resolution.

Total brain

Total cerebral volume is examined as some consider it to
be a marker for more diffuse cerebral damage. Four larger,
also older [18, 23, 25, 27] studies and one more recent
study [26] reported a decrease in total cerebral volume in
addition to other findings in youths with PTSD or a history
of chronic psychological trauma. In traumatized adults,
decreased total brain volume has not been reported. The
results from animal studies showed that stress has a neg-
ative effect on brain development through the mechanisms
of accelerated loss of neurons, delays in myelinization of
neurons and inadequate ways of pruning of neurons. These
developmental processes are likely to be controlled by the
stress hormone cortisol and catecholamines [25]. Through
these mechanisms, the stress and disturbances of stress
regulation generated by psychological trauma are thought
to influence brain development.

Sensory cortex

Recently, three different studies from the group of Teicher
found a relationship between certain types of maltreatment
and alterations in the volume or FA (DTI) of parts of the
sensory cortex in young adults (18-25 year), traumatized
during childhood. Because brain development continues
until the third decade of life, these results are relevant to
our topic. Especially in late adolescence and early adult-
hood, major changes still take place in the brain and data
on this period may shed light on the differences in findings
between children and adults with a history of psychological
trauma.

The first study by Tomoda et al. [44] found a relation-
ship between the duration of sexual abuse before age 12
and a reduction in GMV in the primary and secondary
visual cortex (VBM) of young women (N = 23). Choi
et al. [45] used DTI and found reduced fractional

anisotropy in the visual limbic pathway (the inferior lon-
gitudinal fasciculus of the left lateral occipital lobe) in 20
young adults who witnessed domestic violence in child-
hood, as compared to controls. In the third study by To-
moda et al. [46] (N = 21), exposure to parental verbal
abuse was associated with an increase in GMV in the
superior temporal gyrus (the auditory association cortex).
Taken together, these data suggest that parts of the sensory
cortex involved in perception processing may be affected
by exposure to extreme impressions during early devel-
opment. Alternatively, it could also be the case that dif-
ferences in structure and functioning of the sensory cortex
influence the vulnerability to traumatization.

Cerebellum

The cerebellum has a coordinating function in motor
action, while more recent research suggests a similar role
for the cerebellum in cognitive and emotional processes
through its connection with limbic structures and the HPA
axis [10, 47].

Two structural studies reported on the cerebellum and
both found a decrease in volume.

In the study of De Bellis et al. (N = 58) the left, right
and total cerebellum volume were smaller in children and
adolescents with maltreatment related PTSD than in
youngsters with generalized anxiety disorder and healthy
controls. Cerebellar volume positively correlated with the
age of onset of the psychological trauma and negatively
with the duration [48]. Carrion et al. [41] found a reduced
volume of the pons and cerebellar vermis in 24 patients
with paediatric PTSD.

Interestingly, a recent study in adult patients (N = 42)
[49] revealed a correlation between PTSD and reduced left
cerebellar hemisphere and vernal volume in comparison to
resilient controls, who experienced psychological trauma
but did not develop PTSD. Moreover, in the PTSD group
vermal volume correlated negatively with traumatic
symptoms and early traumatic life events.

Amygdala

The amygdala plays an important role in emotional cir-
cuitry, especially in fear conditioning and threat appraisal
[7]. Abnormalities in the amygdala are strongly associated
with affective disorders and probably also with vulnera-
bility for psychopathology [43]. To our knowledge, only
three studies report on structural abnormalities of the
amygdala in traumatized children and adolescents. One
found an increase in volume as compared to controls, the
other two found no difference in volume.
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The study by Mehta et al. [26] found increased amyg-
dala volumes in a study (N = 14) in severe early deprived
Romanian adoptees. Left amygdala volume was related to
the time spent in the institutions in Romania.

De Bellis et al. [24] in a longitudinal pilot study (N = 9)
found no difference in amygdala volume between children
with maltreatment related PTSD and healthy controls at
baseline, after at least 2 years’ follow-up and across time.
In a more recent and somewhat larger (N = 28) study by
De Bellis et al. [27] in children and adolescents that had
maltreatment related PTSD, the authors again found no
differences in amygdala volume.

