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Electrical stimulation in the bed nucleus of the stria terminalis
alleviates severe obsessive-compulsive disorder
L Luyten1,2, S Hendrickx1, S Raymaekers3, L Gabriëls4,6 and B Nuttin1,5,6

In 1998, we proposed deep brain stimulation as a last-resort treatment option for patients suffering from severe, treatment-resistant
obsessive-compulsive disorder (OCD). Here, 24 OCD patients were included in a long-term follow-up study to evaluate the effects of
electrical stimulation in the anterior limbs of the internal capsule (ALIC) and bed nucleus of the stria terminalis (BST). We find that
electrical stimulation in the ALIC/BST area is safe and significantly decreases obsessions, compulsions, and associated anxiety and
depressive symptoms, and improves global functioning in a blinded crossover trial (n= 17), after 4 years (n= 18), and at last follow-
up (up to 171 months, n= 24). Moreover, our data indicate that BST may be a better stimulation target compared with ALIC to
alleviate OCD symptoms. We conclude that electrical stimulation in BST is a promising therapeutic option for otherwise treatment-
resistant OCD patients.
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INTRODUCTION
Obsessive-compulsive disorder (OCD) is a highly disabling neuropsy-
chiatric disorder, characterized by persistent, often anxiety-provoking
thoughts (obsessions) and repetitive rituals (compulsions).1 It affects
2% of the population, and although pharmacological or cognitive
behavioral therapy may reduce symptoms for most patients, about
10% remains severely incapacitated.2,3

In 1998, we proposed deep brain stimulation (DBS) as a
‘last-resort’ treatment option for patients suffering from severe,
treatment-refractory OCD.4 Compared with other neurosurgical
interventions, for example, anterior capsulotomy, DBS has the
advantage of being reversible and adjustable. Originally, stimulation
targets were identical to those used in stereotactic ablative surgery
(i.e. anterior limbs of the internal capsule (ALIC) for OCD), by analogy
with DBS target selection in Parkinson’s disease.5 ALIC connects the
frontal lobe and thalamus, as part of the cortico-striato-thalamo-
cortical circuitry.6 This circuitry has been the prevailing neuroana-
tomical model of OCD pathophysiology during the past decades.
Although valuable, recent evidence indicates that this model may
still be refined and extended, especially by including brain regions
implicated in (the expression of) anxiety.7 Following the first
trials with DBS in ALIC,4,8 additional cortico-striato-thalamo-cortical
targets (e.g. nucleus accumbens) have been proposed.9 In the
present study, clinical observations in the first patients10 and the
intention to provide the best possible treatment made us shift from
ALIC toward the bed nucleus of the stria terminalis (BST).
Furthermore, several findings support the involvement of BST in
anxiety, stress and compulsive behavior.11–14

DBS for treatment-refractory OCD is an emerging opportunity,
which should be seized with caution and under strict ethical
evaluation.15 Since our first report on the initial effects in four
patients, other research groups have followed (studies with ⩾ 4

patients8–10,16–20), and over the years, we have published provisional
data from some of our patients (e.g. Gabriëls et al.21 and Nuttin
et al.,22 see Supplementary Appendix for details). Here, we report on
the, to our knowledge, largest double-blind crossover study and
longest open-label follow-up in OCD patients treated with DBS. In
addition, we examine the relationship between psychiatric outcome
and neuroanatomical location of the stimulation contacts.

MATERIALS AND METHODS
For detailed Materials and Methods, refer to Supplementary Appendix.
Twenty-four, stringently selected,23 severely affected OCD patients

entered this study between 1998 and 2010. Included subjects suffered
from severe to extreme OCD (Yale-Brown Obsessive-Compulsive Scale (Y-
BOCS) ⩾ 30) and had been seriously impaired in daily functioning (global
assessment of functioning (GAF) ⩽ 45) for at least 5 years, despite extensive
pharmacological and cognitive behavioral trials. The study protocol was
reviewed and approved by the Ethics Committees of the University
Hospitals of Leuven and Antwerp, and all patients provided their informed
consent.
Quadripolar electrodes were stereotactically implanted into the bilateral

