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BACKGROUND: Post-traumatic stress disorder is a severe psychobiological disorder
associated with hyperactivity of the amygdala, particularly on the right side. Highly
selective laser ablation of the amygdalohippocampal complex is an effective neurosur-
gical treatment for medically refractory medial temporal lobe epilepsy that minimizes
neurocognitive deficits relative to traditional open surgery.
OBJECTIVE: To examine the impact of amygdalohippocampotomy upon symptoms and
biomarkers of post-traumatic stress disorder.
METHODS: Two patients with well-documented chronic post-traumatic stress disorder
who subsequently developed late-onset epilepsy underwent unilateral laser amygdalo-
hippocampotomy. Prospective clinical and neuropsychological measurements were
collected in patient 1. Additional prospective measurements of symptoms and biomarkers
were collected pre- and post-surgery in patient 2.
RESULTS: After laser ablation targeting the nondominant (right) amygdala, both patients
experienced not only reduced seizures, but also profoundly abated post-traumatic stress
symptoms. Prospective evaluation of biomarkers in patient 2 showed robust improve-
ments in hyperarousal symptoms, fear potentiation of the startle reflex, brain functional
magnetic resonance imaging responses to fear-inducing stimuli, and emotional declar-
ative memory.
CONCLUSION: These observations support the emerging hypothesis that the right
amygdala particularly perpetuates the signs and symptoms of post-traumatic stress
disorder and suggests that focal unilateral amydalohippocampotomy can provide thera-
peutic benefit.

KEY WORDS: Anxiety, Amygdala, Hippocampus, Resection, Lesion, Ablation, Epilepsy, Post-traumatic stress
disorder
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P ost-traumatic stress disorder (PTSD)
is a severe psychobiological disorder
that can develop after experiencing an

event that causes or threatens serious harm. It
is estimated to affect 6% to 8% of the general
population,1 and 31% to 46% of military
or highly traumatized civilian populations.2
Symptoms include unwanted re-experiencing of
the event, hyperarousal and emotional distress or

ABBREVIATIONS: BAI, Beck Anxiety Inventory; BDI-II, Beck Depression Inventory II; CAPS-5, Clinician-
Administered PTSD Scale of the DSM-5; CS+, Conditioned Stimulus (+) paired with noxious stimulus; CS-, Condi-
tioned Stimulus (-) unpaired with noxious stimulus; dACC, dorsal Anterior Cingulate Cortex; fMRI, functional MRI;
IAPS, International Affective Picture System; MRI, magnetic resonance imaging; MTLE, Medial Temporal Lobe
Epilepsy; PTSD, Post-Traumatic Stress Disorder
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physical reactivity when confronted with trauma
reminders, avoidance of trauma-related stimuli,
and negative alterations in cognition and mood.
PTSD is typically treated with trauma-focused
psychotherapy with or without medications.3
Unfortunately, 30% to 50% of patients do not
respond,4 rendering them chronically affected
by emotional symptoms and psychosocial
burden.
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AMYGDALA ABLATION AND POST-TRAUMATIC STRESS

Functional brain imaging studies consistently indicate
increased amygdala activation in PTSD5 and, moreover, show
that amygdala hyper-reactivity predicts the development and
maintenance of future PTSD symptoms6 as well as PTSD
treatment nonresponse.7,8 The amygdala is a region that is
critical for the formation and expression of fear memories,
and (in particular, right) amygdala hyperactivation has been
associated with PTSD hyperarousal symptoms.5 Furthermore,
decreased prefrontal inhibition of the amygdala has often been
demonstrated in PTSD.5 One notable study of combat veterans
suffering traumatic brain injury suggested that damage encom-
passing the amygdala protected against subsequently developing
PTSD.9 Taken together, these findings predict that targeting
the amygdala could improve PTSD symptoms. We specifically
hypothesized that reducing amygdala activity via surgical inter-
vention would ameliorate chronic PTSD symptoms. Here, we
took advantage of a clinical circumstance requiring the removal
of the amygdalohippocampal complex via highly selective laser
ablation to treat medically refractory medial temporal lobe
epilepsy (MTLE) in 2 patients with comorbid PTSD. This
allowed a scientific examination of PTSD symptoms and related
biomarkers before and after surgery.

