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N E U R O S C I E N C E

Deep brain stimulation of the subgenual cingulum 
and uncinate fasciculus for the treatment 
of posttraumatic stress disorder
Clement Hamani1,2,3*, Benjamin Davidson2,3, Felipe Corchs4, Agessandro Abrahao1,2,5,  
Sean M. Nestor1,2,6, Jennifer S. Rabin1,2,5,7, Alexander J. Nyman1,2, Liane Phung1,2, Maged Goubran1,8, 
Anthony Levitt1,6, Omid Talakoub2, Peter Giacobbe1,2,6, Nir Lipsman1,2,3

Deep brain stimulation (DBS) has been investigated for neuropsychiatric disorders. In this phase 1 trial, we treated 
four posttraumatic stress disorder (PTSD) patients with DBS delivered to the subgenual cingulum and the 
uncinate fasciculus. In addition to validated clinical scales, patients underwent neuroimaging studies and psycho-
physiological assessments of fear conditioning, extinction, and recall. We show that the procedure is safe and 
potentially effective (56% reduction in Clinical Administered PTSD Scale scores). Posttreatment imaging data 
revealed metabolic activity changes in PTSD neurocircuits. During psychophysiological assessments, patients 
with PTSD had higher skin conductance responses when tested for recall compared to healthy controls. After DBS, 
this objectively measured variable was significantly reduced. Last, we found that a ratio between recall of extin-
guished and nonextinguished conditioned responses had a strong correlation with clinical outcome. As this 
variable was recorded at baseline, it may comprise a potential biomarker of treatment response.

INTRODUCTION
It is estimated that approximately 50 to 60% of the American popu-
lation will be exposed to at least one lifetime traumatic event (1–4). 
Although most individuals recover from the experience, around 
10% develop posttraumatic stress disorder (PTSD). While medica-
tions and psychotherapy are often effective, 20 to 30% of patients do 
not respond to conventional treatments (5). Deep brain stimulation 
(DBS) is an established therapy for movement disorders, such as 
Parkinson’s disease and tremor. In psychiatry, this therapy is 
approved for the treatment of obsessive-compulsive disorder and is 
under investigation for depression, drug addiction, eating disorders, 
and Alzheimer’s disease (6–16).

Preclinical experiments using electrical stimulation in rodent 
models of PTSD-like behavior have been conducted to investigate 
the neural circuits, cellular elements, and mechanisms involved in 
fear conditioning/extinction and anxiety (17–26). We have recently 
found that chronic stimulation of the ventromedial prefrontal 
cortex (vmPFC) of rats presenting a PTSD-like phenotype signifi-
cantly improved abnormal fear and anxiety responses, countered 
dysfunctional circuit connectivity, and reduced firing of basolateral 
amygdala (BLA) principal cells (27–29).

In clinical trials, DBS in a region homologous to the vmPFC [i.e., 
the subgenual cingulum (SCG)] has been investigated in patients 
with depression (8, 30, 31) and anorexia nervosa (13, 32). To date, 
two patients with PTSD receiving DBS have been reported in the 

literature, both presenting a substantial postoperative improvement. 
The first was implanted with electrodes in the amygdala (33) and 
the second in the SCG, near the uncinate fasciculus (UF), a fiber 
tract that connects the PFC and the amygdala (34). This latter 
patient was the first treated in our center with the translational 
rationale of delivering DBS to modulate activity in the amygdala 
and reduce PTSD symptoms. Since our initial publication, three 
additional patients have been included in our trial.

We report the clinical outcome of four patients with PTSD treated 
with DBS in the region of the SCG/UF, including neuroimaging and 
psychophysiological fear conditioning, extinction, and recall assess-
ments. Our data suggest that not only patients present a substantial 
clinical improvement but also the retention of fear extinction may 
predict treatment response.

RESULTS
Participants, surgical procedure, and safety
Four female patients were enrolled in this pilot trial (Table 1). The 
mean age at the time of surgery was 35.8 ± 3.8 years. All patients had 
severe PTSD, as measured by average Clinical Administered PTSD 
Scale (CAPS) scores of 60.5 ± 2.4. The mean duration of illness 
before DBS was 13.0 ± 1.4 years. All patients had comorbid depression 
and two had generalized anxiety disorder. The four patients suffered 
long-term sexual and/or verbal abuse along with additional traumatic 
experiences. Subjects did not respond to an average of six adequate 
courses of treatment (Table 1).

In our study, the implanted electrodes were directional. The 
most ventral and dorsal contacts were nondirectional (only to be 
used in a ring mode, that is, stimulation delivered from all its 
surface). The two middle rings could be subdivided in three inde-
pendently activated contacts. Leads were implanted on the basis of 
tractography, so that one directional contact was placed near the UF, and 
an adjacent ring contact tentatively positioned in the crossroad be-
tween the cingulate bundle, UF, and forceps minor (Fig. 1) (35–37). As 
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our patients had comorbid depression, this approach was designed 
to stimulate this tract blueprint, which was previously associated with 
a good postoperative response (35, 36), while steering current to the 
UF. Under these circumstances, we would stimulate the neurocircuitry 
of depression and, following our preclinical work, potentially modu-
late activity in the amygdala to improve PTSD symptoms (29).