In adults, almost all functional MRI studies in PTSD
show increased activation or reactivity of the amygdala
[22]. Structural findings concerning amygdala volume in
adults with PTSD are mixed, with some studies showing
smaller volumes and other no abnormalities. This is also
true for adults with PTSD and a history of childhood
maltreatment [21, 31]. Animal data show that the amygdala
play a central role in the neurocircuits activated by early
adverse experience like maternal separation causing dys-
regulation of the neuroendocrine stressresponse [3].

Pituitary

Thomas and De Bellis in one study specifically examined
the pituitary gland because of its function in the HPA axis,
controlling cortisol production in reaction to stress [19]. In
this larger study (N = 61), the researchers did not find
overall group differences in pituitary volume between the
maltreatment-related PTSD patients and healthy controls,
but there was a significant age-by-group effect in the PTSD
subjects. In the PTSD subjects, pituitary volume increased
more with age than in control subjects. This is an inter-
esting finding as HPA axis abnormalities are known to be
associated with PTSD. To our knowledge, there are no
specific MRI studies on the pituitary in adult traumatized
patients.

Uncinate fasciculus

The uncinate fasciculus (UF) connects parts of the pre-
frontal cortex (orbitofrontal) with the temporal lobe and the
amygdala. Among the 24 reviewed structural articles, there
is only one small DTI study (N = 7) of this structure. This
connectivity study was a follow-up of an earlier PET study
in which a decreased glucose metabolism in limbic and
paralimbic structures was found in neglected adopted chil-
dren. The DTI study found a decreased fractional anisotropy
in the left UF of adopted children, who were subjected to
early socio-emotional deprivation, as compared to matched
healthy controls [50]. The authors linked these DTI findings
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to the disturbances in neurocognitive and behavioral func-
tioning, like a relative deficit in verbal memory. This in
accordance with the earlier studies that found a correlation
between quantitative DTI measures of the left UF and
neurocognitive variables, such as general intelligence,
visual and verbal memory and executive function in various
patient populations. A recent review on DTI in anxiety
disorders found three studies in adults in which the UF was
identified as a structure, where FA correlated negatively
with anxiety traits, implicating the structure also in emo-
tional functioning [51].

Summary of structural findings

Because of the limited number of studies, the small sample
size of many of the structural studies and the fact that some
studies examined the same population, conclusions can only
be tentative. The most robust findings seem to be a reduc-
tion in size of several regions of the corpus callosum and a
decrease in total brain volume in traumatized children and
adolescents. The recent research in young adults seems to
point in the direction of an influence of early traumatization
on the sensory cortex (visual and auditory cortex) and its
connection to limbic areas. The reduction in hippocampal
volume found in adults with PTSD is not found in children
and adolescents. Findings on abnormalities in the PFC and
the amygdala are limited or unequivocal.

Functional neuroimaging

Surprisingly, we could identify only three functional neu-
roimaging studies in children and youth with a history of
psychological trauma or maltreatment.

Yang et al. [52] published a very small study (N = 5) in
which child earthquake survivors with PTSD were matched
with non-PTSD survivors. Functional scans were made
during visual perception and imaginary recollection of
traumatic reminders and neutral pictures. In contrast to the
control group, the PTSD group showed activation in the
bilateral visual cortex, bilateral cerebellum and left para-
hippocampal gyrus. Under the same conditions, the control
group showed activation in the anterior cingulate cortex,
while the PTSD group did not. Although this is only one,
very small study, the results may point in the direction of
involvement of the visual cortex and the cerebellum, as
Tomoda et al. [44] and De Bellis and Kuchibhatla [48]
suggested based on their structural studies of these regions.

In the second functional MRI study by Carrion et al.
[53], 16 youths with PTS symptoms (PTSS) performed a
response-inhibition Go/no-Go task. The 14 age- and gen-
der-matched control subjects showed greater middle frontal
cortex activation (Brodman area 9/46) than the PTSS
subjects. The PTSS subjects had greater medial frontal
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activation (Brodman area 8/9, 17/18/19, 32/24, 37). A sub-
group of seven youths with PTSS and a history of self-
injurious behaviour demonstrated increased insula and
orbitofrontal activation. Insula activation correlated posi-
tively with PTSS severity. Research in adult traumatized
patients mostly shows a decreased activation in the PFC
[22]. The paradigms used in adults usually consist of
exposure to visual or auditory stimuli related to a specific
type of psychological trauma.