METHODS

Ethical Approval
After complete description of the study, both participants provided

their written informed consent. Approval of study procedures was
provided by the Institutional Review Board of Emory University and
the Research Oversight Committee of Grady Memorial Hospital (IRB#
00010651 and 00078593).

Procedures
Patients underwent standard neuropsychological testing (Table,

Supplemental Digital Content 1), which included prospective clinical
interviews at preoperative and postoperative time points. Patient 2
underwent prospective PTSD symptom assessment via the CAPS-5, a
clinician-administered assessment, as well as prospective neuroimaging
and psychophysiological testing before and after amygdalohippocam-
potomy to characterize changes in PTSD-related biomarkers as described
inMethods, Supplemental Digital Content 2.

In the case of patient 1, direct PTSD symptom scales were not
available from the preoperative time point because of long chronicity
of PTSD and reluctance on the part of the patient to engage in any
intervention to address his symptoms. Upon the resolution of his PTSD
symptoms following amygdala ablation, he and his wife reported the
change to our team, prompting documentation of the change. The study
neuropsychologist had conducted clinical interviews with the patient at
preoperative and postoperative time points, which were examined post
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FIGURE 1. Stereotactic laser amygdalohippocampotomy in patient 1. A, Probe
placement panels show initial laser probe location in approximately axial and
sagittal trajectory views of T1-weighted sequence MRI. The probe is shown
to pass from a right posterior approach through the anterior hippocampus to
terminate in the amygdala. B, Thermography views show screenshots of real-time
MR thermographic heat maps coregistered to anatomic images during ablation.
Sequential steps of interstitial thermal ablation of the right amygdala, and anterior
hippocampus, along a length of the laser probe are shown. C, Damage estimates
demonstrate cumulative calculated irreversible damage zones (orange areas) in
each trajectory plane.D, Ablation confirmation (T2-weighted inversion-recovery-
sequence MRI) confirms the extent of final ablation in a standard coronal view.
Arrows demarcate the rim of hyperintense edema surrounding the ablation zone.

hoc to reconstruct approximate scores on a PTSD symptom checklist
(PCL-M), reported in the Results section. The clinical circumstances
necessitated this approach, the limitations of which are described in the
Discussion section.

Patients
Patient 1 was a 62-yr-old Caucasian male veteran of the VietnamWar

with a>30-yr history of combat-related PTSD symptoms who presented
for surgical evaluation of late-onset medically refractory right MTLE.
His trauma exposure was a blast injury in 1972, in which fellow soldiers
were killed. His PTSD symptoms had been refractory to medications,
he had been unable to tolerate cognitive behavioral therapy, and he had
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FIGURE 2. Stereotactic laser amygdalohippocampotomy in patient 2. A,
Thermography views demonstrate probe location in approximately axial and
sagittal trajectory views of T2-weighted inversion-recovery-sequence MRI. Coreg-
istered thermographic heat maps display sequential real-time ablation of right
amygdala and anterior hippocampus along a length of the laser probe. B, Damage
estimates demonstrate cumulative calculated irreversible damage zones (orange
areas) for individual ablation locations in each trajectory plane. C, Ablation
confirmation (T2-weighted inversion-recovery) shows the extent of final ablation
in trajectory and standard coronal views. Arrows demarcate the rim of hyperintense
edema surrounding the ablation zone.

undergone no other interventional procedures. His first seizure was 14 yrs
prior to presentation. Video-electroencephalography documented right-
anterior-temporal-onset dyscognitive seizures. Brain magnetic resonance
imaging (MRI) demonstrated mild microvascular ischemic changes,
functional MRI (fMRI) suggested left language dominance, and inter-
ictal fluorodeoxyglucose positron emission tomography demonstrated
right medial temporal hypometabolism. He underwent uncomplicated
right laser amygdalohippocampotomy for MTLE (Figure 1), and he was
discharged on his home doses of antiepileptic medications.