Surgery was generally uneventful. Only one patient (#4) presented 
a severe adverse event unrelated to DBS. On postoperative month 4, 
she had appendicitis, followed by peritonitis. As a result, her 
6-month follow-up evaluation was delayed by 1 month. Patient 1
had transient paresthesias in the region of the cranial incision that
subsided on postoperative month 3. Patient 3 presented discomfort
in the region of the connector between the electrodes and extension 
cables that was controlled with analgesics.

Programming sessions began 2 weeks after surgery and were 
conducted weekly until the third month, followed by biweekly ses-
sions, when necessary. On the basis of our preclinical work (29) and 
clinical studies in depression (31, 36, 38), we have decided to use 
high-frequency stimulation (>100 Hz). Programming was conducted 
on the basis of tractography. Contacts in the ring implanted in the 
SCG were tested alone or in combination with the directional con-
tact near the UF. Patients often had a more pronounced subjective 
improvement when the UF contact was activated in conjunction 
with SCG contacts. Current amplitude was increased or decreased 
according to subjective responses. Patient 4 was not responsive to 
stimulation, despite the activation of multiple contacts alone or in 
combination. At 6 months, cathodes in all patients were contacts 
implanted near the SCG fiber blueprint (ring contact in patients 3 
and 4 or directional medial contacts in patients 1 and 2) and the UF 
(lateral directional contact in all subjects). In all patients, the case 
was used as anode, the frequency was set at 130 Hz, and the pulse 
width was set at 60 s. Delivered amplitudes in patients 1 to 4 were 
6.5, 2.0, 4.5, and 4 mA, respectively.

Outcome
Six months after DBS, CAPS scores were decreased by 56.2 ± 19.1% 
relative to baseline (Fig. 2). Of the four patients treated, two were 
responders (CAPS reduction, ≥50%), one had a partial response 
(CAPS reduction, ≥30%), and one was a nonresponder (CAPS 
reduction, <30%; table S1). Symptomatic amelioration was observed 
in all PTSD domains, as revealed by improvements in different 
CAPS criteria (Table 2). Average Short PTSD Rating Interview 
(SPRINT) 1 to 8 scores were improved by 53.7 ± 19.2% at 6 months. 
The perception of improvement at 6 months (SPRINT 9) was in-
creased. Symptoms were found to be much improved after treat-
ment (SPRINT 10; 4.25 ± 0.5). Davidson Trauma Scale scores at 
6 months were reduced by 54 ± 19.0% (Table 2).

Table 1. Demographics. CAPS, clinician administered PTSD scale; CBT, cognitive behavioral therapy; CPT, cognitive processing therapy; DBT, dialectic behavior 
therapy; ECT, electroconvulsive therapy; EFT, emotion focused therapy; EMDR, eye movement desensitization and reprocessing; ERP, exposure and response 
prevention; GAD, generalized anxiety disorder; MDD, major depressive disorder; pt, patient; SNRI, serotonin and norepinephrine reuptake inhibitors; SSRI, 
selective serotonin reuptake inhibitors. 

CAPS Major traumatic experience Psychiatric comorbidities Failed psychiatric treatments

Pt 1 56 Domestic abuse and death of daughter 
by motor vehicle accident MDD and GAD SSRI, SNRI, tricyclics, and mood 

stabilizers; CBT, CPT, EFT, and EMDR

Pt 2 63 Physical and sexual abuse MDD
SSRI, SNRI, tricyclics beta-blockers, and 

anxiolytics; CBT, EMDR, and exposure 
therapy

Pt 3 57 Childhood emotional and physical abuse MDD and GAD SSRI, SNRI, tricyclics, ERP, EMDR, 
neurofeedback, and ECT

Pt 4 66 Childhood emotional, physical, and 
sexual abuse MDD

SSRI, SNRI, antipsychotics, and 
anxiolytics; DBT, CBT, and group and 
individual therapies

Fig. 1. Electrode placement. Targeting was based on the direct visualization of 
the SCG and diffusion tensor imaging (DTI). After anatomical visualization of the 
SCG at the gray-white junction below the frontal horn of the lateral ventricle in 
magnetic resonance imaging (MRI) slices, a 3.5-mm region of interest (ROI; red 
sphere) was used as a seed (A) to perform tractography and identify the cingulate 
bundle (CB), uncinate fasciculus (UF), and forceps minor (FM). The ROI was manually 
adjusted in the medial-lateral (x), anterior-posterior (y), and superior-inferior (z) 
dimensions to maximize the number of streamlines propagating through the UF 
(B). The final ROI was then used as a targeting site in a neurosurgical planning 
station. In the postoperative period, sagittal (C) and coronal (D) images were merged 
to preoperative MRI and DTI scans. Reconstructed electrodes show ring contacts 
near the SCG fiber blueprint and directional contacts near the uncinate fascicle. 
Squares in the right lower corner of (C) and (D) display magnified reconstructed 
images of the electrode amidst the fiber pathways described above.
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Fig. 2. Primary outcome data. (A) Average Clinician-Administered PTSD Scale (CAPS) scores were decreased by 56.2% 6 months (mo) after DBS relative to baseline. 
(B) Of the four patients (pt) included in our trial, two (#1 and #2) were considered to be responders (average CAPS improvement of 87.3%), one (#3) was a partial responder 
(35.1% improvement), and one (#4) was a nonresponder (15.2% improvement). Wks; weeks, mo, months.