ALIC, similar to the targets used for anterior capsulotomy. The most ventral
contact (contact 0) was implanted in the gray matter ventral to ALIC and
the other contacts (1–2–3) were placed in ALIC (lead tip position was
15mm rostral to the posterior border of the anterior commissure in the
first patient, and progressively more posterior toward the posterior border
of the anterior commissure in later patients).10 Preliminary analyses
correlating electrode position and Y-BOCS scores indicated a better
outcome with a slightly more posterior target. Therefore, subsequent
patients were implanted at this 'optimized' target, which was more
posterior, ventral and medial, with at least one contact (usually contact 0)
in the BST (0–2mm posterior to the posterior border of the anterior
commissure).
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During the next months, stimulation parameters were optimized for
each patient, the primary aim being a stable reduction in obsessive and
compulsive symptoms. A 35% decrease in Y-BOCS score was defined as the
responder criterion. Selection of parameters was based on immediate
responses to DBS, for example, improvements in mood, anxiety and
obsessions, without persisting side effects.24

After the initial parameter optimization phase, patients entered a
double-blind, randomized (www.random.org) crossover study with two
arms (3 months each, which could be truncated by the blinded psychiatrist
if deemed necessary because of intolerable suffering), during which
the patient was either stimulated (ON phase) or not (OFF phase).
Medication was kept constant during the entire crossover study, and
stimulation parameters remained unchanged throughout the ON phase.
After completing both crossover arms (ON–OFF or OFF–ON), the patient
and psychiatrist were unblinded, and the patient could choose to be
continuously stimulated. The first patients have now been followed up for
16 years, whereas the last patients have had a follow-up of 4 years. In this
paper, we will report on the stimulation effects for all patients, during the
blinded crossover, 4 years after implantation and at last follow-up.
At several time points, patients were evaluated using standardized

psychiatric questionnaires (primary outcome: Y-BOCS; secondary outcomes:
Hamilton Anxiety and Depression Rating Scales (HAM-A and HAM-D) and
GAF) and neuropsychological tests. In addition, we determined the position
of the active electrode cathodes, while being blinded to the individual
psychiatric outcome, to gain more insight into the exact locus of action.
Finally, we analyzed if and how the patients’ outcome was related to the
stimulated brain area.

RESULTS
Patients
Twenty-four patients (12 male; Table 1) were selected according to
strict selection criteria. Median age at implantation was 39 years.
Median Y-BOCS was 35/40, indicating extreme OCD, and median
GAF was 35/100, indicating major impairment in several areas of
functioning. Seventeen patients (71%) completed the double-
blind crossover trial (9 patients ON–OFF and 8 patients OFF–ON).
Eighteen patients were followed up for 4 years or longer. The
remaining six patients had a shorter follow-up period, because of
cessation of stimulation within 4 years after implantation
(2 patients), removal of the electrodes followed by capsulotomy
(3 patients) or implantation of additional electrodes aimed at the
subthalamic nucleus (1 patient). In addition, one patient who
received stimulation for 410 years was not being stimulated at
the moment of writing.

Adverse events
A total of 25 serious adverse events was recorded during the 180
patient-years of follow-up (Supplementary Table S1). Two out of
24 patients had an intracerebral hemorrhage during implantation
of the electrodes. Other serious adverse events include four
suicide attempts (three patients) and eight fractures and
polytraumas due to accidents (eight patients). Five patients
developed epileptic seizures: tonic–clonic insults (two patients),
absences or partial seizures (three patients), without quantifiable
neurological or cardiovascular abnormalities, as assessed with
interictal electroencephalogram and Holter monitoring. Two
patients were diagnosed with severe obstructive apnea. Four
patients experienced other serious physical events: deterioration
of obesity to morbid obesity, pyelonephritis, transient ischemic
attack and early prostate carcinoma. For an overview of all device-
related and other adverse events (Supplementary Table S2)—
none of which were life threatening or resulted in any permanent
injury, see Supplementary Appendix.

Crossover trial
Stimulation parameters. Stimulation parameters and electrode
polarity (Supplementary Table S3) were optimized for each
individual patient based on clinical evaluation. Stimulation

frequencies ranged from 85 to 130 Hz (median 130 Hz), pulse
widths from 90 to 450 μs (median 240 μs) and amplitudes from 3
to 10.5 V (median 6.5 V). The average (± s.d.) charge density,
estimated with a 1 kOhm impedance, was 19.9 ( ±12.5) μC cm−2,
which is in line with previously reported charge densities.25

