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Abstract

Post-traumatic stress disorder (PTSD) manifests as emotional suffering and problem-solving impairments under extreme stress.
This meta-analysis aimed to pool the findings from all the studies examining emotion and cognition in individuals with PTSD to
develop a robust mechanistic understanding of the related brain dysfunction. We identified primary studies through a compre-
hensive literature search of the MEDLINE and PsychINFO databases. The GingerALE software (version 2.3.6) from the
BrainMap Project was used to conduct activation likelihood estimation meta-analyses of the eligible studies for cognition,
emotion and interface of both. Relative to the non-clinical (NC) group, the PTSD group showed greater activation during
emotional tasks in the amygdala and parahippocampal gyrus. In contrast, the NC group showed significantly greater activation
in the bilateral anterior cingulate cortex (ACC) than did the PTSD group in the emotional tasks. When both emotional and
cognitive processing were evaluated, the PTSD group showed significantly greater activation in the striatum than did the NC
group. No differences in activation between the PTSD and NC groups were noted when only the cognitive systems were
examined. Individuals with PTSD exhibited overactivity in the subcortical regions, i.e., amygdala and striatum, when processing
emotions. Underactivity in the emotional and cognitive processing intermediary cortex, i.e., the ACC, was especially prominent
in individuals with PTSD relative to the NC population following exposure to emotional stimuli. These findings may explain the
trauma-related fear, irritability, and negative effects as well as the concentration difficulties during cognitive distress associated
with emotional arousal, that are commonly observed in individuals with PTSD.
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Introduction

Post-traumatic stress disorder (PTSD), which may develop
following a traumatic experience, is a debilitating illness char-
acterized by emotional distress associated with physiological
arousal and poor concentration (Atwoli et al. 2015). The trau-
matic experience may also lead to stress-induced functional
changes in multiple domains of the brain. In order to develop
precise treatments for the PTSD symptoms, identifying the
biological targets of treatment is imperative (Bremner 2007).
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The neural correlates of the emotional dysregulation in
PTSD likely involve the fronto-limbic system, given the cor-
responding symptoms of anger, nervousness, fear, intrusive,
recurrent recollections, flashbacks, and nightmares. However,
only a few publications have utilized cognitive tasks that
probe the poor concentration and other related executive func-
tion difficulties that are commonly noted in PTSD (Moores
et al. 2008; Sailer et al. 2008; Felmingham et al. 2009; Cisler
et al. 2015; Shaw et al. 2009; Elman et al. 2009; Astur et al.
2006; Strigo et al. 2010; Geuze et al. 2008; Bryant et al. 2005;
Falconer et al. 2008; Jovanovic et al. 2013). Given that emo-
tions influence cognition, it is hypothesized that there would
be whole-brain involvement, with combined emotional and
cognitive domain dysfunction and corresponding network ab-
normalities in both the cognitive and emotional brain net-
works. Therefore, the present meta-analysis included pub-
lished studies that examined two brain domains, namely
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cognition and emotion, based on different levels of the domain
hierarchy from the brainmap coding scheme (Laird et al.
2009). We also added a third domain, i.e., the interface be-
tween emotion and cognition, since the underlying networks
show close connectivity, as informed by our prior work
(Pavuluri et al. 2010), and hence may be involved in the path-
ophysiology of PTSD (Hayes et al. 2012b).

The majority of individual functional neuroimaging studies
on PTSD are proof-of-concept trials with small sample sizes.
One way to amplify the power of these studies is to perform a
meta-analysis, which integrates the data from all published
studies on PTSD. One of the most common algorithms for
performing coordinate-based meta-analyses that offer robust
and reliable findings is the recently developed activation like-
lihood estimation (ALE) technique (Eickhoff et al. 2009). This
method assumes that the peak coordinates reported by each
study represent the activation maps from which they are de-
rived and uses the reported coordinates in voxel-wise analyses
to assess the consistency of activation in any given set of
studies (Eickhoff et al. 2009; Kober and Wager 2010;
Turkeltaub et al. 2012). By using this type of quantitative
voxel-wise meta-analysis of already published results we can
compare the findings from the PTSD population to those from
the non-clinical control (NC) group and yield objective, unbi-
ased, and statistically based quantified evidence of aberrant
brain activation during cognitive, emotional and interface of
both processing in PTSD. As far as we know, there has been
no previous study about the meta-analysis of PTSD using the
ALE method for those three domains — cognition, emotion,
and interface of both.

Here, we conducted a separate meta-analysis for each indi-
vidual domain of cognition, emotion processing, and the in-
terface between cognition and emotion, as they relate to the
PTSD diathesis. We hypothesized that emotional systems and
circuits, in individuals with and without PTSD, would be
closely linked to cognitive circuits. By separating which probe
or domain dysfunction, cognition, emotion, and/or the inter-
face of both, contributes to the activity in any given coordinate
in this meta-analysis, we can quantitatively evaluate the re-
sults of neuroimaging studies performed in individuals with
PTSD and understand that cognition and emotion are separate
but interacting sub-systems of the brain in PTSD.

Methods
Search strategy

We performed a systematic literature search following the
flow suggested by the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) statement
(Moher et al. 2009). We identified primary studies through a
comprehensive literature search of the MEDLINE (using both
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free-text and Medical Subject Headings searches) and
PsychINFO databases using the following keywords: PTSD
or traumatic or post-traumatic, and functional magnetic or
fMRI. In addition, manual searches of the reference sections
of review articles and individual studies were conducted to
check for any missing studies not identified by the computer-
ized searches. There were no language restrictions, as all in-
cluded manuscripts were written in English. An initial list of
studies was produced that included any report of functional
magnetic resonance imaging (fMRI) studies of PTSD pub-
lished in print or online by December 31, 2017. The selection
process for the final list of primary studies for the planned
meta-analyses in this study was very clear and specific.
Accordingly, the inclusion of specific study could not be
misinterpreted.

