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Abstract

Over the past 20 years, the reactivity of amygdala to emotive stimuli has been explored
by emerging neuroimaging techniques in an effort to understand the role of amygdala
in the pathophysiology of posttraumatic stress disorder (PTSD). A fear neurocircuitry
model, whereby the amygdala is hyperactive due to poor top-down control from the
anterior cingulate and ventromedial prefrontal cortices, has been supported by numer-
ous experimental studies and meta-analyses. However, this model has not always been
upheld by experimental data and clinical observations. In particular, many neuroimaging
studies find that the amygdala fails to activate in response to negative stimuli in indi-
viduals with PTSD. Several technical and design issues may explain disparate results
regarding amygdala reactivity in PTSD. However, biological and symptom-based fac-
tors emerge as possible mediators of amygdala function in PTSD, leading to the conclu-
sion that symptoms of emotional disengagement and dissociation are associated with
amygdala hyporeactivity, and symptoms of hypervigilance/hyperarousal and problems
with fear conditioning and extinction are reflected by amygdala hyperactivity. Therefore,
treatment of PTSD should take into account the nature of amygdala dysfunction in the
individual to optimize treatment outcomes.

Keywords: posttraumatic stress disorder, dissociative PTSD, fear conditioning,

neuroimaging, amygdala, prefrontal cortex

1. Introduction: posttraumatic stress disorder

Posttraumatic stress disorder (PTSD) is the most prevalent psychiatric disorder, affecting one-
quarter of the world’s population [1]. PTSD is characterized by four clusters of symptoms that
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develop in response to a traumatic event, defined as exposure to actual or threatened death,
serious injury or sexual violation [1, 2]. This can be directly experienced or witnessed by the
individual, or the individual may learn that the traumatic event occurred to a close family
member or close friend [2]. Clinical criteria include (1) intrusive symptoms related to reex-
periencing the trauma, (2) avoidance of the traumatic memory or cues, (3) negative mood
and thoughts including emotional numbing and anhedonia, and (4) altered arousal includ-
ing hypervigilance, irritability, aggression, and sleep disturbances [1-3]. The Diagnostic and
Statistical Manual of Mental Disorders version 5 (DSM-5) [2] also recognizes a dissociative
subtype of PTSD in which dissociative symptoms additional to those typically included in
the intrusive symptoms cluster occur, including depersonalization and derealization (‘this is
not happening to me”). PTSD symptoms result in significant social, personal, and vocational
impairment [1]. Furthermore, PTSD is commonly comorbid with other anxiety or mood dis-
orders and is also associated with increased risk for a number of negative behavioral and
health conditions, including substance use disorder, chronic pain syndromes, cardiovascu-
lar disease, type II diabetes, and Alzheimer’s disease [3-9]. Therefore, PTSD has wide-rang-
ing mental and physical health implications for the individual across their lifespan. Despite
concentrated efforts in behavioral sciences, neurosciences and medicine to better under-
stand and treat the disorder, current treatment strategies are only effective in approximately
half of the PTSD population (as reviewed by [10]). One way in which current and future
research may contribute to improving outcomes for those with PTSD will be to develop
greater insight into the neurobiological mechanisms that relate trauma to symptoms, and
how these predict symptom trajectory, associated behavioral and medical problems, and
treatment outcomes.

Research suggests that the symptoms of PTSD may be associated with dysfunction in
regulating responses to negative emotions, as well as attentional bias for negative stimuli,
altered encoding of trauma-related memories, enhanced fear conditioning and poorer fear
extinction [11-17]. Therefore, PTSD can be thought of as disorder in which emotional and
cognitive dysfunction intersect, which has direct implications for future efforts to improve
psychological and pharmacological therapies for PTSD [17]. In terms of the neurobiology
underlying the cognitive and emotional alterations observed in PTSD, experimental and
meta-analysis studies implicate cortical (anterior cingulate cortex (or ACC), ventromedial
and lateral prefrontal cortex, and insula) interactions with limbic structures such as the hip-
pocampus and amygdala [11, 14, 17-19]. The core of the traditional neurocircuitry model of
PTSD is illustrated in Figure 1, and posits that the ventral ACC and ventromedial prefrontal
cortex normally provide top-down inhibition of the amygdala, which is impaired in PTSD
[17, 18, 20, 21]. This model is based on converging evidence from both animal and human
studies, although some human neuroimaging findings suggest that this model should be
reevaluated or expanded [14, 21, 22]. Therefore, the goals of this review are to revisit the role
of the amygdala in PTSD and explain disparate findings for amygdala reactivity in PTSD
across neuroimaging studies; to ultimately update the neurocircuitry model of PTSD and
understand how amygdala dysfunction can be helpful in the ability to predict and/or reveal
treatment outcomes.
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Figure 1. Fear neurocircuitry model of PTSD (based [20]). The ventral ACC and ventromedial prefrontal cortex are
proposed to inhibit activity in the amygdala, and this top-down control is thought to be diminished in PTSD, leading
to enhanced fear conditioning and poor fear extinction. PTSD, posttraumatic stress disorder; vACC, ventral anterior
cingulate cortex.