Target. To determine the exact location of the active contacts,
postoperative magnetic resonance scans were used (10 patients).
For three other patients, preoperative magnetic resonance and
postoperative computed tomography scans were merged. For the
four earliest patients, no digital images were available; therefore,
the available scans (magnetic resonance and/or computed
tomography) were examined visually, without further merging
or processing.
Five patients had bilateral contacts in BST (Figure 1), and

another patient was stimulated unilaterally in BST. Two patients
were stimulated in BST in one hemisphere and in IC, adjacent to
BST, in the other hemisphere. Two patients received bilateral
stimulation in IC or the prereticular zone, adjacent to BST. Five
patients received bilateral ALIC stimulation. Two patients were
stimulated in BST and ALIC.
Taking into consideration the stimulated volume radiating from

the active contacts (Figure 1), we found that most patients (82%)
were stimulated in BST, and/or in IC (41%) or its anterior limb (35%).
Each patient received stimulation in at least one of these three
areas. Because of its proximity to BST, several patients (47%) were
stimulated in or bordering the prereticular zone. Other structures
that were often partially included in the stimulation radius were
the external globus pallidus (59%) and parts of the lateral septal
nucleus (53%). Note that only two patients (12%) received (partial)
stimulation of the nucleus accumbens. Besides (AL)IC, other white
matter structures, such as the anterior commissure and fornix were
frequently (41%) located in the stimulated area. Other structures
close to BST and (AL)IC, which were often in the periphery of the
stimulation range, were the lateral or medial medullary lamina of the
globus pallidus (53%), caudate nucleus and putamen (41%) and
paraventricular nucleus (35%).
For the 17 crossover patients, cathodes were largely the same

during crossover, optimal open-label period and at last follow-up,
resulting in comparable stimulated areas at these three time
points (for details, see Supplementary Appendix).

Psychiatric outcome. Patients showed a significant improvement
(median: 37%) in Y-BOCS scores when comparing the blinded ON
phase (median Y-BOCS score: 20) with the blinded OFF phase
(median Y-BOCS score: 32) (Figure 2a and Table 2). This suggests
that the beneficial effect is indeed caused by electrical stimulation
and is not a mere (placebo) effect of implantation. Note that 13
out of 17 patients also had improved Y-BOCS scores (median
improvement: 11%) during the OFF phase as compared with the
preoperative situation (median Y-BOCS score: 35), which might
indicate some placebo effect or potentially a slight microlesion
effect because of the insertion of electrodes. Finally, Y-BOCS scores
were significantly better during the blinded ON phase as compared
with the preoperative situation (median improvement: 42%).
We found similar improvements in HAM-A, HAM-D and GAF

scores (Figures 2d, g and j and Table 2): significant improvement
during ON vs OFF (median improvement: 67%, 58% and 15 points,
respectively), and vs the preoperative situation (median improve-
ment: 71%, 54% and 30 points, respectively). For HAM-A and
HAM-D scores, we found no significant 'placebo effect', that is,
these scores were not better during OFF as compared with the
preoperative status. GAF scores, on the other hand, were slightly
better during OFF as compared with the preoperative status
(median improvement: 5 points).
Although both crossover phases were intended to have a

duration of 3 months, the ON phase was shortened for 3 out of 17
patients (even though two of these patients objectively improved,
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Table 1. Demographic and clinical characteristics at baseline, and during crossover and follow-up

Patient Sex Age
(years)

Y-BOCS
preop

HAM-A
preop

HAM-D
preop

GAF
preop

Crossover
(months PI)

Y-BOCS
OFF

Y-BOCS
ON

Y-BOCS %
impr ON
vs OFF

Y-BOCS
4YFU

Y-BOCS %
impr 4YFU
vs preop

LFU
(months

PI)

Y-BOCS
LFU

Y-BOCS %
impr LFU
vs preop

Status
May
2014

BOL
(months

PI)