Patient 2 was a 42-yr-old African American woman with a 19-yr
history of civilian-related PTSD symptoms refractory to psychotherapy
and antidepressant medications who presented with medically refractory

right MTLE. Trauma exposures included multiple instances of fatal
violence against family members. Her first seizure occurred 3 yrs prior to
presentation. Video-electroencephalography documented right-anterior-
temporal-lobe-onset dyscognitive seizures with frequent secondary
generalization. Brain MRI was unremarkable, fMRI suggested left
language dominance, and interictal FDG-PET demonstrated right
medial temporal hypometabolism. At the time of presentation for
epilepsy surgery, she had remained symptomatic with PTSD despite
having been treated with antidepressants, anxiolytics, and cognitive
behavioral therapy under the care of a psychologist. She had undergone
no other interventions. She underwent uncomplicated right laser
amygdalohippocampotomy for MTLE (Figure 2) and was discharged on
stable medications.

Data Availability
Data underlying the conclusions of this manuscript are presented in

Methods, Supplemental Digital Content 2, and further deidentified
data are available upon reasonable request.

RESULTS

Patient 1 remained seizure-free throughout 12 mo of follow-
up. At 6-wk and 3-mo follow-ups, he and his wife reported
profound amelioration of PTSD symptoms, including reduced
aggression in response to triggers, increased emotional range,
and improved mood. At 6 mo and 12 mo, the patient reported
much less hypervigilance, anger, and irritability. He felt able to
“reason through things rather than emote,” and reported increased
energy and physical stamina. He had volitionally reentered group
cognitive behavioral therapy, of which he was previously intol-
erant. Patient 1 completed prospective neuropsychometric evalua-
tions including a clinical interview, which compared preoperative
baseline to postoperative status (Table, Supplemental Digital
Content 1). Neuropsychological clinical interview data were
evaluated retrospectively against the standard PTSD scale (PCL-
M; Weathers et al10) to provide clinician-estimated PCL scores
from pre-surgical and post-surgical time points. The estimated
baseline PCL total symptom severity score for patient 1 was 66
(maximum score 85), which was reduced to 34 at the postsur-
gical time point. Analysis using the PCL total symptom severity
score has demonstrated a clinically meaningful change when
a reduction of greater than 10 points is present,10 and other
studies11,12 have considered a 30% decrease to be a positive
treatment response, so the estimated reduction of 32 points (or
48%) is likely to be highly clinically meaningful. With regards
to individual DSM-IV criteria for PTSD, the reduction was
greatest in the area of hyperarousal (cluster D; 21 to 9), but
reductions were also seen in re-experiencing (cluster B; 19 to
9) and avoidance and numbing (cluster C; 26 to 19) symptom
clusters. As well, Beck Depression and Anxiety Inventories (BDI-
II; BAI) showed significant improvements following surgery, with
depressive symptoms declining from moderate to mild (BDI-
II: pre = 26, 6 mo-post = 12, and 12 mo-post = 16) and
anxiety declining from moderate/severe to minimal or mild
(BAI: pre = 21, 6 mo-post = 2, and 12 mo-post = 12). At
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FIGURE 3. Clinical PTSD outcome following ablation. A, Total PTSD symptoms as measured by the
Clinician-Administered PTSD Scale (CAPS-5) in patient 2. B, PTSD symptom clusters breaks down the
total PTSD scores at each time point to symptom domains measured by the CAPS-5, referred to as criteria
B, C, D, and E. C, D, and E are postablation changes in PTSD-related markers.

