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ABSTRACT

Introduction: Obsessive-compulsive disorder (OCD) is among the most disabling chronic psychiatric disorders and has a sig-
nificant negative impact on multiple domains of quality of life. Deep brain stimulation (DBS) is a treatment option for severe
therapy-resistant OCD.

Objective: To provide a detailed clinical description and treatment outcome analysis in a cohort of eight refractory OCD
patients receiving ventral capsule/ventral striatum (VC/VS) stimulation with the intention to validate discriminating fiber bun-
dles previously associated with clinical response.

Materials and Methods: The primary outcome measure (the Yale-Brown Obsessive Compulsive Scale [Y-BOCS]) and secondary
outcomes depressive symptoms, anxiety, and quality of life were retrospectively analyzed. DBS leads were warped into stan-
dard stereotactic space. A normative connectome was used to identify the neural network associated with clinical outcome.

Results: With a median stimulation duration of 26 months, patients exhibited a mean Y-BOCS reduction of 10.5 resulting in a
response rate of 63%. Modulation of a fiber bundle traversing the anterior limb of the internal capsule (ALIC) was associated
with Y-BOCS reduction. This fiber bundle connected the frontal regions to the subthalamic nucleus (STN) and was functionally
identified as the hyperdirect pathway of the basal ganglia circuitry.

Conclusion: Our findings show that in VC/VS stimulation, the neural network associated with clinical outcome shows overlap
with that of previously described for other targets namely the anterior limb of the internal capsula, the nucleus accumbens, or
the STN, which supports the evolvement from the concept of an optimal gray matter target to conceiving the target as part of a
symptom modulating network.
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INTRODUCTION

Obsessive-compulsive disorder (OCD) is characterized by the
presence of time consuming unwanted and disturbing obsessions
(thoughts, urges, or images) and/or repetitive behaviors or mental
acts (compulsions) aimed at reducing or preventing anxiety or
distress (1). In this heterogeneous condition, various kinds of
obsessions and compulsions exist, pertaining to five main dimen-
sions; safety, symmetry including repeating and counting compul-
sions, contamination, repugnant obsessions concerning sex,
violence and religion, and hoarding (2,3).
A range of interventions is effective in the management of

OCD including cognitive behavioral therapy (CBT) and pharmaco-
logical therapy. A large body of evidence advocate on the use of
selective serotonin reuptake inhibitors (SSRIs) and the tricyclic
antidepressant clomipramine in the treatment of OCD, often used
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in combination with CBT (4–6). However, up to a 40–60% of the
patients remain treatment-refractory, commonly defined as a less
than 25% reduction on the Yale-Brown Obsessive Compulsive Scale
(Y-BOCS), which urges the need for alternative treatment strategies,
such as electrical stimulation of subcortical structures, for example,
by way of deep brain stimulation (DBS) (7–10). Based on both clinical
and experimental studies, several targets for stimulation are defined
including the ventral capsule/ventral striatum (VC/VS), nucleus
accumbens (NAcc), the subthalamic nucleus (STN), the anterior limb
of the internal capsule (ALIC), superolateral branch of the medial
forebrain bundle, medial dorsal and ventral anterior nuclei of the
thalamus (MD/vANT), the inferior thalamic peduncle (ITP), the bed
nucleus of the stria terminalis (BNST), and the anterior cingulate cor-
tex (ACC) (9,11–15). Up to now, more than 200 patients have been
treated with DBS for OCD (16). Regardless of the anatomical target,
the treatment response seems to be highly variable with Y-BOCS
reductions ranging from 8 to 97%. The response rate, defined as a
reduction in Y-BOCS of 35% or more, is around 60% for the VC/VS
target (16). Also improvements in general quality of life and OCD
associated depression have been described (17). Only recently, Bal-
dermann et al. showed that in patients receiving ALIC/NA stimula-
tion modulating a frontothalamic fiber pathway was able to predict
40% of the variance in clinical outcome. This was later confirmed for
the STN and the ALIC target in multiple cohorts (18,19).
Here, we aim to constitute to the current OCD-DBS paradigm

shift away from stimulation of focal specific gray matter targets
toward modulating specific brain networks. The present study
aimed at testing whether the same fiber bundles previously asso-
ciated with clinical response can be confirmed in a previously
undescribed cohort of eight refractory OCD patients receiving
VC/VS stimulation.

MATERIALS AND METHODS
Patients
In this retrospective cohort, eight patients were selected for

VC/VS stimulation between the period of 2014–2019 according to
the indication criteria based on the criteria proposed by Nuttin
et al (20). These criteria included the diagnosis of severe OCD on
the basis of DSM-5 (1), with a Yale-Brown Obsessive-Compulsive
Scale (Y-BOCS) score of at least 30/40. This level of symptoms
should have persisted for a minimum of five years, despite ade-
quate trials of, or intolerance for, two SSRIs and clomipramine,
augmentation strategies (i.e., antipsychotic medications), and CBT.
The patient had to be at least 18 years of age and able to provide
for informed consent. Exclusion criteria were substance abuse,
current or past psychotic disorder, and comorbidities that made
the patient ineligible for surgery. Referred cases were reviewed in
a multidisciplinary DBS board. Patients were referred to an inde-
pendent psychiatrist for a second opinion on whether all the
criteria were met. See Table 1 for baseline characteristics.