The first-level literature search with further manual search
yielded 179 unique published articles with 73 studies meeting
the following selection criteria. All reports included in the
meta-analysis satisfied the following criteria: (1) included an
NC comparison group; (2) conducted whole-brain analyses
with or without region of interest (ROI) analyses; (3) provided
standard Talairach or Montreal Neurological Institute (MNI)
spatial coordinates for the key findings; (4) patient groups
consisted of individuals diagnosed with PTSD according to
the specific diagnostic criteria such as Diagnostic and statisti-
cal manual of mental disorders; (5) each subject group
consisted of at least five subjects; (6) reported activation foci
as three-dimensional coordinates in stereotactic space; (7) uti-
lized active task constructs; and (8) presented the findings at
the disorder vs. NC group level. Excluded manuscripts
consisted of the following: (1) reviews or other meta-
analyses; (2) studies with subject overlap; and (3) studies
using other MRI modalities (e.g., structural imaging, spectros-
copy, diffusion tensor imaging, and functional connectivity
studies).

After a second-level review of these 73 studies, only 56
studies reported the coordinates that were essential for inclu-
sion in this meta-analysis (Table 1). Any ambiguity in inclu-
sion was resolved through discussion by the authors of this
manuscript until consensus was reached. Study data (e.g., co-
ordinates, subject numbers) were entered and cross-checked
by the participating authors. The grouping of the studies based
on the task type, i.e., emotion, cognition, and the interface of
emotion and cognition, was also determined through indepen-
dent classification decision-making by researchers, with any
differences in classification being resolved through discussion
until consensus (Fig. 1).

ALE methods and pairwise ALE meta-analysis
The GingerALE software (version 2.3.6) from the BrainMap

Project was used to conduct ALE meta-analyses of eligible
studies (Eickhoff et al. 2009; Turkeltaub et al. 2012;
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Table 1

Primary fMRI studies of participants with post-traumatic stress disorder (PTSD), and non-clinical controls included in meta-analysis

Domain Primary study

Participants characteristics used Task
for meta-analysis

Research results

Emotion (28) A fMRI Study of Amygdala and
Medial Prefrontal Cortex
Responses to Overtly Presented
Fearful Faces in PTSD (Shin

et al. 2005)

A fMRI Study of Deliberate
Emotion Regulation in
Resilience and PTSD (New
et al. 2009)

Amygdala activity correlates with
attentional bias in PTSD (El
Khoury-Malhame et al. 2011)

An fMRI study of the brain
responses of traumatized
mothers to viewing their
toddlers during separation and
play (Schechter et al. 2012)

Brain Activation during
Script-Driven Imagery Induced
Dissociative Responses in
PTSD (Lanius et al. 2002)

Brain activation to facial
expressions in youth with
PTSD symptoms (Garrett et al.
2012)

Brain responses to symptom

provocation and trauma-related

short-term memory recall in
coal mining accident survivors
with acute severe PTSD (Hou
et al. 2007)

non-traumatized controls

17 adult PTSD outpatients (9

11 PTSD cases mothers (mean

7 female subjects with

23 medication-naive youth with

10 individuals with PTSD from

13 PTSD male patients (mean age: emotional facial expression

52.8+7.3) and 13 male
controls (mean age: 49.7 +8.9)

14 females with PTSD (mean age: neutral and negative pictures

from the International
Affective Picture Set

38.7+11.2) and 14

(mean age: 31.7+10.3)

emotional face matching and
an attentional detection of
target task

males, mean age:
31.7+6.7 years) and 17
healthy adult controls (10
males, mean age:
34.8+9.8 years)
watching epochs of play and
separation from their own
and unfamiliar children

age: 29.5+7.1 years) and 9
healthy control mothers (mean
age: 30.4+7.2 years)

traumatic script-driven imag-
sexual-abuse-related PTSD ery

(mean age: 36 +10.9 years)

and 10 control subjects (9

female, mean age: 35+

12.3 years)

implicit emotional facial
PTSD symptoms (mean age: expressions task
14.1+2.0 years) and 23

healthy controls (mean age:

14.6 + 1.8 years)

symptom provocation and
trauma-related short-term
memory recall paradigms

mining accident and 7 men
exposed to the mining accident
without PTSD

Relative to the control group, the
PTSD group tended to exhibit
diminished habituation of
fearful vs happy responses in
the right amygdala across
functional runs.

In response to deliberate attempts
to downregulate emotional
responses, non-traumatized
healthy control subjects were
more successful than PTSD
group in downregulating re-
sponses to the negative pictures
as measured by subjective rat-
ing and BOLD response in re-
gions of prefrontal cortex.

The amygdala showed enhanced
activity in PTSD (vs. controls).

PTSD mothers showed greater
limbic and less frontocortical
activity (BA10) than healthy
controls. PTSD mothers also
reported feeling more stressed
than healthy controls when
watching own and unfamiliar
children during separation.

Compared with control subjects,
PTSD patients in a dissociative
state showed more activation in
the superior and middle
temporal gyri, the inferior
frontal gyrus, the occipital lobe,
the parietal lobe, the medial
frontal gyrus, the medial cortex,
and the anterior cingulate
gyrus.

The posttraumatic stress
symptoms group showed
significantly greater activation
than controls in several regions,
including the
amygdala/hippocampus,
medial prefrontal cortex, insula,
and ventrolateral prefrontal
cortex, and less activation than
controls in the dorsolateral
prefrontal cortex.