12 mo, he had experienced improvements in complex attention
(eg, sequencing, shifting between conceptual sets), famous-person
naming, and stable verbal memory. By contrast, he exhibited 1 to
2 standard deviation declines in some aspects of visual memory
and spatial learning and recall, domains considered at risk with
nondominant medial temporal lobe surgery. The patient’s ability
to recognize emotional state from facial expressions showed no
postoperative change, remaining low average.
Over 22 mo of follow-up, patient 2 experienced greatly

reduced frequency and severity of seizures, which only recurred
when she missed taking her antiseizure medicine lamotrigine. She
reported decreased use of a sedative (trazadone) by 5 mo, and her
lamotrigine prescription was increased slightly at 7 mo. At the
12-mo follow-up, she reported perceived improvements in
memory and quality of life. She underwent neuropsychological
testing at 22 mo after surgery and exhibited mild improvements
in language, verbal memory, and motor speed (Table, Supple-
mental Digital Content 1). She exhibited mild declines in
aspects of nonverbal intellectual function (eg, complex visual
reasoning/pattern recognition).
Patient 2 completed prospective measures of PTSD symptoms

and biomarkers, which compared preoperative baseline to
postoperative status (details in methodological supplement). She
endorsed a high preoperative PTSD clinical symptom burden
(Clinician-Administered PTSD Scale-5 = 33), which improved
(-31% at 6 mo and -68% by 12 mo) such that she no
longer met clinical diagnostic criteria for PTSD (Figure 3). This
improvement was driven by greatest reductions in domains of
hyperarousal (-90%) and negative alterations in cognition and
mood (-83%) by 12 mo following surgery. BDI-II decreased
from severe depression (pre = 31) to mild depression (6 mo-
post = 15 and 12 mo-post = 19). Pre- and post-ablation fMRI
scans were obtained during passive viewing of neutral and fearful
faces (Figure 4), a task preferentially activating the amygdalae

and prefrontal regulatory regions, including the ventromedial
prefrontal cortex and dorsal anterior cingulate cortex (dACC).5
The patient preoperatively showed elevated bilateral amygdala
and dACC activation to fearful faces vs neutral faces, similar to
that reported in PTSD patients.5 These activations were reduced
postablation, a pattern previously observed in PTSD patients
experiencing treatment response.13 During a psychophysiological
fear-potentiated startle task, she preoperatively showed high fear-
conditioned responses and failure to appropriately discriminate
danger and safety cues (Figure 5), consistent with severe PTSD.
Postoperatively, fear-conditioned responses were clearly dimin-
ished with a greater reduction in response to the safety cue
(improved fear inhibition), consistent with treatment response.14
Finally, patient 2 completed an emotional memory task pre-
and post-operatively, in which her memory for photographs with
emotional content underwent global improvements (Figure 6).

DISCUSSION

To our knowledge, this is the first prospective investigation
of the effects of amygdala ablation on PTSD. We describe
2 patients in whom highly selective right amygdalohippocam-
potomy for epilepsy was associated with profound improve-
ments of symptoms and biological markers of established PTSD.
Although a previous retrospective lesion study showed that
traumatic injury encompassing either amygdala was protective
against the development of PTSD,9 we found that ablating the
right amygdala can ameliorate established PTSD. Thus, although
intact bilateral amygdalae are necessary to develop PTSD, the
nondominant amygdala may maintain PTSD. If our study is
replicated in PTSD patients without epilepsy, it would support
the notion that refractory PTSD could be treated with unilateral
amygdalotomy. Given the high nonresponder rate with current
therapies, novel interventions for PTSD should be considered.
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FIGURE 4. Postablation changes in PTSD-related neural activations. Changes in activation at 4 regions of interest (left
amygdala, right amygdala, ventromedial prefrontal cortex, and dorsal anterior cingulate cortex) from presurgery to 6 mo
postsurgery in patient 2. Region of interest boundaries are demonstrated on coronal and sagittal slices, as well as the ablation
extent overlaid on the right amygdala region of interest.