Table 2. Clinical outcome. BAI, Beck’s Anxiety Inventory; BDI, Beck’s Depression Inventory; CAPS, Clinician-Administered PTSD Scale; CGI, Clinical Global 
Impression; DTS, Davidson Trauma Scale; GAF, Global Assessment of Functioning; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating 
Scale 17 items; improv, improvement; mo, months; SDS, Sheehan disability scale; SPRINT, Short PTSD Rating Interview; wk, week. Data represents means ± SE. 

PTSD

Scale Baseline Wk 2 3 mo 6 mo % improv. 6 mo

CAPS 60.5 ± 2.4 42.5 ± 13.6 26.8 ± 11.0 27.3 ± 12.2 56.2 ± 19.1

Criterion B 15.5 ± 1.8 9.5 ± 3.5 6.0 ± 2.7 6.3 ± 2.6 57.2 ± 20.0

Criterion C 7.5 ± 0.5 5.0 ± 1.8 3.5 ± 1.3 3.3 ± 1.7 54.2 ± 23.0

Criterion D 24.5 ± 2.0 16.3 ± 5.2 11.0 ± 5.3 11.0 ± 4.7 59.0 ± 16.9

SPRINT 1–8 29.0 ± 1.1 22.5 ± 6.9 12.0 ± 6.0 14.0 ± 6.0 53.7 ± 19.2

SRPINT 9 22.5 ± 22.5 65.0 ± 15.5 58.75 ± 19.2

SPRINT 10 2.75 ± 0.75 4.25 ± 0.48 4.25 ± 0.48

DTS 105 ± 4.5 76.0 ± 21.4 46.8 ± 20.9 50.5 ± 21.3 54.0 ± 19.0

Depression anxiety

Scale Baseline Wk 2 3 mo 6 mo % improv. 6 mo

HAMD17 28 ± 2.6 20.25 ± 7.2 15.75 ± 5.4 18.75 ± 6.6 38.0 ± 18.5

BDI 40.5 ± 1.3 28.75 ± 9.7 16.75 ± 6.3 21.8 ± 7.8 47.8 ± 17.7

HAMA 32.5 ± 4.8 24.75 ± 8.8 19.75 ± 7.2 18 ± 6.3 47.5 ± 11.5

BAI 32.5 ± 5.6 28.75 ± 10.1 23.25 ± 7.6 22.25 ± 5.4 30.1 ± 11.8

GCI/GAF

Scale Baseline Wk 2 3 mo 6 mo % improv. 6 mo

CGI severity 6.25 ± 0.25 5.25 ± 1.1 4.0 ± 0.9 4.0 ± 1.1 36.9 ± 16.0

GAF 40.5 ± 3.8 50.5 ± 1.03 65.25 ± 8.5 63.75 ± 9.0 −55.5 ± 11.2

Disability

SDS Baseline Wk 2 3 mo 6 mo % improv. 6 mo

Combined 29.9 ± 0.4 22.0 ± 7.0 18.3 ± 5.2 17.0 ± 4.8 41.6 ± 16.5

Work 10.0 ± 0 7.8 ± 2.3 6.5 ± 1.8 6.3 ± 1.3 37.5 ± 12.8

Social 9.5 ± 0.3 7.3 ± 2.4 6.0 ± 2.0 5.5 ± 1.9 41.9 ± 21.4

Family/home 9.5 ± 0.3 7.0 ± 2.3 5.8 ± 1.7 5.3 ± 1.8 45.8 ± 18.2

Days lost 5.3 ± 1.75 3.5 ± 2.0 3.0 ± 1.8 3.5 ± 2.0 25.0 ± 25.0

Days unproductive 6.5 ± 0.5 4.5 ± 1.6 3.5 ± 1.6 4.0 ± 1.6 38.6 ± 22.1
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In the preoperative period, two patients had severe, and two 
patients had very severe depression (table S2). Six months after 
DBS, improvements in Hamilton Depression Rating Scale 17 items 
(HAMD) and Beck’s Depression Inventory (BDI) scores were of 
38.0 ± 18.5% and 47.8 ± 17.6%, respectively (Table 2). The two PTSD 
responders had a ≥50% reduction in HAMD scores. In the partial 
responder, depression scores were reduced by 30% (table S2). Mean 
Hamilton Anxiety Rating Scale (HAMA) and Beck’s Anxiety Inven-
tory (BAI) scores were improved by 47.5 ± 11.5% and 30.1 ± 11.8%, 
respectively (Table 2).

Average Global Assessment of Functioning (GAF) and Clinical 
Global Impression (CGI) scores 6 months after surgery were im-
proved by 55.5 ± 11.2% and 36.9 ± 16.0%, respectively (Table 2). 
According to the latter, patient 1 was very much improved (CGI 1), 
patient 2 was much improved (CGI 2), patient 3 was minimally 
improved (CGI 3), and patient 4 was minimally worse (CGI 5). Total 
Sheehan Disability Scores at 6 months were reduced by 41.6 ± 16.5% 
on average compared to baseline (Table 2). Medications were largely 
unchanged during the trial. There were no significant postoperative 
changes in any of the cognitive domains examined on neuro-
psychological testing (table S3).