During symptom provocation
paradigm, PTSD subjects
showed diminished responses
in right anterior cingulate, left
inferior frontal and bilateral
middle frontal gyrus and
enhanced left parahippocampal
gyrus response compared with
controls. During the short-term
memory recall paradigm,
PTSD group showed dimin-
ished responses in right inferior
frontal, right middle frontal and
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Table 1 (continued)

Domain Primary study Participants characteristics used Task

for meta-analysis

Research results

Differential Time Courses and
Specificity of Amygdala
Activity in PTSD Subjects and
Normal Control Subjects
(Protopopescu et al. 2005)

9 sexual/physical assault PTSD (7 a linguistic emotional task
females, mean age: 35 years)
and 14 normal control subjects
(7 females, mean age: 27 years)

Disrupted amygdala-prefrontal
functional connectivity in civil-
ian women with PTSD
(Stevens et al. 2013)

40 African-American women with emotional facial expression
civilian trauma (20 with PTSD
(mean age: 35.7 + 12.5 years)
and 20 non-PTSD trauma con-
trols (mean age: 41.1 +
10.7 years))

Disturbance in the neural circuitry 10 males with PTSD (mean age ~ showing emotional cartoon

underlying positive emotional 50 years, SD 13) and 10 task
processing in PTSD (Jatzko healthy males (mean 51 years,
et al. 2006) SD 11)

Effect of direct eye contact in
PTSD related to interpersonal
trauma (Steuwe et al. 2014)

16 PTSD females (mean age:
33.56+11.63 years) and 16
healthy controls (mean age:
30.56+12.61 years)

emotional facial expression

Effects of trauma-related cues on
pain processing in PTSD
(Mickleborough et al. 2011)

17 patients with PTSD (mean age: warm (nonpainful) or hot
36.7+9.7 years) and 26
healthy, trauma-exposed con-
trols (mean age: 36.8 +
8.2 years)

traumatic script

Emotional Numbing in PTSD: a
fMRI study (Frewen et al.
2012)

14 women with PTSD (mean age: emotional imagery task
37.22+7.00 years) and 16
women without PTSD

Enhanced Amygdala and Medial
Prefrontal Activation During
Nonconscious Processing of
Fear in PTSD (Bryant et al.
2008)

15 participants with PTSD (8
females, mean age:
37.33+9.90 years) and 15
healthy control participants (8
females, mean age:
35.80+9.06 years)

Evidence of early neurobiological 11 Taiwanese adolescents (5 with emotional imagery task
alternations in adolescents with PTSD, 6 non-PTSD controls)

PTSD (Yang et al. 2004) (age range: 12-14 years)

emotional facial expression

@ Springer

left middle occipital gyrus in
comparison with controls.

PTSD versus normal control
subjects have a relatively
increased initial amygdala
response to trauma-related
negative, but not
nontrauma-related negative,
versus neutral stimuli.

Relative to controls, participants
with PTSD showed an

increased right amygdala response
to fearful stimuli.

PTSD patients showed an
increased activation in the right
posterior temporal, precentral

and superior frontal cortex.
Controls recruited more
emotion-related regions bilater-
al in the temporal pole and
areas of the left fusiform and
parahippocampal gyrus.

Controls exhibited an increased
blood oxygenation
level-dependent response dur-
ing direct vs averted gaze
within the dorsomedial pre-
frontal cortex, left
temporoparietal junction and
right temporal pole. PTSD pa-
tients showed increased activa-
tion within the superior
colliculus/periaqueductal gray
and locus coeruleus.

After exposure to the traumatic

(painful) thermal stimuli af- scripts, the BOLD signal during
ter listening to a neutral or a

pain perception was greater in
the PTSD group than the
control group in the head of the
caudate.

In PTSD women, emotional
numbing symptoms predicted
less positive affect in response
to positive-valence scripts and
less BOLD response within the
dorsomedial prefrontal cortex
during imagery of positive and
negative scripts. In controls,
emotional numbing symptoms
predicted greater response
within the ventromedial pre-
frontal cortex.

PTSD participants display
increased amygdala and medial
prefrontal cortex activity during
nonconscious

processing of fearful faces.

During earthquake imagery,
PTSD group demonstrated
activation in the bilateral visual
cortex, bilateral cerebellum and
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Table 1 (continued)

Domain Primary study

Participants characteristics used Task
for meta-analysis

Research results

Exaggerated Amygdala Response
to Masked Facial Stimuli in
PTSD: A Functional MRI
Study (Rauch et al. 2000)

Exaggerated and Disconnected
Insular-Amygdalar BOLD
Response to Threat-Related
Emotional Faces in Women
with Intimate-Partner Violence
PTSD (Fonzo et al. 2010)

Functional activation and neural
networks in women with PTSD
related to intimate partner
violence (Simmons et al. 2008)

Heterogeneity of non-conscious
fear perception in PTSD as a
function of physiological
arousal (Kemp et al. 2009)

16 men with a history of

combat-related trauma (8 with
PTSD (mean age: 50.6 +

4.6 years) and 8 without PTSD

(mean age: 54.1 +3.2 years))

12 women with intimate partner

violence-PTSD and 12
non-traumatized comparison
women

15 women with intimate partner

violence-PTSD (mean age:
34.33 +7.83 years) and 15
non-traumatized control wom-
en (mean age: 37.13 +

7.14 years)

16 PTSD patients and 32 healthy

controls

Limbic brain responses in mothers 11 mothers with interpersonal

with PTSD and comorbid
dissociation to video clips of
their children (Moser et al.
2013)

violence related PTSD (mean
age: 29.9 +6.38 years) and 9

healthy control mothers (mean

age: 30.6 £7.07 years)

Violence-related PTSD and neural 16 mothers with interpersonal

activation when seeing
emotionally charged
male—female interactions
(Moser et al. 2015)

Neural correlates of
trauma-unrelated emotional
processing in war veterans with

violence related PTSD (mean
age: 32.3+6.5 years) and 19
healthy control mothers (mean
age: 34.5+5.6 years)

29 PTSD patients (mean age:
35.97+10.12 years) and 25

emotional facial expression

emotional facial expression

cued anticipation task

emotional facial expression

showing their child during
separation and play

showing a stimuli of
male-female interactions

showing emotional pictures
task

left parahippocampal gyrus,
while control group did not.
During earthquake perception,
the control group showed
activation over anterior
cingulate, but the PTSD group
did not.

Patients with PTSD exhibit
exaggerated amygdala
responses to masked-fearful
versus masked-happy faces.