Y-BOCS
BOL

Y-BOCS %
impr BOL
vs preop

1 M 34 38 44 43 35 1 35 30 14 — — 15 36 5 CAPS N/A N/A N/A
2 F 51 33 38 23 35 4 29 20 31 18 45 132 28 15 ON 67 16 52
3 F 38 30 26 29 30 — — — — 7 77 171 16 47 ON 99 5 83
4 M 34 38 24 17 25 10 35 22 37 — — 38 30 21 CAPS 28 21 45
5 F 39 34 20 19 25 9 34 25 26 22 35 120 25 26 OFF 66 16 53
6 M 37 30 24 24 35 8 36 12 67 17 43 136 13 57 ON 62 2 93
7 F 39 35 21 16 40 6 35 10 71 6 83 121 8 77 ON 67 2 94
8 M 40 32 9 19 30 — — — — 6 81 121 16 50 ON 58 5 84
9 M 23 31 20 25 35 9 4 2 50 11 65 104 9 71 ON 3 2 94
10 F 29 37 27 21 35 6 23 2 91 4 89 105 2 95 ON 35 1 97
11 F 56 36 30 26 40 6 18 5 72 6 83 101 15 58 ON 76 1 97
12 M 33 37 46 28 25 15 33 22 33 25 32 89 24 35 ON 80 25 32
13 M 31 32 20 21 35 9 32 17 47 6 81 87 20 38 ON 39 3 91
14 F 51 37 22 24 45 12 35 30 14 — — 24 30 19 STN 85 19 49
15 F 47 34 16 6 40 8 32 21 34 22 35 74 23 32 ON 42 18 47
16 M 59 36 15 25 40 — — — — 18 50 70 15 58 ON 29 2 94
17 M 34 40 30 24 35 — — — — — — 28 36 10 CAPS 9 26 35
18 F 50 35 16 18 45 19 19 36 −89 22 37 59 20 43 ON 27 11 69
19 M 24 38 32 24 35 14 34 26 24 — — 35 35 8 OFF 20 22 42
20 F 26 31 19 25 35 10 27 13 52 19 39 54 19 39 ON 49 19 39
21 F 54 33 22 17 25 31 27 10 63 11 67 51 11 67 ON 39 10 70
22 M 42 33 15 20 45 — — — — 8 76 47 8 76 ON 42 7 79
23 M 52 35 23 27 45 — — — — 10 71 46 10 71 ON 22 7 80
24 F 50 37 29 14 40 — — — — — — 22 15 59 OFF 13 12 68

MED MED MED MED MED MED MED MED MED MED MED MED MED MED MED MED MED

39 35 23 24 35 9 32 20 37 11 66 72 18 45 42 10 70

Abbreviations: BOL, best open-label period of minimally 2 months; CAPS, capsulotomy; F, female; GAF, global assessment of functioning; HAM-A, Hamilton Anxiety Rating Scale; HAM-D, Hamilton Depression
Rating Scale; LFU, last follow-up; % impr, percentage improvement; M, male; MED, median; N/A, not available (this patient never experienced a clinically significant improvement with DBS); OFF, stimulation off;
ON, stimulation on; PI, postimplantation; preop, preoperative; STN, implantation of additional electrodes in subthalamic nucleus; Y-BOCS, Yale-Brown Obsessive-Compulsive Scale; 4YFU, 4-year follow-up.
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Figure 1. Coronal brain slices showing the location of the center of all active electrode cathodes, as well as the stimulated area, during the
crossover ON phase (17 patients). Contacts are depicted with different symbols, according to the patient’s Yale-Brown Obsessive-Compulsive
Scale (Y-BOCS) improvement during the ON phase (vs OFF): ●, o25% improvement; ▲, 25–35%; ■, 35–65% and ★, 465% improvement.
For each patient, the stimulated volume was calculated (see Supplementary Table S3) and indicated by the colored radii extending from the
contacts (the radius is only shown on the slice containing the center of the contact, although it may extend over adjacent slices). Note that
some patients were stimulated with more than one contact, for example, the three contacts shown on the slice at − 15.0 mm are from one
patient, as indicated by the extent and shape of the stimulated volume. In the top left corner of each slice, the position anterior (− ) or
posterior (+) to the anterior commissure is specified. Instead of showing complete coronal slices, a detailed window is shown, dorsally
bordered by the corpus callosum and ventrally extending 10mm below the intercommissural plane, as indicated in the bottom left panel.
Additionally, a sagittal view of the brain with indication of the relevant coronal slices is shown. 3 V, third ventricle; ac, anterior commissure; Ac,
nucleus accumbens; ALIC, anterior limb of the internal capsule; BST, bed nucleus of the stria terminalis; cc, corpus callosum; Cd, caudate
nucleus; DPeH, dorsal periventricular hypothalamic nucleus; EGP, external globus pallidus; FCd, fundus region of caudate nucleus; FLV, frontal
horn of lateral ventricle; FPu, fundus region of putamen; fx, fornix; gcc, genu of the corpus callosum; GTI, great terminal island; IC, internal
capsule; LH, lateral hypothalamic area; lml, lateral medullary lamina of globus pallidus; LS, lateral septal nucleus; LV, lateral ventricle; mml,
medial medullary lamina of globus pallidus; MPO, medial preoptic nucleus; OlfA, olfactory area; Pa, paraventricular nucleus; PRt, prereticular
zone; Pu, putamen; SCGP, supracapsular part of globus pallidus; st, stria terminalis. Images are adapted from Mai’s Atlas of the Human Brain.41
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Figure 2. Primary (Y-BOCS) and secondary (HAM-A, HAM-D, GAF) psychiatric outcome measures. Individual test data are shown for the
crossover trial (n= 17), and for the comparison between the preoperative situation and after 4 years of follow-up (n= 18), and at last follow-up
(n= 24) (a–l). Black arrows in graphs (c), (f), (i) and (l) indicate patients whose last follow-up measurement was taken before capsulotomy
(n= 3), cessation of stimulation (n= 2) or implantation of additional electrodes in the subthalamic nucleus (n= 1). These six patients have a
follow-up duration of o4 years, and are thus not included in graphs (b), (e), (h) and (k). The dotted arrows in graphs (c), (f), (i) and (l) indicate a
patient who is currently not being stimulated, but received stimulation for 10 years, and is thus also included in graphs (b), (e), (h) and (k).
Statistically significant differences, as calculated with Wilcoxon's matched-pairs tests (see Table 3 for details), are indicated: *Po0.017,
**Po0.001 and ***Po0.0001. 4YFU, 4-year follow-up; GAF, global assessment of functioning; HAM-A, Hamilton Anxiety Rating Scale; HAM-D,
Hamilton Depression Rating Scale; LFU, last follow-up; preop, preoperative; Y-BOCS, Yale-Brown Obsessive-Compulsive Scale.
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with a reduction of ⩾ 9 Y-BOCS points). Fourteen patients used the
escape procedure during the OFF phase, because of unbearable
worsening of the symptoms. The median duration of the ON
phase (89 days) was significantly longer than the OFF phase
(44 days) (Wilcoxon's matched-pairs test, Z= 3.05, Po0.01).
Taken together, these analyses provide strong evidence for