2. Fear neurocircuitry and the amygdala in PTSD

Substantial evidence from animal experiments and human neuroimaging studies sug-
gests that activity of the amygdala is related to the activation of fear responses and anxi-
ety states, whereas the ventral ACC (or rodent equivalent within the medial prefrontal
cortex) dampens or regulates amygdala activity and plays an important role in autonomic
and behavioral inhibition [18, 20, 23-25]. Activity of specific subregions of the rat amygdala
(e.g., basolateral and central nucleus) is required to respond to fearful stimuli and also to
conditioned stimuli that predict or are associated with fearful stimuli [18, 20]. Similarly, the
human amygdala is active during fear conditioning and this activity is positively correlated
with skin conductance during conditioning [26-29], a psychophysiological index of a fear
response. Projections from the rat ventral medial prefrontal cortex inhibit output from the
central nucleus of the amygdala to brainstem regions involved in producing autonomic and
behavioral fear responses [18, 23]. Furthermore, experimental lesions of the ventral medial
prefrontal cortex of rats homologous to the primate ventral ACC prevent extinction of condi-
tioned fear behavior while stimulation of this region promotes fear extinction [30, 31]. This,
combined with observations that hypofunction or lesions of the primate ACC result in fear
extinction deficits or emotional perseveration, suggests that ventral ACC inhibition of the
amygdala is required for extinction of conditioned fear responses [18, 20].

In relation to the neurocircuitry model of PTSD (Figure 1), individuals suffering from PTSD
show poor fear inhibition and reduced extinction of conditioned fear responses, indica-
tive of disruption to ACC-amygdala circuitry [12, 13, 32, 33]. Furthermore, activity in the
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ventral ACC or ventromedial prefrontal cortex within PTSD populations in response to
trauma-related and nontrauma-related emotive imagery is often negatively correlated with
amygdala activity [20, 34-36]. Overall, a reciprocal relationship between ventral ACC hypo-
function and amygdala hyperfunction is thought to result in the inability to suppress or
extinguish traumatic-related fear responses in PTSD [18, 20, 36].

The amygdala is not only critical for processes underlying fear conditioning, but also is thought
to play a more general role in emotional salience and encoding emotional relevance or value, to
influence attention and motivation as well as autonomic and behavioral responses [17, 22, 37].
Furthermore, it has been suggested that the amygdala may be more responsive to external threat
rather than internal emotional state [38, 39]. There are numerous findings of increased amygdala
activity in response to negatively valenced emotional stimuli in PTSD, and this amygdala activity
is often positively correlated with the severity of PTSD symptoms [19] (Table 1). These findings
lend support for the neurocircuitry model depicted in Figure 1 where amygdala hyperactivity
may result from poor top-down control in PTSD.

However, this model has been challenged by conflicting neuroimaging findings regarding
amygdala reactivity to emotive stimuli in PTSD populations [11, 21] (Table 1). In particu-
lar, a meta-analysis of neuroimaging studies suggests that amygdala hyperactivity occurs
more frequently in social anxiety disorder and panic disorder as compared to PTSD [11].
Although the review of relevant literature depicted in Table 1 is not exhaustive, it is repre-
sentative of amygdala-based findings in PTSD populations over the past 20 years. There are
as many studies showing no effect of PTSD on amygdala reactivity as they are demonstrating
hyperactivity within this region (Table 1). Notably, some studies actually suggest reduced
amygdala activity in response to emotional stimuli in PTSD. For example, a recent study
[21] shows that amygdala hyperactivity and hyporeactivity can occur within the same indi-

Population sampled Task/stimuli Task condition/contrasts Amygdala activity Reference
Civilian PTSD Script-driven Trauma-related vs. Increased blood flow in [40]
imagery neutral right amygdala
Male Vietnam veterans Mental imagery =~ Combat-related Increased blood flow in [41]
with and without PTSD right amygdala in PTSD
Women abused in Script-driven Trauma-related vs. No difference in amygdala [22]
childhood, with and imagery neutral blood flow
without PTSD
Male Vietnam veterans Trauma-related Combat-related vs. No difference in amygdala [42]
with and without PTSD auditory and neutral blood flow
visual stimuli
Vietnam veterans with Trauma-related Combat sounds Increased blood flow in [43]
and without PTSD and auditory stimuli left amygdala/nucleus
nonveteran male controls accumbens region in PTSD
group only
Women abused in Script-driven Trauma-related vs. No difference in amygdala [44]