PTSD subjects relative to
comparison subjects displayed
increased activation of the
anterior insula and amygdala
and decreased connectivity
among the anterior insula,
amygdalae, and anterior
cingulate cortex while
matching to fearful vs. happy
target faces. A similar pattern of
activation differences was also
observed for angry vs. happy
target faces.

Activation in right anterior/middle
insula was significantly greater
in the PTSD relative to the
control group. Changes in acti-
vation in right middle insula
and bilateral anterior insula
were more strongly associated
with amygdala activation
changes in control than in
PTSD subjects.

Concurrent autonomic activity is
associated with increased
non-conscious processing of
fear.

When mothers diagnosed with
PTSD watched their children
during separation compared to
play, dissociative symptom
severity was linked to lowered
activation within the limbic
system, while greater PTSD
symptom severity was
associated with heightened
limbic activity.

PTSD participants compared with
controls showed (i) greater
dorsomedial prefrontal cortex
and dorsolateral prefrontal cor-
tex activation in response to
menacing vs prosocial scenes
and (ii) greater anterior cingu-
late cortex, right hippocampus
activation and lower ventrome-
dial prefrontal cortex activity in
response to emotional vs neu-
tral scenes.

A heightened dorsal anterior
cingulate cortex response for
negative contrasts was
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Table 1 (continued)

Domain Primary study Participants characteristics used Task Research results
for meta-analysis
PTSD (van Roojj et al. 2015) healthy controls (mean age: observed in PTSD patients
35.38+10.12 years) compared to controls.

Neural correlates of automatic 10 participants with PTSD (8 affective priming task PTSD subjects showed a
perceptual sensitivity to facial females, mean age: significantly higher activation
affect in PTSD subjects who 33.90 + 14.55 years) and 10 in right insula and left
survived L’Aquila earthquake healthy control participants (7 amygdala than in healthy
of April 6, 2009 (Mazza et al. females, mean age: subjects; on the contrary,
2012) 27.1+10.43 years) controls showed a greater

activation of left lingual gyrus.

Neural Correlates of Traumatic 9 participants with PTSD and 9 traumatic script-driven imag- ~ PTSD patients showed less
Memories in PTSD: A trauma control participants ery activation of the thalamus, the
Functional MRI Investigation anterior cingulate gyrus, ant the
(Lanius et al. 2001) medial frontal gyrus than did

the comparison subjects.

Recall of Emotional States in 10 participants with PTSD (mean traumatic script-driven imag- ~ Compared to the trauma-exposed
PTSD: An fMRI Investigation age: 35+ 12.3 years) and 10 ery comparison group, PTSD sub-
(Lanius et al. 2003) trauma control participants jects showed significantly less

(mean age: 39+ 11.03 years) activation of the thalamus and
the anterior cingulate gyrus in
all three emotional states (sad,
anxious, and traumatic).

Reduced Amygdala and Ventral 23 participants with PTSD (13 emotional facial expression Relative to controls, PTSD
Striatal Activity to Happy females, mean age: participants revealed lower
Faces in PTSD Is Associated 38.5+11.5 years) and 20 activation to happy (—neutral)
with Emotional Numbing trauma control participants (11 faces in ventral striatum and a
(Felmingham et al. 2014) males, mean age: trend for reduced activation in

30.5+ 12 years) left amygdala.

Reduced hippocampal and 15 participants with PTSD (12 recognition memory test reduced activity in the amygdala
amygdala activity predicts males, mean age: and hippocampus in PTSD
memory distortions for trauma 33.93 +£8.23 years) and 14 patients during successful
reminders in combat-related trauma control participants (10 encoding of trauma-related
PTSD (Hayes et al. 2011) males, mean age: stimuli

34.0+6.03 years)

The effects of temporal 15 male participants with PTSD  a temporal unpredictability Greater activation in the bilateral
unpredictability in anticipation (mean age: 30.9 years) and 15 anticipation task anterior insula was observed in
of negative events in combat male trauma control the PTSD versus the combat
veterans with PTSD (Simmons participants (mean age: exposed control subjects during
et al. 2013) 30.9 years) anticipation of combat-related

images when the anticipatory
period was of uncertain dura-
tion.

Cognition (12) Abnormal recruitment of working 13 PTSD patients (8 Male mean  visuoverbal target detection Bilateral dorsolateral prefrontal
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memory updating networks
during maintenance of
trauma-neutral information in
PTSD (Moores et al. 2008)

Altered reward processing in the
nucleus accumbens and mesial
prefrontal cortex of patients
with PTSD (Sailer et al. 2008)

Anterior cingulate activity to
salient stimuli is modulated by
autonomic arousal in PTSD
(Felmingham et al. 2009)

age 44.23 £9.18) and 12
non-traumatized Controls (7
Male; mean age 40.41 +10.93)

13 PTSD women (mean age
28.9+7.1) and 13 healthy
control women (mean age
28.9+7.1)

11 participants with PTSD (9
males) and 11 age- and
sex-matched non-traumatized
controls

task

a decision-making task

oddball task

cortex, inferior parietal lobe,
hippocampus, the anterior
cingulate and the brainstem
pons were significantly more
activated in controls than in
PTSD during working memory
updating.

During the processing of gains in
the late phase of learning,
PTSD patients as compared to
controls showed lower
activation in the nucleus
accumbens and the mesial PFC,
critical structures in the reward
pathway.

Averaged target-background anal-
yses revealed significantly
greater dorsal anterior
cingulate, supramarginal gyrus,
and hippocampal activity in
PTSD relative to control par-
ticipants.
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Table 1 (continued)

Domain Primary study Participants characteristics used Task Research results
for meta-analysis

Brain and Behavioral Evidence for 25 PTSD women (mean age fMRI social and non-social PTSD was associated with greater
Altered Social Learning 34.7+8.3) and 15 control learning tasks encoding of negative expected
Mechanisms among Women women (mean age 30.87 +7.1) social outcomes in perigenual
with Assault-Related PTSD anterior cingulate cortex and
(Cisler et al. 2015) bilateral middle frontal gyri,

and greater encoding of social

prediction errors in the left

temporoparietal junction.
Functional connectivity reveals 13 PTSD patients (8 male; mean  visuo-verbal target detection ~ For the control, the first network

inefficient working memory age: 44.23; age range: task reflected brain activity

systems in PTSD (Shaw et al. 30-55 years) and 12 associated with working

2009) non-traumatized controls (7 memory updating. Controls’
Male; mean age: 40.41; age second network was associated
range: 28-59 years) with working memory

maintenance. In contrast, PTSD
patients appeared to activate a
single fronto-parietal network
for both updating and mainte-

nance tasks.