Neuroimaging
Fluorodeoxyglucose positron emission tomography (18F-FDG PET) 
was conducted at baseline and 6 months following DBS onset with 
the electrodes turned on. Patient #2 lived outside the province. 
Because of coronavirus disease 2019–related travel restrictions, 
her PET scan and psychophysiological testing were conducted 
12 months after surgery.

Because of the small number of patients included in the study, 
we have limited our neuroimaging analyses to some regions of 
interest (ROIs) that either project or receive projections from the 
SCG (39) and are considered to be part of the neurocircuitry of 
PTSD (26, 40). These included the amygdala, hippocampus, nucleus 
accumbens, cingulate cortex, and frontal cortical regions. Following 
DBS, patients had a significant increase in metabolic activity in the 
left amygdala (corrected for false discovery rate, P-FDR = 0.02) and 
right cingulate cortex (P-FDR = 0.001) compared to baseline, after 

correcting for age using a linear mixed effect model (Fig. 3). No 
significant postoperative changes were found in the remainder 
ROIs (table S4). An exploratory surface-based analysis did not 
reveal any significant changes in other cortical regions.

Psychophysiological testing
Psychophysiological testing to study fear conditioning and extinc-
tion was conducted over two consecutive days (41, 42). Skin con-
ductance responses (SCRs) were recorded via electrodes attached to 
the index finger of the nondominant hand. Electric shocks (annoying 
but not painful) were administered to the index finger of the domi-
nant hand. During an initial habituation phase, images of an office 
with a table lamp were presented to participants (41). This was 
followed by a fear conditioning phase in which images of the same 
lamp shining a red or a blue light were shown during eight trials 
(Fig. 4A and fig. S1) (41). In five of these trials, image presentation 
was followed by the delivery of a 0.5-s electric shock (conditioned 
stimulus; CS+) (41). The third colored lamp (yellow) was presented 
16 times with no associated shocks (nonconditioned stimulus; CS−; 
Fig. 4A). Five minutes later, subjects underwent a fear extinction phase, 
during which they looked at images containing similar lamps in a 
different context (a library instead of an office; fig. S1). The CS+ red 
light was presented 16 times with no electric shock pairing, intermixed 
with 16 presentations of the CS− (yellow light). On the following day, 
participants were exposed to extinction memory recall testing. Both 
extinguished (CS+ E; red light) and nonextinguished stimuli (CS+ 
NE; blue light) were presented eight times each, along with 16 pre-
sentations of the CS− (41). No shocks were delivered during recall.

Data were analyzed by comparing pre- and postoperative findings 
in the four patients with PTSD and three age/sex matched controls. 
Overall, similar preoperative SCR values were recorded during the 
acquisition (fear conditioning) and extinction phases. In contrast, a 
trend toward higher SCR responses was observed in patients with 
PTSD during the recall of CS+ E (P = 0.057) but not CS+ NE stimuli 
(Fig. 4, B and C). In the postoperative follow-up visit, objective SCR 
measures during recall of CS+ E (but not CS+ NE) were significantly 
reduced in patients with PTSD (Fig. 5, A and B), reaching levels 
similar to those observed in controls (Fig. 5, C and D).

Fig. 3. Fluorodeoxyglucose positron emission tomography. Following DBS, patients had a significant increase in metabolic activity in left amygdala and right anterior 
cingulate cortex compared to baseline. These results were consistent in all four patients of the trial. SUVR, standardized uptake value ratio images.
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Because differences between patients with PTSD and controls 
were largely observed in the recall phase, we have decided to analyze 
the extinction retention index, which takes into account the relation 
between SCR during recall and the acquisition phase (100 − ([recall 
value/acquisition value] × 100) (42). In general, high values denote 
a situation in which SCR during recall is lower than in acquisition, 
meaning that the subject extinguished the conditioned stimuli. 
Overall, differences between groups were not found to be significant, 
despite lower values being recorded in patients relative to controls 
(fig. S2).

As SCR values varied substantially across both PTSD and con-
trol individuals, we have decided to study the relation between the 
extinction retention index during CS+ E and CS+ NE stimuli as a 
ratio: CS+ E/CS+ NE × 100. While no significant differences were 
recorded, we noticed that controls had a higher retention of CS+ E 
compared to CS+ NE, whereas the opposite results were found in 
patients with PTSD (fig. S2). Notably, a strong correlation was 
found between the percent improvement in CAPS scores and the 
ratio described above, either at baseline (r = −0.87) or during the 
postoperative period (r = −0.70). This suggests that patients who 
improved the most after surgery had the highest retention of extinc-
tion of CS+ E relative to CS+ NE.

DISCUSSION
Despite the proposal of a clinical trial (43), before our series, only 
two case reports have been published using DBS to treat PTSD: our 
previously published patient (34) and a combat veteran who had a 
37.8% postoperative improvement in CAPS scores following amyg-
dala stimulation (33). In our current trial, four females with a long-
term history of sexual and/or verbal abuse and acute traumatic 
events were recruited. Six months after DBS, average CAPS scores 
were decreased by 56.2% compared to baseline. Of the four patients, 
two responded to the procedure (average CAPS improvement of 
87.3%), one was a partial responder (35.1% improvement in CAPS 

scores), and one was a nonresponder. In our series, symptoms in all 
PTSD domains improved to a similar extent. In addition to efficacy, 
SCG/UF DBS was found to be safe, with a profile of side effects 
comparable to the one reported in other DBS trials for psychiatric 
disorders (8, 32, 38).