childhood, with and
without PTSD

imagery

neutral

blood flow
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Population sampled Task/stimuli Task condition/contrasts Amygdala activity Reference
Male Vietnam veterans Masked faces Fearful vs. happy Increased BOLD signal [38]
with and without PTSD in amygdala of PTSD vs.
NoPTSD
Civilian PTSD and trauma  Script-driven Trauma-related No change in BOLD signal [45]
exposed controls imagery within the amygdala in
any group.
Women with abuse-related ~Script-driven Imagery vs. implicit No different in BOLD [46]
PTSD —dissociative imagery baseline signal in the amygdala
symptoms
Women with childhood- Declarative Emotional vs. neutral ~ No difference in amygdala [47]
related abuse PTSD and memory task words blood flow
nontraumatized controls
Israeli Defense Forces Masked pictures ~ Combat or noncombat  Increased BOLD signal [48]
veterans with and without within amygdala in PTSD
PTSD vs. NoPTSD group
Women with childhood- Stroop task Neutral color vs. Increased blood flow in [39]
related abuse PTSD and control right amygdala in PTSD
nontraumatized controls group (did not reach
significance when directly
compared to NoPTSD
group)
Emotional color vs. No difference in amygdala
neutral color blood flow
Vietnam veterans with and  Script-driven Trauma-related vs. Increased blood flow in [34]
without PTSD imagery neutral left amygdala—males only
Trauma-related vs. Increased blood flow
neutral in right amygdala with
increasing symptoms
(males and females)
Motor-accident related Masked and Unmasked fearful vs. Decreased BOLD signal [49]
PTSD (acute phase) Unmasked faces  happy in right lateral amygdala
with increasing CAPS
Masked fearful vs. Increased BOLD signal
happy in right lateral amygdala
with increasing CAPS
Vietnam veterans with Script-driven Trauma-related vs. No difference in amygdala [50]
and without PTSD and imagery neutral blood flow in PTSD group
nonveteran controls (noncombat controls
showed an increase).
Trauma-exposed men with Unmasked faces  Fearful vs. happy Increased BOLD signalin  [35]
and without PTSD right amygdala of PTSD
vs. NoPTSD; BOLD signal
did not correlate with
CAPS score
Civilian PTSD and Masked trauma-  Trauma-related vs. No difference in BOLD [51]

nontrauma exposed
controls

related images

neutral

signal in amygdala
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Population sampled Task/stimuli Task condition/contrasts Amygdala activity Reference
Vietnam veterans with Rating IAPS Aversive vs. neutral Absence of response [52]
and without PTSD and (noncombat and Aversive vs. blank  (rCBF) in left amygdala
nonveteran male controls  related) screen of PTSD vs. both combat
exposed and not exposed
controls (i.e., stimuli
elicited increased blood
flow in controls)
Civilian PTSD and Unmasked faces  Fearful vs. neutral Increased BOLD signalin  [53]
nontrauma exposed left ventral amygdala in
controls PTSD vs. controls
Civilian PTSD and Masked faces Fearful vs. happy Increased BOLD signalin  [10]
nontrauma exposed right amygdala of PTSD
controls vs. NoPTSD
Civilian PTSD— Unmasked and Unmasked fearful vs. No difference in BOLD [54]
dissociative and masked faces neutral signal in amygdala
nondissociative in dissociative vs.
nondissociative PTSD
Masked fearful vs. Increased BOLD signal
neutral in bilateral amygdala of
dissociative PTSD vs.
nondissociative PTSD
Civilian PTSD, trauma- Masked faces Fearful vs. neutral Increased BOLD signal [55]
exposed and nontrauma in amygdala of PTSD vs.
exposed controls both NoPTSD groups, no
sex differences
Civilian PTSD and Matching faces Emotional (angry/ Increased BOLD signalin  [15]
nontrauma exposed fearful) vs. neutral right amygdala of PTSD
controls vs. NoPTSD; Increased
BOLD signal within the
right amygdala with
increasing PCL scores
OEF/OIF veterans (3.5 Traumatic Combat-related vs. No difference in BOLD [16]
years on average return memory encoding neutral pictures signal in amygdala of
from last deployment) (visual) PTSD vs. NoPTSD
Civilian PTSD and Affective Priming Sad + happy + neutral ~ Increased BOLD signalin  [56]
nontrauma exposed Task faces vs. fixation left amygdala in PTSD
controls
OEF/OIF veterans within ~ Trauma-related Civilian vs. fixation Increased BOLD signal [21]
10 years of deployment and nontrauma with increasing CAPS
movies. scores
Combat vs. fixation Decreased BOLD signal
with increasing CAPS
score
Recently (8 weeks) Affective stroop Positive vs. neutral Increased BOLD signal [57]

returned military OEF/OIF

personnel, trauma exposed

but did not reach score of
50 in PCL-M

task (IAPs)

with increasing PCL scores
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Population sampled Task/stimuli Task condition/contrasts Amygdala activity Reference
Negative vs. neutral No significant relationship
between BOLD signal and
PCL score
OEF/OIF veterans with Masked faces Fearful vs. fixation and  No difference in BOLD Figure 2
and without PTSD Happy vs. fixation signal in right amygdala,

failure to activate left
amygdala, compared to
combat-exposed NoPTSD

group
Civilian PTSD and Masked and Masked fearful vs. No difference in BOLD [58]
nontrauma exposed Unmasked faces  neutral faces and signal in amygdala in
controls and words Masked trauma vs. either PTSD or controls in
neutral words and any contrast

Unmasked fearful

vs. neutral faces and
Unmasked trauma vs.
neutral words

BOLD, blood oxygenation level dependent; CAPS, clinician administered PTSD scale; IAPS, international affective
pictures set; OEF/OIF, operation enduring freedom/operation Iraqi freedom; PCL, PTSD checklist; PTSD, posttraumatic
stress disorder; rCBF, regional cerebral blood flow.

Table 1. Representative studies testing amygdala reactivity to emotive stimuli in PTSD.

vidual in response to different stimuli. Specifically, veterans within 10 years of deployment
were presented with either a combat-related or civilian-related movie. The civilian movie pro-
duced greater amygdala activity with increasing PTSD symptoms, while in the same partici-
pants, the combat movie elicited less amygdala activity with increasing PTSD symptoms [21]
(Table 1). Therefore, the authors suggest that the standard model by which PTSD is associated
with hyperactivity of the amygdala needs to be reassessed. This has broader implications for
furthering our understanding of biomarkers for PTSD development and treatment, and our
understanding of the neurobiology of the amygdala in general.