beneficial effects of electrical stimulation on obsessions and
compulsions (Y-BOCS), anxiety and depressive symptoms (HAM-A,
HAM-D) and improvement of functioning (GAF) in these otherwise
treatment-resistant OCD patients.

Neuropsychological and qualitative analyses. Neuropsychological
evaluations were performed before surgery and during both cross-
over phases. For a complete overview of all (sub)test scores
and statistical analyses, see Supplementary Appendix and Supple-
mentary Table S4. Our data indicate that DBS lowered scores on
subtests of the Stroop test (suggesting less interference and
improved executive functioning) and Trail Making Test (indicating
better performance on this assessment of visual search, scanning,
speed of processing, mental flexibility and executive functions). DBS
also increased scores on subtests of the Auditory Verbal Learning
Test (supporting improved verbal learning and memory). In
conclusion, the neuropsychological tests indicated no stimulation-
induced cognitive or memory impairment.
A qualitative analysis (Supplementary Appendix) of the avail-

able descriptive medical reports pointed out several potential side
effects (poor sleep quality, weight changes, libido changes, urinary
incontinence and physical inconveniences inherent to DBS, for
example, sensation of the stimulator in the abdomen) that might
be examined in more detail in future studies and monitored in
clinical practice.

Follow-up
Target. Seven patients did not enter the crossover part of the
study, because of several reasons. Five of them had very good
effects and/or did not want to relive the 'stimulation off' situation,
which they had already encountered with empty batteries. One
patient experienced only slight improvement (lowest Y-BOCS
score was 26/40) and underwent capsulotomy after 28 months.
One patient, who was rather capricious, refused to start the
crossover design and is currently not being stimulated, although

the objective effects of DBS were good (lowest Y-BOCS was 12 and
at last follow-up it was 15, indicating mild OCD).
The active stimulation cathodes for the seven 'non-crossover'

patients were mainly located in BST (bilaterally in four patients, left
side only in one other patient, with the right contact in IC and
external globus pallidus, adjacent to BST). Two patients had
bilateral cathodes in ALIC and/or external globus pallidus, adjacent
to BST (one patient) or nucleus accumbens (one patient).
For these seven patients, negative contacts during the optimal

open-label period (⩾2 months) remained unaltered at last follow-
up, apart from one patient who had an additional cathode on the
left side at last follow-up, further elongating the stimulated
volume into more ventral portions of BST (Supplementary
Appendix).