Functional Neuroimaging of 20 PTSD patients (12 male; mean passive-viewing monetary In voxelwise and anatomically
Reward Circuitry Responsivity age: 33.0+10.5 years) and 26 reward task defined region-of-interest
to Monetary Gains and Losses healthy controls (11 Male; analyses, when gains were
in PTSD (Elman et al. 2009) mean age: 28.0 +8.2) contrasted to losses,

between-group comparison re-
vealed smaller bilateral striatal
activations in the PTSD sub-

jects.
Hippocampus Function Predicts 12 PTSD patients and 12 healthy hippocampal-dependent When correlating fMRI-derived
Severity of PTSD (Astur et al. controls task—the virtual Morris hippocampal activity during the
2006) Water task virtual Morris water task with

PTSD severity, those with re-
duced hippocampal activity
show more severe PTSD

symptoms.

Neural Correlates of Altered Pain 23 female PTSD patients (mean  event-related experimental PTSD Women relative to control
Response in Women with age: 35.9+ 8.5 years) and 15 pain paradigm showed increased activation of
PTSD from Intimate Partner female healthy controls (mean right middle insula and right
Violence (Strigo et al. 2010) age: 35.2+12.7) dorsolateral prefrontal cortex

during initial painful
stimulation.

Neural correlates of associative 12 male veterans with PTSD verbal working memory task ~ Compared to controls veterans
learning and memory in (mean age: 34.82 +5.78 years) with PTSD revealed
veterans with PTSD (Geuze and 12 male veterans without underactivation of the frontal
et al. 2008) PTSD (mean age: cortex, and overactivation of

34.69 +3.70 years) the temporal cortex during the
encoding phase.

Neural Networks of Information 14 PTSD patients (8 male) and 14 oddball task Compared to controls, PTSD
Processing in PTSD: A non-traumatized controls (8 subjects showed enhanced
Functional Magnetic males) responses to targets in the
Resonance Imaging Study dorsal and rostral anterior
(Bryant et al. 2005) cingulate, and left amygdala.

Reduced Neural Activation 20 PTSD females (mean age: response inhibition task Stronger activation in the
During an Inhibition Task is 36.6+3.3 years) and 21 ventromedial prefrontal cortex
Associated with Impaired Fear control females (mean age: in traumatized subjects without
Inhibition in a Traumatized 39.8+2.8 years) PTSD compared to those with
Civilian Sample (Jovanovic PTSD in the NoGo greater than
et al. 2013) Go contrast condition

The neural networks of inhibitory 23 patients with PTSD (10 men, = Go/No-Go inhibition task During inhibition, control
control in PTSD (Falconer mean age: 38.3+12.16 years), participants activated a
et al. 2008) 23 healthy individuals without right-lateralized cortical inhibi-

trauma exposure (10 men, tory network, whereas patients
mean age: 39.3+ 12.6 years) with PTSD activated only the

left lateral frontal cortex.
Emotional Counting Stroop
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Table 1 (continued)

Domain Primary study Participants characteristics used Task Research results
for meta-analysis
Interface between ~ An fMRI Study of Anterior 8 male patients with PTSD (mean In the Combat versus General

cognition and
emotion (16)

@ Springer

Cingulate Function in PTSD
(Shin et al. 2001)

Cognitive control of attention is
differentially affected in
trauma-exposed individuals
with and without PTSD (Blair
etal. 2013)

Diminished rostral anterior
cingulate activity in response to
threat-related events in PTSD
(Kim et al. 2008)

Dorsolateral Prefrontal Cortex
Activation During Emotional
Anticipation and
Neuropsychological
Performance in PTSD
(Aupperle et al. 2012)

Elevated response of human
amygdala to neutral stimuli in
mild PTSD (Brunetti et al.
2010)

Focal and aberrant prefrontal
engagement during emotion
regulation in veterans with
PTSD (Rabinak et al. 2014)

Functional Neuroimaging of
Emotionally Intense
Autobiographical Memories in
PTSD (St Jacques et al. 2011)

Incidental retrieval of emotional
contexts in PTSD and
depression: An fMRI study
(Whalley et al. 2009)

Increased activation of the left
hippocampus region in
Complex PTSD during
encoding and recognition of
emotional words: A pilot study
(Thomaes et al. 2009)

age: 50.6 +4.6 years), 8 male
trauma controls (mean age:
54.1+3.2 years)

14 patients with PTSD (12 female,
mean age: 33.9+9.98 years),
19 healthy controls (17 female,
mean age: 32.4 +£8.79 years)

12 patients with PTSD (7 male,
mean age: 33.3+9.1 years), 12
healthy controls (7 male, mean
age: 29.0 +6.2 years)

37 women with PTSD (mean age:
38.32+£9.13 years), 34 healthy
control women (mean age:
37.76 £ 11.13 years)

10 patients with PTSD (6 female,
mean age: 39.73 + 6.34 years),
10 healthy controls (6 female,
mean age: 36.8 +12.1 years)

21 male veterans with PTSD
(mean age: 30.24 +7.29 years),
21 male trauma controls (mean
age: 34.81 £9.54 years)

15 PTSD patients (11 females;
mean age =22.21+4.23), 14
controls (7 females; mean
age=24.43+£3.73),

16 patients with PTSD (10 female,
mean age: 36.8 7.6 years), 16
trauma controls

9 female PTSD patients (mean
age: 30.6 6.0 years), 9 female
healthy controls (mean age:
32.9+9.3 years)

affective number Stroop task

a same—different judgment
task

anticipation task

Visuo-attentional task in
which they were asked to
observe emotionally
negative or neutral pictures

Emotion Regulation Task

searching for autographic
memories triggered by the
auditory cue words

yes/no recognition memory
task

emotional declarative memory

task

Negative comparison, the
non-PTSD group exhibited
significant fMRI BOLD signal
increases in rostral anterior cin-
gulate cortex, but the PTSD
group did not.