3. Understanding inconsistent functional neuroimaging findings for
amygdala function in PTSD

A variety of design, analysis, trauma-based, pharmacological and biological factors could
contribute to disparate findings regarding amygdala hyperactivity in PTSD. Each will be
reviewed in turn here. First, the manner in which neuroimaging data are compared to control
populations may be a key in observations of amygdala hyperactivity in PTSD. To illustrate,
hyperactivity of the amygdala is more likely to be revealed in a PTSD group in the absence
of statistical comparison to a control group, or often when PTSD groups are compared to a
nontrauma-exposed control group (Table 1). A further issue is the possibility of false posi-
tives in whole-brain analyses, given that there is a great degree of variability across studies in
whether multiple statistical analyses made across the brain have been corrected for multiple
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comparisons to reduce the chance of type-I error [59]. The independence of samples between
studies arising from the same research group is also often not clear. Consistency and transpar-
ency in the statistical comparisons made is essential to resolving whether these design-based
differences may contribute to false positive outcomes for amygdala hyperactivity in PTSD
studies.

With regard to lack of effects in the amygdala, the particular characteristics of this region
may play an important role in the production of null effects within some PTSD studies. As
reviewed by Etkin and Wager [11], the amygdala readily habituates to emotive stimuli, which
may contribute to lack of differences seen between PTSD and control groups when time course
analyses are not conducted. Furthermore, the amygdala is a small volume (~1.5 cm?; [60])
region that is difficult to image largely due to its susceptibility to artifact [19, 61]. Each one
of these problems singularly or combined may contribute to false negative outcomes, where
hyperactivity of the amygdala in a given PTSD population is not observed.

On the other hand, a lack of an effect within the amygdala in a given PTSD study is not
always due to technical difficulties associated with imaging this region. Often a null effect in
the amygdala within a study is actually a failure of the PTSD group to increase activity in the
amygdala in response to negative stimuli, where the control group shows amygdala activity
(Table 1; Figure 2), and the analysis performed by Phan et al. [52] clearly illustrates this point
(Table 1). A recent study [62] also sheds light on this issue, demonstrating that emotional
numbing in PTSD results in a failure to activate the amygdala in all stimulus conditions, thus
resulting in a ‘null effect’ when amygdala activity is compared across conditions in the experi-
ment. This effect is also illustrated in Figure 2, where fearful and happy stimuli conditions
result in a failure to activate the left amygdala in combat-related PTSD compared to combat-
experienced controls. For the purposes of this review, the term ‘hyporeactive” will be used to
describe a lack of the effect in amygdala responses to emotive stimuli.

Differences in the paradigm and stimulus types can also play a role in whether the amyg-
dala is hyperactive in PTSD. For example, amygdala hyperactivity in PTSD groups is more
likely to occur with nontrauma overtrauma-related stimuli, or with masked rather than overt
stimuli presentation, when these factors are compared across studies (Table 1). While a few
studies compare these factors within-session, Armony et al. [49] show decreased activity in the
amygdala with increasing PTSD symptoms for unmasked fearful faces but increased amyg-
dala activity with increasing PTSD symptoms when that activity is elicited by masked fearful
faces in the same participants. Furthermore, Brashers-Krug and Jorge [21] show a similar
distinction between trauma-related and nonrelated stimuli; where increased amygdala activity
with increasing PTSD symptoms is observed in nontrauma-related conditions but a decrease
in amygdala activity with increasing PTSD symptoms occurs in response to trauma-related
stimulus presentation in the same participants. While these conclusions will need to be con-
firmed with further direct within-session comparisons, it appears that hyperactivity in the
amygdala following trauma may be best revealed by nontrauma-related stimuli that are pre-
sented outside the realm of the individual’s conscious perception, whereas amygdala hypo-
reactivity is observed with overt stimuli. It has been suggested previously that amygdala
hyporeactivity to overt trauma-related stimuli may be a compensatory mechanism specific
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Figure 2. Activation (weights derived from BOLD signal) in the (A) left and (B) right amygdala during fearful and happy
conditions of a backwards-masked faces paradigm (see [63] for full details on the paradigm and imaging parameters).
One hundred and two OEF/OIF combat-exposed veterans (4.5 years from last deployment on average) were categorized
by PTSD symptoms (29 or more score on PCL), and hazardous alcohol use (score of 8 or more on the AUDIT), resulting
in 10-34 participants per group. (A) Three-way ANOVA revealed a significant interaction between PTSD and alcohol
use in the left amygdala (F(LI86> = 4.696; P = 0.032), such that the PTSD without hazardous alcohol group exhibited
significantly lower activation of the left amygdala in both fearful face and happy face conditions as compared to all
other groups (H-S P = 0.006). (B) However, there was no significant effect of PTSD or alcohol use on activation within
the right amygdala in any condition. Data represented as mean +SEM. AUDIT, alcohol use disorders identification test;
BOLD, blood oxygenation level dependent; Haz, hazardous alcohol use classification; H-S, Holm Sidak post hoc test for
multiple comparisons; NonHaz, nonhazardous alcohols use classification; NoPTSD, PTSD symptoms score below 29 on
PCL; OEF/OIF, operation enduring freedom/operation Iraqi freedom; PCL, PTSD checklist; PTSD, posttraumatic stress
disorder.

to trauma exposure [50], which may in turn, mediate emotional disengagement or dissocia-
tion from the stimulus in PTSD reflective of emotional numbing [52]. A recent study directly
testing the neurocircuitry of subliminal versus overt stimuli failed to activate the amygdala in
any condition in control and PTSD groups [58], thus further research is needed to test whether
stimulus type differentially activates the amygdala.