Psychiatric outcome. Four years after implantation, there was a
significant improvement in Y-BOCS, HAM-A, HAM-D and GAF
scores, as compared with the preoperative situation (Figures 2b, e,
h and k and Table 2). The median improvements in test scores
were 66%, 58%, 67% and 30 points, respectively. Note that the
Y-BOCS score after 4 years was highly correlated with the ON score
during the crossover trial (Spearman's R= 0.83, Po0.001).
For 3 out of 24 patients, last follow-up took place at 4 years. For

six patients, last follow-up data were obtained before 4 years
postimplantation, because of reasons listed above. For the
remaining 15 patients, last follow-up scores were recorded after
44 years postimplantation (range: 54–171 months).
At last follow-up, there was a significant improvement in

Y-BOCS, HAM-A, HAM-D and GAF scores, as compared with the
preoperative situation (Figures 2c, f, i and l and Table 2). The
median improvements in test scores were 45%, 45%, 49% and 30
points, respectively. Sixteen out of 24 patients (67%) reached the
responder criterion. Note that the Y-BOCS score at last follow-up
was highly correlated with the ON score during the crossover trial
(Spearman's R= 0.83, Po0.001).
In conclusion, we found that electrical stimulation in the ALIC/

BST area significantly decreases obsessions and compulsions
(Y-BOCS), associated anxiety and depression (HAM-A, HAM-D) and
improves functioning (GAF) in our OCD patients, not only during
a double-blind, randomized crossover trial but also after 4 years of
follow-up (18 patients), and at last follow-up (24 patients).

Table 2. Statistical analyses of primary (Y-BOCS) and secondary (HAM-A, HAM-D, GAF) outcome measures

Crossover (n=17) 4YFU (n=18) LFU (n= 24)

Test Friedman
ANOVA

Wilcoxon's
preop vs OFF

Wilcoxon's
ON vs OFF

Wilcoxon's
preop vs ON

Wilcoxon's
preop vs 4YFU

Wilcoxon's
preop vs LFU

Y-BOCS Χ2(2)= 25.20
Po0.0001

Z= 2.70
Po0.017

Z= 2.98
Po0.017

Z= 3.57
Po0.001

Z= 3.72
Po0.001

Z= 4.29
Po0.0001

HAM-A Χ2(2)= 20.27
Po0.0001

Z= 0.90
P = 0.37

Z= 3.53
Po0.001

Z= 3.50
Po0.001

Z= 3.72
Po0.001

Z= 3.99
Po0.0001

HAM-D Χ2(2)= 21.58
Po0.0001

Z= 0.31
P = 0.76

Z= 3.52
Po0.001

Z= 3.43
Po0.001

Z= 3.68
Po0.001

Z= 4.24
Po0.0001

GAF Χ2(2)= 28.63
Po0.0001

Z= 2.55
Po0.017

Z= 3.62
Po0.001

Z= 3.62
Po0.001

Z= 3.72
Po0.001

Z= 4.11
Po0.0001

Abbreviations: 4YFU, 4-year follow-up; ANOVA, analysis of variance; GAF, global assessment of functioning; HAM-A, Hamilton Anxiety Rating Scale; HAM-D,
Hamilton Depression Rating Scale; LFU, last follow-up; preop, preoperative; Wilcoxon, Wilcoxon's matched-pairs test; Y-BOCS, Yale-Brown Obsessive-
Compulsive Scale. For the crossover trial, psychiatric test scores were compared with a non-parametric Friedman ANOVA. Post hoc analyses with Wilcoxon's
matched-pairs tests were conducted with the significance level set at Po0.017. Test scores were also evaluated after 4 years of follow-up and at last follow-up,
as compared with the preoperative status, using Wilcoxon's matched-pairs tests.
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Target vs outcome. As mentioned above, each patient was
stimulated in BST, IC adjacent to BST and/or in ALIC. To investigate
if one of both main targets (i.e., BST or ALIC) resulted in a better
outcome compared with the other at last follow-up, we
subdivided all 24 patients into three groups: those stimulated
primarily in ALIC (6 patients), primarily in BST (15 patients) or
unclassifiable patients with comparable stimulation of ALIC and
BST (3 patients) (Table 3). Using the predefined criterion of at least
35% Y-BOCS improvement to define a satisfactory effect of
stimulation, we analyzed the stimulation target vs the long-term
follow-up outcome in a 2 × 2 contingency table. Five ALIC-
stimulated patients showed insufficient effects at last follow-up,
whereas one ALIC patient showed a favorable effect. Three BST-
stimulated patients showed insufficient effects, whereas 12
patients showed a satisfactory effect. A Fisher's exact test
(P= 0.01) indicated that BST stimulation had significantly better
effects compared with ALIC stimulation, which was also reflected
by the average Y-BOCS improvement at last follow-up: 22% for
ALIC stimulation and 50% for BST stimulation. Similar effects were
found when analyzing Y-BOCS improvement during the crossover
phase, although this finding could not be substantiated statisti-
cally. Better therapeutic effects with BST stimulation could not be
explained by higher stimulation parameters. At last follow-up,
stimulation voltage (mean± s.d.) for both targets was comparable
(BST: 6.6 ± 2.1 V; ALIC: 6.7 ± 2.3 V), along with charge density (BST:
20.3 ± 11.4 μC cm−2; ALIC: 22.1 ± 10.5 μC cm− 2) and frequency
(130 Hz for all patients, except for two ALIC patients—one
responder and one non-responder—who were stimulated at
100 Hz). A Mann–Whitney U-test did indicate longer pulse widths
(median (range)) in ALIC patients (BST: 210 μs (120–450 μs); ALIC:
345 μs (240–450 μs)), reflecting attempts to optimize therapeutic
effects for these patients. Note that the three 'unclassifiable'
patients with commensurable stimulation of ALIC and BST all
experienced very good effects at last follow-up (66% Y-BOCS