Patients with PTSD showed
disrupted recruitment of lateral
regions of the superior and
inferior frontal cortex as well as
the parietal cortex in the
presence of negative distracters.

PTSD patients, compared to
comparison subjects, showed a
decreased rostral anterior
cingulate functioning when
exposed to situations which
induce an unexpected
emotional processing conflict.

PTSD was associated with greater
anterior insula and attenuated
lateral prefrontal cortex
activation during emotional
anticipation.

Control subjects showed
enhanced amygdala responses
to emotionally negative stimuli
compared to neutral stimuli.
PTSD patients showed high
amygdala responses to both
neutral and emotional pictures.

The PTSD group engaged the
dorsolateral prefrontal cortex
during cognitive reappraisal,
albeit to a lesser extent than the
trauma control group.

The PTSD group showed greater
recruitment of the
amygdala/hippocampus during
the construction of negative
versus positive emotionally in-
tense autobiographical
memories, when compared to
controls.

Relative to the control group, the
PTSD group exhibited greater
sensitivity in the left
amygdala/ventral striatum and
right occipital cortex, and more
specific sensitivity in the right
precuneus, left superior frontal
gyrus, and bilateral insula.

Deep encoding of later
remembered negative words, as
well as correct recognition of
negative words and false
alarms, was associated with an
enhanced BOLD response in
the left hippocampus extending
into the parahippocampal gyrus
of PTSD patients compared
with controls.
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Table 1 (continued)

Domain Primary study Participants characteristics used Task Research results
for meta-analysis

Increased anterior cingulate cortex 33 female PTSD outpatients, 30  emotional declarative memory In PTSD patients compared to

and hippocampus activation in healthy female controls task controls, encoding of later
Complex PTSD during remembered negative words vs
encoding of negative words baseline was associated with
(Thomaes et al. 2013) increased BOLD response in

the left ventral & dorsal anterior

cingulate extending to the

dorsomedial prefrontal cortex.
Negative Emotion Regulation in 20 PTSD patients (13 male, mean to regulate emotional reactions PTSD group showed decreased

Patients with PTSD (Xiong age: 32.92 +8.48 years), 20 according to the auditory activation in the inferior frontal
et al. 2013) healthy controls (14 male, regulation instructions, to cortex, inferior parietal lobule,
mean age: 31.53 +7.43 years) maintain, enhance or insula and putamen, and
diminish responses to increased activation in posterior
negative stimuli cingulate cortex and amygdala

during up-regulation of nega-
tive emotion. Similar decreased
activation regions were found
during down-regulation of
negative emotion, but there was
no increased activation.

Negative emotional distraction on 20 PTSD patients (13 male, mean delayed-response working In the presence of negative relative
neural circuits for working age: 32.92 + 8.48 years), 20 memory task to neutral distractors, the PTSD
memory in patients with PTSD  healthy controls (14 male, group showed higher activation
(Zhang et al. 2013) mean age: 31.53 +7.43 years) in the emotion processing

regions, including amygdala,
precuneus and fusiform gyrus,
but lower activation in the
inferior frontal cortex, insula
and left supramarginal gyrus
than the control group.

Neural activity related to cognitive 7 patients with PTSD (mean age: a modified version of the During cognitive empathy, an
and emotional empathy in 34+9.38 years)., 10 trauma Multifaceted Empathy Test increased activation in patients
PTSD (Mazza et al. 2015) controls (mean age: compared to controls in the

34 +9.38 years) right medial frontal gyrus and

the left inferior frontal gyrus.
During implicit emotional
empathy responses, patients
with PTSD compared to
controls, exhibited greater
neural activity in the left
pallidum and right insula.

Neural correlates of attention bias 18 patients with PTSD (mean age: attention bias task Compared to controls, PTSD
to threat in PTSD (Fani et al. 34.7+13.7 years)., 19 trauma participants showed increased
2012) controls (mean age: activation in the dorsolateral
38+13.1 years) prefrontal cortex in response to

threat cue trials. Attentional
avoidance of threat
corresponded with increased
ventrolateral prefrontal cortex
and dorsal anterior cingulate
activation in the PTSD group,
but this pattern was not shown

in controls.
Neural correlates of self-reflection 20 patients with PTSD (13 female, self-referential processing Individuals with PTSD showed
in PTSD (Bluhm et al. 2012) mean age: 38.3 £9.33 years)., tasks less medial prefrontal cortex
15 healthy controls (13 female, response than did controls for
mean age: 35.00 £9.53 years) the contrast of self-relevance of

personal characteristics relative
to general facts.
Working memory processing of 17 female patients with PTSD a 3-back task and an identity  In both tasks, deactivation of

traumatic material in women (mean age: 24.9 +4.8 years)., task posterior parietal midline
with PTSD (Landre et al. 2012) 17 female healthy controls regions was more pronounced
(mean age: 24.8 +4.7 years) in patients than controls.
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Eickhoff et al. 2012). We separately analyzed the data by the
type of the task or brain domain probed, i.e., cognition, emo-
tion, and the interface between cognition and emotion.
Activation coordinates originally reported in MNI space were
converted to Talairach coordinates using the Lancaster trans-
form (icbm2tal) program the in GingerALE software. Our
meta-analyses were conducted in Talairach space. For unifor-
mity, Talairach coordinates expressed by the previous Brett
transformation (Brett et al. 2002) were converted into MNI
space and re-transformed into Talairach space.