In addition to contributions made by variations in design and analysis, inconsistent findings
regarding amygdala reactivity to emotive stimuli in PTSD may also result from biological
phenomena or trauma characteristics that could inform our understanding of amygdala func-
tion. For example, a meta-analysis of PTSD neuroimaging studies demonstrated hyperactivity
of the ventral anterior amygdala and hypoactivity of the dorsal posterior amygdala during
emotional processing [11]. This suggests that the direction change in amygdala activity elicited
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by emotional processing within PTSD populations could be related to the subregion of the
amygdala analyzed. A second interesting biological difference within studies is presented in
Table 1. The majority of studies that only include women fail to show changes in amygdala
responsivity to emotional stimuli in PTSD, whereas the majority of studies that only include
men demonstrate amygdala hyperactivity, and mixed-sex studies are mixed in their findings
(either no change or increased amygdala activity with PTSD; see Table 1). In one of the few
PTSD studies that directly compared amygdala reactivity among the sexes, increased blood
flow in the amygdala in response to script-driven imagery was only noted in male Vietnam
veterans [34]. However, increased amygdala activation in response to fearful masked faces
was equal in male and female civilian PTSD groups in a more recent study aimed at determin-
ing potential sex differences [55]. Overall, there is mounting evidence that hyperactivity of the
amygdala is more often associated with male PTSD victims.

Not surprisingly, there are sex biases in combat versus civilian PTSD prevalence, with males
more likely to report combat-based PTSD and females more likely to suffer from sexual
assault-related PTSD [1]. Therefore, if hyperactivity of the amygdala is more common in
studies using males, amygdala hyperactivity may be more likely to be associated with com-
bat-related PTSD. However, when comparing across studies in Table 1, hyperactivity of the
amygdala in response to emotive stimuli is equally as likely to be found in studies of civil-
ians, Vietnam veterans, and veterans from recent military operations. Related, participants
from women-only studies are victims of childhood sexual abuse, which is associated with
dissociative PTSD [14]. As discussed in detail in the next section, dissociative PTSD may be
characterized by amygdala hyporeactivity to negative stimuli [14] and thus the putative sex
difference in amygdala reactivity noted above may in fact be more related to differences in
PTSD symptoms across those studies.

It is worth noting that the only studies to show decreased amygdala activity with PTSD were
those conducted with acute civilian PTSD [49] or with veterans from recent military opera-
tions [21] (Figure 2). Furthermore, a recent study of OEF/OIF veterans only included partici-
pants that showed PTSD symptoms without meeting the diagnostic criteria for PTSD, who
were within 8 weeks upon return from at least a 90-day deployment [57]. The rationale for this
was that individuals who show significant functional impairment within 8 weeks upon return
from a combat zone would provide important information as to biomarkers of a subsequent
PTSD diagnosis [57], and follow-up studies of these individuals will be quite informative.
In this initial study, PTSD symptom scores were not significantly related to amygdala activ-
ity elicited by the negative condition of an affective stroop task, although these scores were
positively correlated with amygdala activity in the positive condition [57] (Table 1). While a
decrease in amygdala activity was not noted, the study is supportive of a lack of hyperactivity
in the amygdala to negative stimuli in individuals with preclinical acute posttraumatic stress
symptoms.

Interestingly, the studies reported in Table 1 either exclude participants based on substance/
alcohol use disorder or include participants with alcohol use problems without factoring this
into the analysis or conclusions. PTSD is associated with significantly elevated drinking behav-
iors in both men and women (range of odds ratios = 1.3-4.8) [5]. Alcohol misuse can result in



Revisiting the Role of the Amygdala in Posttraumatic Stress Disorder
http://dx.doi.org/10.5772/67585

increased amygdala responsivity to emotive stimuli [64], suggesting that excessive alcohol
use may, at least in some cases, underlie hyperactivity of the amygdala in PTSD. To address
this hypothesis in more detail, we recently conducted a study of veterans where activity of the
amygdala to masked faces was analyzed based on PTSD symptom status as well as hazardous
alcohol use [63]. Activity of the left amygdala in response to fearful or happy masked faces
was significantly less pronounced in individuals with PTSD symptoms but only in the absence
of hazardous alcohol use, as compared to combat-exposed veterans without such symptoms
(Figure 2). It could be speculated that hazardous alcohol use increased amygdala activity in
the PTSD participants, as would be suggested by the previously noted association between
alcohol misuse and amygdala hyperactivity [64], thus seemingly normalizing amygdala activ-
ity. However, hazardous alcohol use in the absence of PTSD symptoms did not have any effect
on amygdala reactivity to masked faces in our study (Figure 2), suggestive of an interaction
between PTSD symptoms and hazardous alcohol use on amygdala reactivity. Clearly, further
work is needed to understand the impact of substance misuse, especially excessive alcohol
consumption, on amygdala reactivity in PTSD.