improvement on average). Finally, we would like to point out that
50% (3/6) of the patients primarily stimulated in ALIC are currently
not being stimulated (capsulotomy or stimulation turned off),
whereas this is 20% (3/15) in the BST-stimulated patients.
To conclude, our data suggest that BST might be a better stimu-

lation target than ALIC to reduce obsessions and compulsions in
OCD patients.

DISCUSSION
In this long-term clinical study, we found that electrical stimulation
in the ALIC/BST region substantially alleviates OCD symptoms in
otherwise treatment-refractory patients. Therapeutic effects were
corroborated in a double-blind, randomized crossover phase, after
4 years and at last follow-up. Electrical stimulation also reduced
associated anxiety and depressive symptoms, and improved
overall functioning. Additionally, our data indicate that BST may
be a more effective stimulation target compared with ALIC.
Although promising as a last-resort treatment option for OCD,

DBS should be applied with care, given the inherent risks of a
surgical procedure (e.g. intracerebral hemorrhage). Notwithstand-
ing our encouraging results, this treatment remains experimental,
and should be scrutinized in carefully controlled clinical trials,
before being offered as a standard treatment option.15,23

An observation that deserves particular attention is the
development of epileptic seizures in five patients. Although
never confirmed by interictal electroencephalogram abnormalities
and perhaps unrelated to DBS, this should be taken seriously.
Patient 19 cited seizures as one of his motives to discontinue
stimulation, together with insufficient therapeutic effects. In the
literature, we found one instance of seizures in OCD patients, that
is, a single tonic–clonic insult in the surgery room after lead
implantation in ALIC.26 Other research groups might not have
encountered postoperative seizures because of smaller sample

Table 3. Stimulation targets and effects on obsessions and compulsions, per patient

Pt Location negative electrode contacts Improvement
Y-BOCS ON vs OFF (%)

Improvement
Y-BOCS LFU vs preop (%)

Current
status

1 Bilateral in ALIC, adjacent to nucleus accumbens 14 5 CAPS
19 Bilateral in BST 24 8 OFF
17 Bilateral in BST — 10 CAPS
2 Bilateral in ALIC 31 15 ON
14 Bilateral in ALIC 14 19 ON
4 Bilateral in ALIC 37 21 CAPS
5 Bilateral in ALIC 26 26 OFF
15 Bilateral in BST 34 32 ON
12 Bilateral in prereticular zone, adjacent to BST 33 35 ON
13 Bilateral in BST 47 38 ON
20 Bilateral in BST 52 39 ON
18 Left in BST and right in IC, adjacent to BST −89 43 ON
3 Bilateral in ALIC, adjacent to nucleus accumbens — 47 ON
8 Bilateral in BST — 50 ON
6 Left in ALIC, adjacent to BST and right in ALIC and BST 67 57 ON
11 Left in IC, adjacent to BST and right in BST 72 58 ON
16 Bilateral in BST — 58 ON
24 Left in BST and right in IC, adjacent to BST — 59 OFF
21 Left in BST and right in ALIC 63 67 ON
9 Bilateral in BST 50 71 ON
23 Bilateral in BST — 71 ON
22 Bilateral in ALIC, adjacent to BST — 76 ON
7 Unilateral (right) in BST 71 77 ON
10 Bilateral in IC, adjacent to BST 91 95 ON