Bilateral amygdalotomy is reported sporadically in the
historical medical literature, falling out of favor by the 1970s
because of emerging pharmacologic alternatives and growing
public skepticism related to indiscriminate use, poor patient
selection, and potentially serious side effects. Recent technical
and neuroscientific advances, however, support reconsideration
of focal interventions for intractable psychiatric and cognitive
conditions. Compared to traditional open temporal lobe
surgery, stereotactic laser amygdalohippocampotomy provides a
minimally invasive, highly selective approach that minimizes
collateral injury and yields a more positive impact on cognition.15
By targeting the persistent amygdala hyperactivation that is
observed in treatment nonresponders,8,16 amygdalotomy likely
reduces hyperarousal, making trauma-focused therapy more
tolerable and effective.
The current findings could imply a pathophysiological link

between PTSD and the development of late-onset MTLE.
Although differing in age, sex, race, and type of trauma, our
patients only developed epilepsy decades after having chronic
PTSD. Thus, PTSD may be a risk factor for developing

FIGURE 5. Change in fear-potentiated startle
responses following amygdala ablation. Change is
demonstrated from presurgery to 6 mo postsurgery
in response to the conditioned stimulus paired with
noxious stimulus (CS+) and to the conditioned
stimulus not paired with noxious stimulus (CS-).
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FIGURE 6. Postablation change in emotional memory. Change in emotional memory from presurgery to 6 mo postsurgery in terms of the
ratings subjective arousal and proportion of images recalled for negative, neutral, and positive images presented from the International Affective
Picture System (IAPS).

late-onset MTLE through a shared substrate of pathological
amygdala activity. Indeed, amygdala overactivation by repeated
electrical stimulation is well recognized to kindle epilepsy in
animal models. Notably, a recent demographic study found that
having PTSD is associated with an elevated risk of subsequently
developing epilepsy.17

Limitations
This study has important limitations. First, we ablated the

right amygdala but did not directly evaluate the influence of the
left amygdala upon PTSD. Previous functional imaging studies
suggest right > left amygdala hyperactivation in PTSD.5 Two
published cases report either onset or worsening of PTSD after
open left temporal lobectomy,18,19 but the effects of a highly
selective left amygdalotomy on PTSD remain unknown. Second,
we cannot exclude the possibility that ipsilateral hippocam-
potomy contributed to amelioration of PTSD. Neuroimaging
studies, however, suggest that intact hippocampal functioning
contributes to resilience,7 at least in subjects without coexisting
MTLE. Third, we cannot conclude that PTSD symptoms
improved independently from amelioration of epilepsy. Seizure
reduction, however, is unlikely to fully explain our findings given
that patient 2 continued to experience seizures, whereas PTSD
symptoms improved. Fourth, there are important limitations to
the interpretation of the estimated PCL-M scores for patient 1,
which were not provided directly by the patient and were instead
estimated by the patient’s clinical neuropsychologist on the basis
of documentation from prospective clinical interviews at both
preoperative and postoperative time points in which all relevant
symptom domains were discussed. These ratings are likely to
provide a gross snapshot of the patient’s symptom burden but are
also limited by the absence of rigorously validated methods for
reconstruction from clinical data.

CONCLUSION

The current study examined the hypothesis that right
amygdalohippocamptomy for MTLEmay have previously unrec-
ognized benefits for the symptoms of PTSD. Specifically, in 2
cases, selective laser ablation of the right (nondominant) amygdala
and anterior hippocampus benefitted symptoms and biomarkers
of comorbid PTSD. Thus, the right amygdala may particularly
perpetuate PTSD.With further investigation, this procedure may
prove effective for refractory PTSD.
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COMMENT

T he authors of this study observed impressive improvements in post-
traumatic stress disorder (PTSD) in two patients who underwent

MRI-guided stereotactic laser amygdalohippocampectomy for treatment
of medically intractable mesial temporal lobe epilepsy. Both seizures and
PTSD improved after the procedure and remained improved over a 1–2
years of follow-up.

It is difficult to draw conclusions from a single-center experience with
two clinical cases, particularly in light of limitations that are thought-
fully spelled out by the authors in their discussion. Nevertheless, I feel
that this limited experience may serve as a basis for future investi-
gations, perhaps focusing on metabolic activity of both operated and
contralateral amygdalae before and after the intervention, checking effect
of left sided surgery in similar clinical circumstances, separating amygdala
and hippocampal lesioning and, eventually, considering similar or even
more focused/less invasive interventions (with stimulation rather than
ablation?) in patients with PTSD without epilepsy.

Konstantin Slavin
Chicago, Illinois
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