We performed pairwise ALE meta-analyses that included
the following comparisons in each domain (cognition, emo-
tion, interface between cognition and emotion): greater acti-
vation in PTSD vs. NC and greater activation in NC vs. PTSD.
The input coordinates were weighted to form estimates of
activation likelihood for each intracerebral voxel. The activa-
tion likelihood of each voxel in standard space was then com-
bined to form a statistic map of the ALE score at each voxel.
Statistical significance of the ALE scores was determined by a
permutation test controlling the false discovery rate at p < 0.05
(Laird et al. 2005). The statistic maps were thresholded by
default at this critical value, and a recommended minimum
cluster size was suggested from the cluster statistics. By using
this minimum cluster size of supra-threshold voxels, we ob-
tained the thresholded ALE image. The results of the pairwise
ALE analyses are reported at p =0.05 and are whole-brain
corrected. The Talairach daemon was used to determine the
anatomical locations of significant clusters.

Analyses were performed in two steps. In step one, only
whole-brain analyses were included. In step two, both the
whole-brain analyses and the ROI analyses were included.

Results

Our meta-analyses included 56 fMRI studies with PTSD and
NC groups (emotion: 28 studies, cognition: 12, interface be-
tween cognition and emotion: 16 studies). No overlap in sub-
jects that completed the same task across the selected studies
was noted. The primary studies included in the meta-analyses
are listed in Table 1. Findings are summarized in Table 2 and
Fig. 2.

Cognition

No significant differences were found between the PTSD and
NC groups for the cognitive task results either in the whole-
brain only analyses or in the whole-brain plus ROI analyses.

Emotion

The PTSD group did not show any clusters with significantly
greater activation than the NC group in the whole-brain only

@ Springer

analyses. However, in the whole-brain plus ROI analyses, the
PTSD group showed greater activation than the NC group in
one cluster, i.e., the limbic lobe including the amygdala and
parahippocampal gyrus within the right cerebrum (Fig. 2,
Table 2).

In the whole-brain only analyses, the NC group showed
significantly greater activation than the PTSD group in one
cluster, namely the bilateral anterior cingulate cortex (ACC),
at the interface of both the dorsal and the ventral ACC. In
whole-brain plus ROI analyses, the NC group also showed
significantly greater activation than the PTSD group in the
same cluster (Fig. 2).

Interface between cognition and emotion

The PTSD group showed significantly greater activation than
the NC group in both the whole-brain analyses and in the
whole-brain plus ROI analyses in one cluster, i.e., the caudate,
putamen, and globus pallidus (Fig. 2).

When comparing the NC group relative to the PTSD group,
no clusters of significantly greater activation were found in
either the whole-brain analyses or the whole-brain plus ROI
analyses.

Discussion

The present meta-analysis is the first to collectively evaluate
studies that used tasks probing emotion, cognition, and the
interface of emotion and cognition. Given the small number
of studies, we employed the broad approach of using whole-
brain and ROI analyses to assess the affective circuitry’s op-
erations in individuals with PTSD. Our findings illustrate that
PTSD predominantly affects the emotional circuitry regions
either directly or in association with the cognitive circuitry.
Our results are particularly important as extreme affect dys-
regulation in the PTSD patients when faced with exterrnal
triggers may often be confused with that of bipolar disorder.
This study is one of the many steps to discern the underlying
brain pathophysiology of emotional and cognitive systems in
the PTSD.

Fear, negativity, avoidance, and hyperarousal are known
clinical features of PTSD, which may explain the increased
amygdala activation that we observed in individuals with
PTSD compared to NC individuals (emotion domain,
PTSD>NC, Right parahippocampal gyrus and amygdala in
whole brain + region of interest analysis). Indeed, increased
activation of the limbic system, especially the amygdala, has
been observed in individual studies of patients with PTSD
(Lanius et al. 2010). The amygdala is known to play a key role
in fear conditioning (Rogan et al. 1997), including regulating
learned fear during Pavlovian fear conditioning, and individ-
uals with PTSD show fear associated with such conditioning
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Fig. 1 PRISMA Flow Diagram o
fgh Li Search er . 178 Records identified through database Additional 1 more records
of the Literature Searc searching pubmed and PsychINFO after identified through other
5 duplication removed automatically and sources (pubmed, PsychINFO
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s traumatic[Title/Abstract] OR post- (n=1)
s traumatic[Title/Abstract]) AND (functional
T magnetic[Title/Abstract] OR
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. ' }
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£
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o
o
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(1) Reviews or other meta-analyses
— . :
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(3) Other MRI modalities (e.g.
structural imaging, spectroscopy,
2 diffusion tensor imaging, and functional
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S L connectivity studies)
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— 19 Full-text articles excluded, with
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(1) normal control group was not
included
= (2) studies did not provide standard
_g v Talairach or Montreal Neurological
Insti ial i
% 56 Studies included in nstitute spatial coordinates
& quantitative synthesis (meta-
analysis)

(Mahan and Ressler 2012). The parahippocampal gyrus is also
related to memory encoding (Alkire et al. 1998; Brewer et al.
1998). Interestingly, the amygdala reportedly modulates mem-
ory processes linked with the hippocampus-parahippocampus
complex (Packard et al. 1994). In line with these studies, a
hyperactive limbic lobe, including the amygdala in individuals
with PTSD, modulates memory through its connectivity with
the parahippocampal gyrus and the frontal regions during emo-
tionally arousing learning situations that mimic traumatic stress
(Kilpatrick and Cahill 2003). Our results support the hypothesis
that individuals with PTSD may show an exaggerated response
to fearful stimuli owing to hyperresponsiveness of the amyg-
dala and related structures including the parahippocampal
gyrus.