Procedure
For a detailed description of our stereotactic DBS procedures,

see also previous publications (21–23). In short, all the surgical
procedures were performed under general anesthesia with
remifentanil and propofol. A Leksell stereotactic frame (Model G,
Elekta Instrument Stockholm, Sweden) was mounted on the skull
and a perioperative CT-scan of the head with frame was acquired
and fused with the preoperative MR images using Framelink soft-
ware (Medtronic, Fridley, USA). The planned target was the VC/VS

with the stereotactic coordinates: (−) 6 lateral of the middle of
the bi-commissural line (mid AC-PC), 12 mm anterior of the mid
AC-PC and −3 mm under the bi-commissural line. The target was
adjusted based on the patient’s individual anatomy. Typically, we
planned a paraventricular trajectory, along which in the first three
patients microelectrode recording was performed. As the VC/VS
area showed no typical extracellular electrical activity, microelec-
trode recording was discontinued thereafter. All patients were
finally implanted with bilateral quadripolar electrodes (Model
3387, Medtronic, Fridley, USA) along the central trajectory with
variable contact points on target (Table 2) which were subse-
quently connected to an IPG (Activa PC, Medtronic, Fridley, USA).

Imaging, Lead Localization, Estimation of the Volume of
Tissue Activated and Connectivity Analyses
All subjects had a preoperative 3-T magnetic resonance imaging

(MRI; Philips, Eindhoven, The Netherlands) or 1.5-T MRI in case of an
implanted DBS system (STN, baseline characteristics). The sequence
used was a 3D T1 (voxel size 1 × 1 × 1 mm) with gadolinium. Post-
operatively, a CT (Voxel size 1 × 1 × 1 mm; Siemens, Erlangen, Ger-
many) or a 1.5-T T1 MRI was performed to localize the DBS leads.
DBS electrodes were localized using the Lead-DBS pipeline (24).

Postoperative CT and MR images were linearly coregistered to
preoperative T1 images using Advanced Normalization Tools
(ANT) (25). Subcortical refinement was applied (as a module in
Lead-DBS) to correct for brain shift that may have occurred during
surgery. Images were then normalized into ICBM 2009b Nonlinear
Asymmetric (montreal neurological institute [MNI]) template
space using the SyN approach implemented in ANTs, with an
additional subcortical refinement stage. Both coregistrations and
normalizations were visually reviewed and refined, if needed. DBS
electrodes were then localized using Lead-DBS and warped into
MNI space (19). As a relative measure for targeting precision and
electrode registration, preoperative target AC-PC coordinates
were mapped into MNI space, where a distance of 2 mm was
accepted as adequate (26). The Euclidean distance between the
contact point and the closest in the shell of the target structure
was calculated using MATLAB (R2020a, Mathworks, Natick, MA,
USA). The volumes of tissue activation (VTAs) were estimated
using a finite element method with patient specific stimulation
parameters (Table 2). Gray matter was defined by the CIT168 Rein-
forcement Learning Atlas (27). Intersecting volumes of relevant
gray matter structures within the CIT-168 atlas with VTAs were
calculated with the Lead-DBS pipeline.
In order to validate discriminating fiber bundles previously

associated with clinical response, we adapted the methodology of
Irmen et al. (28). Accordingly, based on a normative connectome,
individual fibers were assigned a “Fiber R-score” by correlating
the fiber tract’s connectivity to E-fields across patients with clinical
outcome (29). In short, a fiber tract that passes close to an active
contact of patients with Y-BOCS improvement but far from active
contacts in patients with Y-BOCS worsening would receive a high
Spearman’s R-value (and tracts exhibiting the inverse property
received a highly negative R-value) (29). R-values were corrected
for the stimulation amplitude. Validation of the tracts was sought
by performing a k-fold cross prediction (28,30).