In general, 40 to 55% of patients undergoing a traumatic event 
present a spontaneous recovery (5,  44,  45). Forecasting a poor 
prognosis is childhood abuse (45), which occurred in the four 
patients of our trial. Treatments for chronic PTSD include pharmaco-
therapy and psychotherapy. In general, it is estimated that 30% of 
patients will fail these interventions and may ultimately be labeled 
as treatment refractory (a term that lacks a precise definition) (5). In 
general, patients who do not respond to conventional treatments 
have more complex and protracted forms of the disease, associated 
comorbidities (e.g., treatment refractory depression) and multiple 
traumatic experiences. Despite the relatively high percentage of 
patients with refractory PTSD, we have only received four referrals. 
After discussing the potential risks and benefits of DBS for other 
psychiatric indications, the four patients immediately agreed to sign 
the informed consent, stating that their illness was very severe and 
that they were extremely debilitated.

Our choice of target was based on translational preclinical and 
clinical work. We have recently shown that chronic vmPFC DBS 
significantly improved anxiety and extinction recall in a rodent model 
of PTSD (29). In animals presenting a behavioral PTSD-like pheno-
type, DBS induced a significant reduction in BLA principal cell 
firing and an increase in interneuron activity (29). Considering the 
potential top-down inhibition of the amygdala, we have decided to 
stimulate the SCG in the vicinity of the UF. Since all enrolled pa-
tients had depression, we implanted electrodes with one ring 
contact in the crossroad between the cingulate bundle, UF, and 
forceps minor (35–37). During programming, patients preferred a 
combined stimulation approach (SCG + UF) rather than SCG stimu-
lation alone. Since our trial was preliminary in nature, however, it 
did not allow more assertive conclusions on the role of each fiber 

Fig. 4. Psychophysiological testing at baseline. (A) During the acquisition (Acq) of fear conditioning, images of a lamp shining a red, blue, or yellow light were shown. 
The former two (conditioned stimuli; CS+) but not the latter (unconditioned stimuli; CS−) were accompanied by an electric shock. SCR was measured during the trials. 
During fear extinction (Ext), the CS+ red light and CS− yellow light were presented in the absence of electric shocks. On the following day, participants were exposed to 
extinction memory recall testing. Nonextinguished stimuli (CS+ NE; blue light), extinguished stimuli (CS+ E; red light), and CS− (yellow light) were shown to the patients 
and controls (CTL) with no shock pairing. (B) Similar preoperative SCR values were recorded during the acquisition and extinction phases. In contrast, a trend toward 
higher SCR responses was observed in patients with PTSD during the recall of CS+ E (P = 0.057). (C) SCR measurements during the acquisition and recall of CS+ NE stimuli 
were similar in patients with PTSD and controls at baseline. S, microsiemens; §, trend toward significance.
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tract in a DBS response. Additional systematic studies are certainly 
necessary to address this issue.

Of all regions analyzed in our study, significant pre- and post-
operative differences were only found in the left amygdala and the 
right anterior cingulate cortex. On the basis of our preclinical data, 
we hypothesize that the augmented amygdala metabolism following 
DBS could be due to an increased interneuron activity, which would 
subsequently reduce principal cell firing (29). As for the cingulum, 
it is possible that the increased metabolism observed in the post-
operative period may reflect an activation of the cingulate bundle 
following DBS. In our study, postoperative PET scans were acquired 
while patients were receiving stimulation. Under these circum-
stances, it is difficult to disentangle nonspecific effects of DBS from 
those associated with a clinical improvement. This, however, would 
have been difficult to accomplish even if the electrodes were turned 
off before the scans. Overall, DBS is known to induce neuroplasticity 
and has an important carryover effect upon stimulation offset 
(26, 46, 47). As patients had different clinical outcomes despite 
relatively similar PET results, we hypothesize that metabolic changes 
in our study were predominantly associated with a general DBS 
response. As a result, we could not differentiate responders versus 
nonresponders based on PET data.

An intriguing aspect of our trial was the unilateral nature of PET 
changes. Over the years, several neuroimaging modalities have been 
used to study volumetric and activation patterns in PTSD, particularly 
in the amygdala (48–50). Overall, results have not been homoge-
neous, with changes being recorded unilaterally (right or left) and 
bilaterally (48, 50, 51). In some of these studies, patients with PTSD 
were shown to have a volumetric reduction in the left amygdala 
compared to trauma-exposed controls (52, 53) or psychiatric patients 
with other diagnoses (54). Veterans with PTSD had stronger oscilla-
tory activity in the amygdala when exposed to threatening faces 
compared to veterans without PTSD (55). In a psychotherapy study, 
the attenuation of functional interactions, including those from the 
left PFC to the left amygdala, was associated with symptom reduction 
(56). At present, we cannot explain why metabolic changes following 
DBS were only observed in the left amygdala. As electrodes were 
placed symmetrically in both hemispheres, currents delivered to 

most patients were in the range of 4 to 6.5 mA, and the metabolic 
pattern observed in our study was equally observed in all patients, it 
is unlikely that differences in the volume of tissue activated may 
explain our unilateral findings. Future studies will be necessary 
to corroborate and explain the hemispheric differences observed in 
our study.