Abbreviations: ALIC, anterior limb of the internal capsule; BST, bed nucleus of the stria terminalis; CAPS, capsulotomy; IC, internal capsule; LFU, last follow-up;
OFF, stimulation off; ON, stimulation on; preop, preoperative measurement; Pt, patient; Y-BOCS, Yale–Brown Obsessive-Compulsive Scale. Bold entries indicate
ALIC stimulation, italic entries indicate BST stimulation, bold italic entries indicate comparable stimulation of both targets. Data are sorted by % improvement
at LFU. Current status refers to the situation in May 2014.
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sizes and shorter follow-up or because of different stimulation
targets. In our study, seizures emerged after 2–5 years of bilateral
BST stimulation. Evidence directly implicating BST in epilepsy is
scarce, and we can only speculate on their association. However, it
is noteworthy that BST projects to the paraventricular nucleus of
the hypothalamus, a key element of the hypothalamic-pituitary-
adrenal axis, and stress is most likely an important trigger for
seizures.27,28 In addition, there are indications for partially over-
lapping neural circuitries of OCD and epilepsy.29 On a side note,
(predominantly thalamic) DBS has been used for decades to treat
epilepsy.30

Some of our patients had mild memory complaints, similar to
subjective reports in other DBS for OCD studies.16 Interestingly,
double-blind evaluation of neuropsychological functioning during
the crossover phases provided no evidence for stimulation-
induced cognitive impairment, but rather the opposite.
Blinded crossover studies are of paramount importance in this

evolving field, to thoroughly assess safety and efficacy of DBS in
OCD. We recognize that partial unblinding may have occurred in our
trial, as stimulation may have certain side effects (e.g. paresthesias)
that could make the patient aware of the stimulation condition.
We opted for the use of optimized parameters instead of using
settings below the side-effect threshold, which may be insufficient
to achieve therapeutic effects.17 Note that assumptions about
the stimulation state were never confirmed by the (unblinded)
neurosurgeon.
One of our main findings is the effectiveness of BST as a

stimulation target in OCD. Although BST is not part of the classical
cortico-striato-thalamo-cortical circuitry, it has been implicated
in anxiety, stress and compulsions. More specifically, there is
evidence for a role of BST in sustained expression of anxiety, for
example, in context conditioning paradigms.12,13,31 Also, it appears
to be involved in anticipatory anxiety and threat monitoring.32–34

Moreover, BST may mediate the stress response through its
connections with the hypothalamus and its large amount of
corticotropin-releasing factor responsive neurons.35 The present
study provides the first clinical evidence for BST involvement in
OCD, which is supported by preclinical findings.14,36 To better
grasp the mechanisms of BST stimulation in OCD, it may be
worthwhile to monitor closely the sequence of therapeutic effects
in future studies. We and others have previously described that
effects on mood and anxiety are usually noted first, before
apparent changes in obsessions or compulsions.10,16,37 Given the
key role of BST in anxiety, it may be interesting to examine if initial
anxiolytic effects drive the attenuation of OCD symptoms.
It has been argued that the classical neurocircuitry model

of OCD should be extended to include other brain areas,
for example, those implicated in the expression of fear and
anxiety.7 Based on prior and present findings, BST may be a good
candidate. This supposition is further supported by nuclear
imaging data from 16 of our patients.38,39 Chronic stimulation in
the ALIC/BST area induced changes in components of the cortico-
striato-thalamo-cortical loops, that is, metabolic decreases in the
anterior cingulate cortex (which was elevated preoperatively as
compared with healthy subjects) and in the prefrontal and
orbitofrontal cortices.
Previous crossover studies used 35% Y-BOCS reduction after

surgery as the responder criterion (our comparison of ON vs OFF
was more stringent and controlled for placebo effects) or did not
define responder criteria, but reported the percentage Y-BOCS
improvement instead. They found response rates of 10–25%,
or average improvements of 25–31%.8,16,17,40 Open-label studies
(3–36 months follow-up) reported response rates of 10–56%, up
till 100% (only in small trials, n= 4–6).8,10,16,18,19,40

In this study, we found 53% responders (median improvement
63%) during the crossover trial and 67% responders at last follow-
up (median improvement 58%). When restricting this analysis to
patients who received stimulation in the presumably better target,

that is, BST (n= 18), we found 67% responders during the
crossover trial and 83% responders at last follow-up.
It remains unclear why DBS in BST (and ALIC) seems to

have extraordinary results in some patients, yet unsatisfactory
effects in others. Fortunately, its reversible nature allows for other
interventions, such as capsulotomy, thereby giving these patients
another chance of successful treatment, as was the case in two out
of three patients who underwent subsequent capsulotomy in this
study. Continued research in larger patient samples is needed
to shed light on potential differences in the eligibility of patients
with different OCD subtypes or comorbidities. Furthermore,
fundamental research clarifying the mechanisms of stimulation
in specific targets may be instrumental in refining DBS as a
treatment for psychiatric disorders.
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