Related to issues of alcohol consumption, medications taken by participants in the studies out-
lined by Table 1 could also play a role in whether hyperactivity of the amygdala is observed
in PTSD groups. A meta-analysis addressing this issue found that serotonin-specific reuptake
inhibitors (SSRIs) and benzodiazepines may have a confounding effect on cerebral blood flow
within regions commonly imaged in PTSD studies [65] but more information is necessary
to determine whether medications affect amygdala hyperactivity or lack thereof. Recently,
Hayes et al. [16] found that PTSD’s lack of association with hyperactivity of the amygdala
did not change when including medication as a covariate in the model. Due to the sparsity
of research examining the effects of medication, it is recommended that investigators include
both medicated but symptomatic and unmedicated participants in neuroimaging studies of
PTSD to ensure generalizability of the findings [65].

In summary, there are a range of design and analysis factors that could contribute to disparate
findings regarding amygdala hyperactivity in PTSD. If these potential design and analysis
confounds are equally represented among the studies listed in Table 1, then factors such as
sex, chronicity of PTSD, PTSD symptom types, and alcohol or medication use all stand out as
factors that could influence amygdala reactivity to emotional stimuli. Therefore, the impor-
tance of these factors on amygdala functioning in PTSD should be systematically explored in
the future to better our understanding of amygdala function and dysfunction in PTSD.

4. Functional consequences of amygdala hyporeactivity and/or
hyperactivity in PTSD

Both amygdala hyperactivity and a failure to activate the amygdala (hyporeactivity) appear to
be outcomes associated with PTSD, with the direction of activity dependent upon biological
and stimulus factors and symptom features. Therefore, it is important to consider the functional
consequences and implications of either outcome for individuals with PTSD.
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As mentioned earlier, lack of activation or hypoactivation of the amygdala to emotive stimuli
may mediate emotional disengagement and autonomic blunting in PTSD ultimately leading to
emotional numbing and anhedonia [11, 52, 62, 66]. Furthermore, it has been suggested that the
dissociative subtype of PTSD may be characterized by reduced amygdala reactivity, as a result
of inhibition by midline frontal cortex structures that are often hyperactive in PTSD, such as
the medial prefrontal cortex and dorsal ACC ([14]; Figure 3). Indeed, trait dissociation is asso-
ciated with reduced amygdala activity [67], and hypnosis-induced depersonalization results
in dampened amygdala activity as elicited by nociceptive stimuli [68]. Dissociative symptoms
are thought to include increased pain threshold, due to an increase in stress-induced analgesia
often found in PTSD [67]. Related, thermal pain stimulation resulted in amygdala hypoactivity
in participants with PTSD [69]. Combined findings suggest a link between amygdala hypo-
reactivity, disengaging and dissociative processing, and altered nociception among trauma-
exposed individuals with PTSD. Reduced amygdala reactivity could also be associated with
symptom maintenance. For example, hypoactivity of the amygdala and hippocampus during
the encoding of trauma-related memories has been suggested to underlie distorted memory
for trauma-associated events in PTSD [16]. Finally, it has been suggested that hypofunction of
the amygdala may lead to failure to form associations between consumption and negative out-
comes of drug or alcohol use [70]. Thus, amygdala hyporeactivity may increase the likelihood
of future dependence issues. Overall, evidence suggests that hypoactivity of the amygdala
during emotional processing may result in PTSD symptom development and maintenance,
particularly in relation to emotional disengagement, dissociative processing, and comorbid
substance use disorder.

Amygdala hyperactivity in response to emotive stimuli in PTSD may reflect an increase in
activity within the amygdala itself or alternatively, a failure of the amygdala to habituate to
the stimulus [71]. Regardless, the heightened activity in this region is often positively corre-
lated with symptom severity (Table 1). Furthermore, negative affect in response to positive
stimuli, and reexperiencing symptoms are both positively correlated with amygdala activity
in PTSD participants [58, 66]. Amygdala hyperactivity is thought to facilitate acquisition and
maintenance of fear responses in PTSD [11, 17, 19], in line with its critical role in fear neurocir-
cuitry as described above. Hyperactivity of the amygdala could be associated with attentional
bias often reported in PTSD, characterized by patients having difficulty disengaging from
negative stimuli [15, 17]. This attentional bias is thought to occur because the amygdala is
part of the limbic-cortical neurocircuitry active during tasks that assess negative attention (as
reviewed by [17]), and a positive correlation exists between amygdala activity and negative
attentional bias in PTSD [15]. Similarly, amygdala hyperactivity is often linked to hypervigi-
lance in PTSD, where the heightened activity of the amygdala is thought to increase reactivity
to emotional stimuli and enhance priming of emotion and emotional representations in the
limbic system [72]. Therefore, like amygdala hyporeactivity, hyperactivity of this region is
likely to contribute to distinct PTSD symptom development and maintenance.