In the third fMRI study, Carrion et al. [54] found
reduced activity in the hippocampus of 16 adolescents with
PTS symptoms during a verbal declarative memory task in
the scanner. This is in line with similar findings of reduced
hippocampal activity in adults with PTSD during a verbal
declarative memory task [22].

Discussion

Neuroimaging is considered an important tool to study the
effects of psychological trauma on the brain. As a large body
of evidence points at the immediate and long-term sequelae
of traumatic experiences in childhood, it is remarkable,
however, that so few neuroimaging studies in traumatized
juveniles have been published. With the exception of two
studies, neuroimaging research in traumatized juveniles was
conducted in the USA and by a limited number of groups.
Most studies examined structural aspects and we could not
identify studies on the effect of psychotherapy or pharma-
cotherapy. Neuroimaging research in traumatized children
and adolescents lags behind research in other child and
adolescent disorders like ADHD and autism, both in number
and approach. For example, a review by Konrad and Eick-
hoff in 2010 about ADHD mentioned already 18 studies on
connectivity alone [55]. A review by Williams in the same
year on neuroimaging studies that helped explaining the
nature of autism and related disorders, included almost 40
studies [56]. There are limited or no data available on the
structural and functional connectivity in traumatized chil-
dren and adolescents, on brain activation patterns during
cognitive and emotional tasks, on longitudinal effects, and
on the effects of psychotherapy or pharmacotherapy.

There can be different explanations for this relative
scarcity of neuroimaging studies in traumatized children
and adolescents, such as difficulty of inclusion, high
number of drop-outs, or the idea that this type of research is
especially burdensome for these children and youngsters.
In our own and others experience inclusion can be difficult
for several reasons, for example because of obtaining
parental consent when abuse takes place in the family
circle or reluctance of professionals and parents to let this
group of patients participate in research.

Given the limited number of studies, often conducted by
the same groups, the small sample sizes and the often
disparious findings, conclusions of our review must be
considered tentative.

The most consistent structural finding seems to be a
reduced volume of parts of the corpus callosum in trau-
matized juveniles. No clear picture emerges from the three
functional studies. Several structural and functional find-
ings are in line with the results found in adult trauma
patients, in juvenile and adult patients with affective dis-
orders, and in animal studies. The reduction in size of brain
structures, especially total brain and PFC, in traumatized
children and adolescents is considered to be the result of
deviant brain development caused by stress, in line with the
animal studies showing negative effects of stress on brain
development. Active brain development is characterized by
loss of neurons that is thought to be a process of controlled
differentiation. As this controlled differentiation is at least
partly under the influence of stress hormones, it can be
hypothesized that psychological trauma, especially in
critical time windows, overstimulates this process. Animal
data have confirmed this hypothesis for early stress in
relation to hippocampal atrophy, reduced fibre innervation
and fibre density in some regions of the prefrontal cortex
and the corpus callosum [9]. The influence of severe stress
can lead to long-lasting changes in brain structure and
function. In this light, it is important to mention the strong
relationship between childhood adverse experience and
later psychopathology in general as was recently recon-
firmed by a large WHO survey in 21 countries [1] (see also
[57D).

Remarkably, some abnormalities, like the consistent
finding of reduced volume of the hippocampus in adult
psychological trauma patients are not found in traumatized
children and adolescents. This underscores the importance
of continued research into the interaction between psy-
chological trauma and the developing brain. In addition,
research in adults with PTSD and mood and anxiety dis-
orders has shown changes in brain function and structure
after successful psychotherapy [58-60]. Children and
youth with psychological trauma related psychopathology
are typically treated with psychotherapy, but data on the
malleability of their brain structure and function by ther-
apy, or on critical neurobiological windows of opportunity
for treatment are still lacking.

Research in developmental psychopathology and affec-
tive neuroscience has come a long way in describing the
neurobiological basis of important cognitive and emotional
processes and their disturbances, but more research efforts
to unravel the neurobiology of the traumatized juvenile
brain, and especially its potential for change, is clearly
warranted [61, 62].
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