Psychophysiological data in our trial were acquired and analyzed 
according to a previously used protocol (41, 42). Our study corrobo-
rates previous work in the field suggesting that patients with PTSD 
have an impaired extinction recall but no significant differences 
in skin conductance during acquisition or extinction compared to 
trauma-exposed controls (57). To test whether neuromodulation 
strategies could improve extinction learning, healthy individuals received 
transcranial magnetic stimulation paired to a conditioned cue during 
extinction (58). Subjects not only had a reduced SCR but also 
changes in distinct cortical regions and large-scale fear networks 
(58). In our study, patients were tested before and after DBS. Because 
test-retest results in this protocol have not been well characterized, 
we have decided to study an age/sex matched control group as well. 
Similar to previous work (57), no SCR differences were found be-
tween patients with PTSD and controls during the acquisition and 
extinction phases of the test. The former group, however, showed a 
strong trend toward higher SCRs during the recall of extinguished 
stimuli. This was significantly improved in the postoperative period, 
with SCRs in patients with PTSD reaching levels comparable to 
those observed in controls.

One aspect that became clear during the study was that skin con-
ductance values varied substantially across individuals in both patients 
with PTSD and controls. It has been previously demonstrated that 
patients with PTSD have an increased expectation to unconditioned 
stimuli in general or following CS− compared to healthy controls 
(59). This was verbally reported by patients in our trial. As a result, 
we have decided to study the relation between the extinction reten-
tion index recorded when patients were exposed to extinguished 
and nonextinguished stimuli. We found that this ratio had a strong 
correlation with the percentage of postoperative CAPS improvement. 
Overall, patients who improved the most after surgery had the highest 
extinction retention of CS+ E relative to CS+ NE at baseline. Although 

Fig. 5. Psychophysiological testing in the preoperative and postoperative periods. (A and B) SCRs recorded in patients with PTSD were similar in the acquisition and 
extinction phases at baseline and in the postoperative period. During the recall of extinguished stimuli (CS+ E), but not the recall of nonextinguished stimuli (CS+ NE), 
patients with PTSD treated with DBS had a significant decrease (P = 0.03) in SCR values compared to baseline, with values reaching levels similar to those observed in 
age/sex matched controls (CTL; C and D). Asterisk (*) indicates significant differences.
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future studies are needed to corroborate these findings, our results 
suggest that the ratio described above may be a potential biomarker 
of treatment response in patients with PTSD undergoing DBS.

Our study has a few limitations that need to be discussed, particu-
larly in relation to the small sample size. As 30% of patients with 
PTSD are considered to be treatment refractory, we estimated that 
at least 10% of patients in high-volume centers would have failed 
multiple therapeutic modalities, including electroconvulsive therapy, 
different medications, psychotherapy, or even off-label and investi-
gative approaches. These numbers should have generated a larger 
referral basis compared to the few individuals sent to our clinic. We 
hope the positive safety and efficacy results of our study may 
encourage psychiatrists to refer patients for future trials, particularly 
if one considers the tremendous suffering and poor quality of life 
associated with refractory forms of the disorder.

In the first conception of our trial, we thought that ideal candi-
dates would have been patients suffering acute traumatic experiences 
that developed PTSD and did not improve with medications and/or 
psychotherapy. These subjects, however, often respond to conven-
tional treatment, which limits the number of surgical candidates to 
patients with associated comorbid diagnoses and more protracted 
and complex forms of the disease (60–62).

Patients in our trial had PTSD and comorbid depression. Although 
improvements in depression could have contributed to our overall 
results, the amelioration in PTSD symptoms observed in validated 
scales (CAPS, SPRINT, and Davidson Trauma Scale) and the objec-
tive reduction in SCR during recall sessions suggest that the benefi-
cial effects of DBS were, at least in part, associated with improvements 
in extinction memory recall and PTSD symptoms.

In summary, we showed that DBS delivered to the SCG and UF 
is safe and effective in patients with PTSD. In addition to clinical 
aspects and metabolic changes in the circuitry of fear and anxiety, 
our results suggest that psychophysiological metrics can potentially 
be used as a biomarker of treatment response and help to delineate 
objective outcome measures. Future studies in a larger number of 
patients are required to corroborate our preliminary findings.

MATERIALS AND METHODS
The study was approved by the Research Ethics Board of Sunnybrook 
Health Sciences Centre and registered in ClinicalTrial.gov 
(NCT03416894). Before enrolling, participants provided written in-
formed consent. Patients were referred by their primary psychiatrists 
to the Harquail Centre for Neuromodulation.

Inclusion and exclusion criteria
Inclusion criteria were as follows: (i) females or males between the 
ages of 18 and 70; (ii) diagnosis of PTSD, as defined by the Diagnostic 
and Statistical Manual fifth edition; (iii) treatment resistance, charac-
terized by the persistence of clinical symptoms despite adequate 
treatment with four therapeutic modalities, including (a) selective 
serotonin reuptake inhibitors, (b) cognitive behavioral therapy, and 
(c) other classes of medications and/or psychotherapy; (iv) severe 
forms of the disease, as measured by CAPS scores ≥50; (v) a pattern 
of chronic stable PTSD lasting at least 1 year; and (vi) ability to 
provide informed consent and comply with all testing, follow-up 
appointments, and protocols.