In line with the above arguments, Lanius et al. [14] suggest that PTSD characterized by
undermodulation of emotional responses (e.g., reexperiencing and hyperarousal) would be
reflected by hyperactivity of the amygdala whereas PTSD characterized by overmodulation
of emotional responses (e.g., dissociative PTSD) would be reflected by reduced activity of the
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amygdala. However, it is also conceivable that a given individual with PTSD will exhibit both
hyperactivation and hypoactivation of the amygdala depending on context; with attentional
bias and poor fear extinction being associated with hyperactivity in the amygdala, and dis-
sociative processes being associated with hyporeactivity of this region. Therefore, we propose
that PTSD should be defined as a general dysfunction of amygdala activity rather than a
directional change in activity (Figure 3). This is supported by findings showing both hyper-
activity and hypoactivity (or lack of activity) of the amygdala in the same participants with
PTSD, depending upon the stimulus presented ([21, 39, 54]; Table 1).

With this in mind, an important question arises—is amygdala dysfunction a consequence of
trauma or a predisposing factor that convers vulnerability to PTSD? This is a critical question
given that over half of the population will experience a major traumatic event in their lifetime, but
the lifetime prevalence for PTSD is only 7.8% in the USA [1, 3]. There is some evidence for preex-
isting alterations of amygdala activity predisposing individuals to social phobia [36]. In a study
of Israeli Defense Forces pre and postmilitary-based trauma, amygdala reactivity increased with
increasing stress symptoms and amygdala reactivity to negative stimuli pretrauma predicted
increased stress symptoms posttrauma [73]. On the other hand, studies of twins discordant
for combat exposure using heart rate responses as an indirect measure of amygdala activity or
resting cerebral blood flow suggest that amygdala hyperactivity may be acquired with trauma
rather than a preexisting condition [74, 75]. Clearly, further longitudinal studies that capture
amygdala function prior to trauma and onset of PTSD symptoms are needed to clarify whether
amygdala dysfunction is acquired due to a major traumatic event or predisposes individuals to
posttraumatic stress symptoms, or both as might be expected with early life trauma.

Disengagement & Dissociation Hyperarousal & Fear Conditioning

Increased activity of <G~ Decreased activity of
the dACC in PTSD : the vACCin PTSD

inhibits amygdala | releases amygdala
activity = activity =
hyporeactivity L3 . hyperactivity

Figure 3. Refined neurocircuitry model of PTSD (based on [14]). Symptoms of emotional disengagement (emotional
numbing, anhedonia) and dissociative PTSD are thought to be associated with reduced amygdala reactivity to emotional
stimuli, due to increased top-down control from the medial prefrontal cortex and dorsal ACC. In contrast, hyperarousal,
hypervigilance, and deficits in fear conditioning and extinction are thought to arise in part from a hyperactive amygdala,
due to diminished top-down control from the ventral ACC and ventromedial prefrontal cortex are proposed. dACC,
dorsal anterior cingulate cortex; PTSD, posttraumatic stress disorder; vACC = ventral anterior cingulate cortex.
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A second important question arises from the conclusion that the amygdala may be dysregu-
lated in either direction in PTSD. How does the traditional neurocircuitry model of PTSD
(Figure 1) fit with findings that PTSD is not always characterized by amygdala hyperactivity?
Many studies reported amygdala hyperactivity in PTSD also show reduced ACC or ventro-
medial frontal cortex activity [20, 34, 35], and a meta-analysis upholds the inverse relationship
between the ventral ACC and amygdala in PTSD [11, 19]. However, it has been suggested that
the ‘poor top-down control of the amygdala” model of PTSD (Figure 1) should be reassessed,
based on a failure to consistently evidence an inverse relationship between ventral ACC and
amygdala activity in PTSD [21, 39, 45, 53]. Indeed, some studies show a positive association
between the activity of the amygdala and ventral ACC, suggestive of either concurrent activa-
tion or positive feedback in individuals with PTSD (e.g., [21, 53]). Whether an inverse relation-
ship between the ventral ACC/ventromedial frontal cortex and amygdala is apparent in PTSD
may depend on the region of the amygdala sampled. The ventral ACC innervates the ventral
amygdala to a greater degree [76] and a meta-analysis suggests that hyperactivity is more
likely to be found in ventral anterior amygdala while and hypoactivity is more often observed
in dorsal posterior amygdala during emotional processing in PTSD [11]. Therefore, it is plausi-
ble that the ventral amygdala is subjected to greater level of top-down control, thus becoming
disinhibited with reduced cortical activity in PTSD, while the dorsal amygdala is relatively
unaffected by these frontal cortex changes in PTSD. This possibility warrants further testing.
Overall, an amygdala dysfunction model of PTSD would predict altered top-down control
of the amygdala, with increased inhibition from dorsal ACC and medial prefrontal cortex
resulting in amygdala hyperactivity accompanied by symptoms of disengagement and disso-
ciation. Whereas decreased inhibition from ventral ACC and ventromedial prefrontal cortex
would result in increased amygdala reactivity and hypervigilant and intrusive symptoms [14]
(Figure 3).