In contrast, individuals with PTSD showed less activa-
tion in the bilateral ACC, the key interface region involv-
ing the dorsal and ventral ACC (emotion domain, NC >
PTSD, both ACC in whole brain analysis). Activation of
the ACC is associated with decreased limbic activity, per-
haps explaining the resolution of emotional conflict at the

l

Those 56 Studies were further classified into one of 3 groups by used tasks —
emotion (28), cognition (12), and interface between cognition and emotion
(16)

cortical level coupled with the top-down inhibition of lim-
bic activity (Etkin et al. 2006). Indeed, the ACC relays
projections from higher-order sensory areas to other re-
gions of the prefrontal cortex and subcortical striatum
(Johnson et al. 2003; Gunaydin and Kreitzer 2016), as well
as the amygdala (Etkin et al. 2006).

It is quite important to understand the dynamic interplay
between emotion and cognition. The lentiform nucleus
(globus pallidus and putamen), parahippocampal gyrus and
amygdala all showed greater activity in the PTSD than NC
group when both the emotional and cognitive systems were
jointly probed the interface domain (interface domain,
PTSD>NC, lentiform nucleus, lateral & medial globus
pallidus, parahippocampal gyrus, amygdala, putamen in
whole brain analysis & whole brain + region of interest anal-
ysis). The PTSD group showed greater activity in amygdala
than the normal control group. Other recent meta-analysis of
imaging studies in the PTSD subjects showed that amygdala
and mid-anterior cingulate cortex is hyperactive, whereas lat-
eral and medial prefrontal cortex is hypoactive in that group
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Fig. 2 Results from pairwise activation likelihood estimation analysis. P>
Each coordinate represents center coordinate of each cluster. A)
Emotional task, PTSD>normal control, combined results of whole brain
plus ROI analysis. Amygdala, x=23.6, y=—6.7, z=—13.3, cluster
size = 168 mm?>, extreme value =0.020 (B) Emotional task, normal
control>PTSD, whole brain only analysis. Anterior cingulate cortex,
x=—0.6, y=34, z=—4.3, cluster size =144 mm?>, extreme value =
0.023 (C) Emotional task, normal control>PTSD, whole brain plus ROI
analysis. Anterior cingulate cortex, x =—0.6, y =34, z=—4.3, cluster
size = 104 mm®, extreme value =0.023 (D) interface between cognition
and emotion, PTSD>normal control, whole brain only analysis.
Lentiform nucleus, lateral globus pallidus, x=—-18.6, y=-2.2, z=
—7.2, cluster size =240 mm?>, extreme value = 0.024 (E) interface be-
tween cognition and emotion, PTSD>normal control, whole brain plus
(ST - S o0 ROI analysis. Lentiform nucleus, lateral globus pallidus, x=—18.7,
T y=-2.2,z=-7.2, cluster size =248 mm’, extreme value = 0.024

Extreme Value
0.020
0.023
0.023
0.024
0.024

Cluster Size (mm?>)

168
144
104
240
248

for negative emotional stimuli vs. neutral or positive stimuli
! : (Hayes et al. 2012a). A neurocircuitry model of PTSD shows
that dysfunction of the ventromedial prefrontal cortex results
in failure to inhibit an overactive amygdala, leading to an
exaggerated fear response and impaired fear extinction learn-
ing (Hayes et al. 2012b).

The basal ganglia, especially the striatum, is involved in
concentration and emotional processing along with the amyg-
dala (Wise et al. 1996; Hollerman et al. 2000). The striatum is
also a critical component of the motor and reward systems.
Motor activity and planning, as moderated by the globus
pallidus and striatum including putamen, where significant
activity differences were shown in this meta-analysis, may
explain why individuals with PTSD are unable to take action
or avoidance measures in the context of emotional arousal
(Stark et al. 2015). Unfortunately, our data could not afford
to confirm this in the present study, as we could not address
the correlation with specific PTSD clinical symptoms.

The small number of individual studies that were available
for inclusion in this meta-analysis posed some limitations.
First, the control group consisted of both healthy volunteers
and trauma-exposed controls without clinical symptoms.
Second, we presented the combined results of the ROI analy-
ses and whole-brain analyses to assess the involvement of the
hypothesized regions as simply mixing the ROI activation
results with whole-brain scanning can bring the overrepresen-
tation of specific ROI activations. However, we presented the
combined results of whole brain and ROI analysis only as an
option in addition to the whole brain analysis results. Finally,
we could not provide a developmental perspective, as only
two of the included studies specifically evaluated youths with
PTSD.

In conclusion, the findings from this meta-analysis imply
that individuals with PTSD process emotion and cognition in
the subcortical regions, including the striatum, and in the lim-
bic regions, including the amygdala, when the emotional sys-
tem is probed with and without the cognitive effort, respec-
tively. We also found that individuals with PTSD exhibited
prominent underactivity in the ACC, especially when

Talairach at the extrema
Y
26 -
0
0
-18
-18

32,24
32,24
28, 34
28, 34

BA

medial globus pallidus,

parahippocampal gyrus,

amygdala, putamen
lentiform nucleus, lateral

& medial globus

pallidus, parahippocampal

gyrus, amygdala, putamen

amygdala
L,R  Anterior Cingulate cortex
lentiform nucleus, lateral &

Parahippocampal Gyrus,
Anterior Cingulate cortex

Brain Region

Side

R
L
L
L

Whole brain + ROI analysis
Whole brain + ROI analysis

Whole brain + ROI analysis
Whole brain analysis

Whole brain analysis

Type of analysis
right, L =left

Non-clinical controls, R =

PTSD > NC (10 experiments)

PTSD > NC (18 experiments)
NC>PTSD (14 experiments)
NC > PTSD (15 experiments)
PTSD > NC (10 experiments)

Pair-wise Analysis

Table 2 Activation likelihood estimation (ALE) meta-analysis findings for fMRI studies comparing participants with post-traumatic stress disorder (PTSD), and non-clinical controls

Abbreviations: NC

Domain
Emotion
Interface
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processing emotions, suggesting that PTSD may be an emo-
tional disorder. These findings underscore the mechanistic
dysfunction in key subcortical regions that potentially explain
the emotional and cognitive distress experienced by clinically
ill individuals diagnosed with PTSD.

Data availability Data are available on request.
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