Exclusion criteria were as follows: (i) any past or current evidence 
of psychosis or mania (patients with comorbid depression were not 

excluded); (ii) active neurologic disease; (iii) alcohol or substance 
dependence or abuse in the last 6 months, excluding caffeine and 
nicotine; (iv) current suicidal ideation; (v) any contraindication to 
magnetic resonance imaging (MRI) or PET scanning; (vi) likely to 
relocate or move out of the country; (vii) presence of clinical and/or 
neurological conditions that may significantly increase the risk of 
the surgical procedure; and (viii) currently pregnant (as determined 
by history and serum HCG) or lactating.

Baseline evaluations
Four patients were screened. All met inclusion criteria and agreed 
to participate in the trial. After signing the consent form, clinical, 
psychiatric, and neurosurgical evaluations were performed. Psychiatric 
symptoms, disease severity, and quality of life were assessed with 
the following scales: (i) Clinician-Administered PTSD Scale for The 
Diagnosis and Statistical Manual of Mental Disorders fifth edition, 
(ii) Hamilton Depression Rating Scale 17 items, (iii) Beck’s Depression 
Inventory, (iv) Beck’s Anxiety Inventory, (v) Hamilton Anxiety 
Rating Scale, (vi) Davidson Trauma Scale, (vii) Short PTSD Rating 
Interview, (viii) Clinical Global Impression, (ix) Global Assessment of 
Functioning, and (x) Sheehan disability scale. Side effects were recorded 
and evaluated with the Systematic Assessment for Treatment Emergent 
Events collateral effects scale. Before surgery, patients underwent neuro-
psychological assessments, MRI, 18F-FDG PET, psychophysiological 
testing, and a preoperative anesthetic assessment.

Targeting and surgical procedure
Preoperative scans were acquired on a 3-T MRI (Magnetom Prisma; 
Siemens Healthcare, Germany). Anatomical images included a 
T1-weighted Magnetization Prepared–RApid Gradient Echo sequence 
with 192 slices (TE = 2.94 ms, TR = 2000 ms, matrix size = 256 × 256, 
resolution = 0.90 × 0.90 × 1.0 mm). Diffusion MRI scanning was 
performed using a total of 64 diffusion sampling directions 
(b value = 1000 s/mm2), with an in-plane resolution and slice thickness 
of 2 mm. The diffusion data were reconstructed using generalized q 
sampling imaging with a diffusion sampling length ratio of 1.25 (63).

Surgery occurred within 1 month of the evaluations. Targeting 
was based on the direct visualization of the anatomical SCG and 
diffusion tensor imaging (DTI) showing projections from the PFC 
to the medial temporal lobe. We used a modified version of the tar-
geting scheme described by Riva-Posse et al. (35–37). First, the SCG 
was targeted on a coronal slice at the gray-white junction, below the 
frontal horn of the lateral ventricle, as previously described (64). 
Next, DSI-Studio (http://dsi-studio.labsolver.org/) was used to 
rotate the DTI images and corresponding b-table to the space of the 
T1 scan. A 3.5-mm ROI was used as a seed to perform tractography 
and identify the blueprint consisting of the cingulum, UF, and forceps 
minor (36). The ROI was manually adjusted in the medial-lateral 
(x), anterior-posterior (y), and superior-inferior (z) dimensions, to 
maximize the number of streamlines propagating through the 
cingulum and the UF. The final ROIs were transferred to the Stealth 
Planning Station. The selected trajectory was intended to have the 
middle two contacts centered within the ROI while avoiding large 
vessels and sulci. A Cosman-Roberts-Wells frame was placed under 
local anesthesia and sedation, as previously described (34). The im-
planted DBS electrodes (Vercise Cartesia Directional Lead, Boston 
Scietific) have eight contacts. The most dorsal and ventral rings are 
nondirectional. The two middle ones may be subdivided in three 
equal contacts. In our study, electrodes were implanted so that one 

http://ClinicalTrial.gov
http://dsi-studio.labsolver.org/
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directional ring was placed near the UF, while an adjacent contact 
was placed in the tract blueprint described above. Under these cir-
cumstances, contacts in one ring would stimulate the blueprint and 
a directional contact in the adjacent ring would steer current to the 
UF. Extension cables and a pulse generator (Vercise, Boston Scietific) 
were implanted during the same operating procedure under general 
anesthesia. Electrode placement was confirmed with a postoperative 
thin-slice computed tomography scan, which was used to localize 
and reconstruct electrode locations using Lead-DBS v2.0 software 
(www.lead-dbs.org/) (65). Postoperative images were registered 
to preoperative structural T1 MRI using SPM12 (www.fil.ion.ucl.
ac.uk/spm/software/spm12/), followed by nonlinear registration to 
Montreal Neurologic Institute space (ICBM 2009b NLIN asymmetric) 
with Advanced Normalization Tools (66). After a semi-automated 
electrode localization process, electrodes were manually localized. 
Volumes of tissue activated were estimated using the FieldTrip-SimBio 
finite element method (www.mrt.uni-jena.de/simbio/index.php/; 
http://fieldtriptoolbox.org) as implemented through Lead-DBS.