5. The role of the amygdala in treatment of PTSD

A systematic review of amygdala function before and after psychotherapy suggests that
reduced amygdala reactivity to trauma-related stimuli is associated with a decrease in symp-
toms in adult-acquired PTSD [77]. A similar effect has been noted in a more recent study
using exposure therapy [78], and another when propranolol treatment was administered with
traumatic memory reactivation [79], which the authors attribute to a norepinephrine-induced
plasticity in the amygdala-cortical circuitry as outlined in Figure 1. Therefore, it is tempting to
speculate that therapy-induced reduction in amygdala reactivity reduces symptoms of PTSD,
in line with studies suggesting that hyperactivity of the amygdala is in part, responsible for
symptoms of PTSD as discussed above. However, lower amygdala activity prior to treatment
predicts better responses to cognitive-behavioral and trauma-focused therapy even when con-
trolling for symptom severity [10, 80]. This suggests that reduced amygdala reactivity with
decreasing PTSD symptoms after treatment may not be a direct effect of treatment on amyg-
dala function, but instead that amygdala function prior to therapy predicts treatment efficacy.
There may also be an important genetic component to this effect. Bryant et al. [81] show poorer
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responses to cognitive-behavioral therapy in PTSD patients with short-form alleles (Sand L)
in the promoter region of the serotonin transporter (SERT) gene, even when pretherapy symp-
tom severity was controlled in the analysis. The short-form alleles are associated with reduced
SERT expression and function, and thus increased synaptic serotonin [82]. Of relevance is that
short-form carriers have increased amygdala responses to negative stimuli [83, 84]. This, com-
bined with the finding that short-form carriers do not respond as well to cognitive behavioral
therapy [81], supports the idea that heightened amygdala activity is associated with poorer
treatment outcomes. Interestingly, a recent analysis suggests that amygdala hyperactivity in
short-form carriers may actually be a result of developmental effects of this polymorphism on
amygdala structure and thus function, rather than current serotonergic status [85]. In addition
to treatment implications, these findings suggest that differences in amygdala reactivity to
emotional stimuli across PTSD studies, as discussed in detail above, could be influenced by
the predominant SERT promotor polymorphism status of the study population.

The majority of longitudinal studies examining amygdala function before and after treatment
have been conducted within the framework of the amygdala hyperactivity model of PTSD.
It is worth noting that a recent study of adolescent sexual assault-related PTSD shows that
higher amygdala reactivity to threat-based stimuli prior to trauma-focused therapy predicts
better treatment outcomes, particularly related to emotional regulation [86]. The authors com-
mented that those with lower amygdala reactivity prior to treatment and poorer treatment
outcomes tended to have more complex symptoms with more comorbidities, although depres-
sion scores did not relate to amygdala changes over treatment [86]. Thomaes et al. [77] note
that the fear neurocircuitry model of PTSD does not adequately explain dissociative PTSD
that is often observed with child abuse, and as discussed earlier, the primary pathology of
dissociative PTSD may be resulting from an inhibition of limbic structures like the amygdala
rather than an overactivation [14] (Figure 3). There may be cases such as in dissociative-type
PTSD, in which an increase in amygdala activity to threatening stimuli would be beneficial
and therefore the goal of treatment. Thus, higher amygdala activity prior to treatment may in
fact improve treatment outcomes in those cases. It is clear that future studies with large sam-
ple sizes and heterogeneous PTSD populations will allow comparison among PTSD symptom
clusters, to draw conclusions about the ability of the amygdala to predict treatment efficacy.
In the near future, it may be possible to utilize information about an individual’s amygdala
reactivity to personalize and guide their therapy, ultimately improving treatment outcomes
for those with PTSD, thus reducing their risks of further health complications throughout
their lifetime.

6. Summary and conclusions

A number of studies suggest that the amygdala is hyperactive in PTSD due poor top-down
control from the ventral ACC and ventromedial prefrontal cortex (Figure 1). However, obser-
vations that the amygdala fails to activate in response to negative stimuli in individuals with
PTSD in many studies (Table 1) suggest this model should be reevaluated. An examination
of the neuroimaging literature conducted over the past 20 years suggests that technical and
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design issues may explain disparate results regarding amygdala reactivity in PTSD. False
positives could be a result of comparisons made in the absence of a control group, failure
to correct for multiple comparisons in whole-brain analyses, and ambiguity in the indepen-
dence of samples between studies. On the other hand, false negative findings could be due
to rapid habituation of the amygdala to emotional stimuli, the small volume of the amygdala
and its susceptibility to imaging problems. If one assumes that these issues equally affect
studies over the years, several other important factors emerge as affecting amygdala function
in PTSD. These include the amygdala subregion studied, sex of participants, PTSD symp-
toms— particularly dissociative PTSD, time between trauma and neuroimaging, substance
and medicine use, and whether subliminal or overt stimuli are used to elicit amygdala func-
tion. Consideration of each one of these factors furthers our understanding of amygdala dys-
function in PTSD and leads to the model shown in Figure 3 by which symptoms of emotional
disengagement and dissociation are associated with amygdala hyporeactivity. On the other
hand, symptoms of hypervigilance/hyperarousal, along with problems in fear conditioning
and/or extinction, could be reflected by amygdala hyperactivity (Figure 3). Both amygdala
states are proposed to be related to altered top-down control from the medial prefrontal corti-
cal regions. Overall, it is unclear whether amygdala dysfunction predisposes an individual
to PTSD or is acquired as a result of traumatic experiences, but clinical studies suggest that
amygdala function prior to therapy can predict treatment outcomes for PTSD. Based on the
refined amygdala dysfunction model of PTSD proposed here, it would be important to target
amygdala function in a symptom-driven manner. That is, treatments should be designed to
enhance or reduce amygdala function depending on the direction of pretreatment amygdala
dysfunction in a given individual.
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