Postoperative evaluations
Scales to measure psychiatric symptoms, disease severity, and quality 
of life were recorded 2 weeks, 3 months, and 6 months after the 
procedure. Neuropsychological assessments, psychophysiological 
testing, and 18F-FDG PET were obtained at the sixth month follow-up, 
except for patient 2, as described above.

Neuropsychology
Evaluations consisted of a battery to test a broad range of cognitive 
domains, including processing speed, executive function, memory, 
and language. The following tests were applied: Brief Visuospatial 
Memory Test, California Verbal Learning Test, Delis-Kaplan Executive 
Function System, Frontal Systems Behavior Scale, Symbol Digit 
Modalities Test, and Wechsler Test of Adult Reading. To minimize 
practice effects, alternate versions of the tests were used at follow-up 
whenever possible. Pre- and postoperative test scores were compared 
with the Wilcoxon signed-rank test.

Fluorodeoxyglucose positron emission tomography
A transmission scan followed by a 20-min emission scan (four 
frames/5 min each) was acquired on a Phillips Gemini PET com-
puted tomography (three-dimensional mode) 30  min after the 
administration of 5 mCi ± 10% of 18F-FDG radiotracer. All frames 
were corrected for attenuation, detector deadtime, scatter, and 
radioisotope decay, coregistered and averaged to create a single frame 
(66). Scans corresponding to their FreeSurfer-processed T1 images 
were processed using the default settings of PETsurfer pipeline 
(https://surfer.nmr.mgh.harvard.edu/fswiki/PetSurfer). The steps 
consisted of (i) creating a high-resolution segmentation for sub-
sequent partial volume correction (PVC) using the cortical and 
subcortical structures from the FreeSurfer cross-sectional pipeline, 
(ii) registration of the average PET image with the respective Free-
Surfer T1 time point, and (iii) applying PVC to each registered PET 
image, normalized by standardized uptake values in the pons, and 
smoothed using a 5-mm full width at half maximum kernel, creating 
baseline and posttreatment standardized uptake value ratio (SUVR) 
images for each subject (67, 68). To compare metabolic changes 
from baseline to posttreatment, surface-based and subcortical analyses 
were carried out. For the surface-based (cortical) analysis, a general 
mixed model (in this case, a paired t test) analysis was performed in 

FreeSurfer using age as a regressor of no interest. To correct for 
multiple comparisons, a Monte Carlo simulation with 5000 simula-
tions was performed with a two-tailed cluster-wise P value < 0.05. A 
second model was constructed using clinical response at 6 months 
(% improvement on the CAPS) as a third regressor, which was then 
subjected to the same multiple comparison correction. For the sub-
cortical analysis, the following ROIs were used from the Harvard- 
Oxford Subcortical Atlas (69): frontal pole, orbitofrontal cortex, 
anterior cingulate cortex, amygdala, nucleus accumbens, and hippo-
campus. Mean SUVR values were generated for each ROI at each 
time point and used to perform linear mixed models using time and 
age as regressors. An FDR correction was performed for each hemi-
sphere. Mixed models that incorporated postoperative clinical 
response as a third regressor were also constructed.

Psychophysiological testing
The fear conditioning and extinction paradigm used in our study 
was conducted over two consecutive days, as previously described 
by others (41). For the recording of SCRs, two Ag/AgCl electrodes 
(9 mm in diameter) were attached to the index finger of the non-
dominant hand. Similar electrodes were placed on the finger of the 
dominant hand and used to deliver an electric shock. Before the 
experiments on day 1, participants had to choose a current threshold 
deemed to be annoying but not painful. During an initial habitua-
tion phase, images of an office with a table lamp were presented to 
participants (41). This was followed by a fear conditioning phase. 
Initially, a similar image was displayed for 3 s. Thereafter, images 
with the lamp shining a red or a blue light were presented eight 
times for 6 s each. In five of these trials, image presentation was 
followed by the delivery of a 0.5-s electric shock (CS+) (41). The 
third colored lamp (yellow) was presented 16 times with no associ-
ated shock (CS−). Five minutes later, subjects underwent a fear 
extinction phase, during which they looked at images containing 
similar lamps in a different context (a library instead of an office). 
The CS+ red light was presented 16 times with no electric shock 
pairing. Images were intermixed with 16 presentations of the CS− 
(yellow light; 6 s per image). On the following day, participants were 
exposed to extinction memory recall testing. Both extinguished and 
nonextinguished CS+ were presented eight times each, along with 
16 presentations of the CS− (41). No shocks were delivered during 
recall. In all phases, stimuli were presented in a pseudorandom 
order. The intertrial intervals ranged from 12 to 18 s.

The acquisition value consisted of the average of the three largest 
SCR responses recorded during the acquisition phase. The extinc-
tion value was the average of the last two SCR extinction responses. 
Recall was the average SCR value recorded during the first two trials 
of extinction recall. The extinction retention index was calculated as 
described above. Differences between groups were compared with 
the Mann-Whitney test. Correlation analysis was used to assess the 
relationship between symptomatic improvement and psychophysio-
logical scores.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.adc9970
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