Stimulation, Data Collection, and Statistical Analyses
Typically, the monopolar stimulation of contact closest to target

was turned-on at low voltage several days after implantation.
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During regular follow-up moments by the treating psychiatrist
(AL) stimulation parameters were adapted (active electrode, pulse
width, amplitude, and frequency) based on clinical response and
stimulation related side effects. See Table 2 for the active elec-
trode and stimulation parameters at time of last follow-up. Patient
characteristics, stimulation parameters, surgery or stimulation
related complications, and psychiatric assessments were retro-
spectively collected at baseline and at the time of last follow-up
and included the Y-BOCS, the Beck Depression Inventory–II
(BDI-II), 3-level EQ-5D, and the State-Trait-Anxiety-Inventory (STAI)
(31–35). EQ-5D-3L outcomes were presented as a single global
health index with a weighted total value, according to the Dutch
population (36). Responders were defined as patients with ≥35%
Y-BOCS reduction at the time of last follow-up.
Clinical outcome variables, relative distances of active elec-

trodes to atlas structures, VTA-atlas intersection volumes between
nonresponders and responders were compared using the Chi-
squared test, Student’s t-test, or Mann-Whitney U where appropri-
ate. The Kolmogorov-Smirnov was used to test for normality.
p values < 0.05 were considered statistically. All statistical analyses
were performed using IBM SPSS Statistics, version 20 (IBM Corp.,
Armonk, NY, USA).

Ethical Statement
The work described was conducted in accordance with the

Declaration of Helsinki. Approval by the institutional review board

and patient consent were not required as the present study has
no obligations to the Dutch Act of Scientific Research in Humans.

RESULTS

We included eight patients with a minimum duration of stimu-
lation of ten months and a median of 26 months. Five patients
were considered to be a responder while three remained non-
responsive, resulting in a response rate of 63%. The mean total
Y-BOCS reduction was 10.5, with an equal reduction in Y-BOCS
subscores for obsessions and compulsions (Table 3). Specified for
responders, the mean total Y-BOCS reduction was 16.6. There
were no significant differences in age at surgery, age at onset,
sex, disease duration, time of follow-up, OCD severity, or the
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Table 3. Clinical Outcome.

Baseline [± SD] Last follow-up [± SD] Mean difference [95% CI] p value

Y-BOCS
Total (8) 33.12 [3.34] 22.63 [7.91] 10.5 [2.88;18.13] 0.014
Obsessions (7)* 16 [1.63] 11 [1.63] 5 [0.44;9.57] 0.036
Compulsions (7)* 16.57 [2.07] 11.86 [3.98] 4.71 [0.2-;9.20 0.042

BDI-II (7) 29.71 [9.05] 21.43 [11.04] 8.28 [-5.39;21.96] 0.189
STAI (3)
XI 59.75 [15.05] 42.33 [19.04] 13.67 [1.41;25.92] 0.041
X2 69.14 [7.05] 52.33 [22.03] 10.67 [-33.09:54.43] 0.404

EQ-5D (5)*

Index 0.60 [0.14] 0.65 [0.29] 0.05 [-0.37;0.49] 0.686
EQ-VAS 41.6 [7.73] 63 [12.55] -21.4[-33.93;-8.89] 0.009

BDI-II, Beck Depression Inventory–II; EQ-VAS, EuroQol–Visual Analogue Scale; SD, standard deviation; STAI, State (X1)-Trait (X2) Anxiety Inventory; Y-BOCS,
Yale-Brown Obsessive Compulsive Scale.

Table 2. Target Coordinates and Stimulation Parameters.

Patient Target coordinates* Active contacts Amplitude Pulse width (msec) Frequency (Hz)

Left Right Left Right

1 −7;12.8;−3 7;12.7;−3 C+, 1− C+, 9− 7.5 mA 90 110
2 −6;14.5;−4 6;14.5;−4 C+, 2− C+, 10− 5.5 V 90 130
3 −5.5;13;−3 6;12.5;−4 C+, 2− C+, 10− 5.5 mA 150 130
4 −8;14;−1 7;13;0 C+, 0− C+, 8− 3.5 mA 90 130
5 −7;12;−2 7;12;−2 C+, 0− C+, 8− 7.0 mA 60 130
6 −6;14;−4 6;14;−4 C+, 0− C+, 8− 5.0 mA 90 130
7 −6.5;13;−3 6;13;−3 C+, 3− C+, 11− 8.2 V 60 130
8 −5.5;16;0.18 5.5;16;0.18 C+, 0− C+, 8− 4.5 V 90 110

*Coordinates in native space; x, y, z from mid-ACPC.

Table 4. Clinical Outcome Responders Versus Nonresponders.

Responders [±SD] Nonresponders [±SD] p value

Y-BOCS 17.8 [5.41] 30.67 [1.53] 0.009
BD-II (7) 18 [14.99] 34 [9.45] 0.25
EQ-5D (5)
Index 0.67 [0.30] 0.63 [0.30] 0.76
EQ-VAS 62.5 [12.58] 65 [12.58] 1

Neuromodulation 2021; 24: 316–323© 2020 The Authors. Neuromodulation: Technology at the Neural Interface
published by Wiley Periodicals LLC on behalf of International Neuromodulation Society.

www.neuromodulationjournal.com

A CONNECTOMIC TARGET IN OCD-DBS



remainder outcome measures at baseline between responders
versus nonresponders (see Supporting Information Table S1).
The STAI (X1) score for anxiety symptoms improved signifi-

cantly (from 59.75 ± 15.05 to 42.33 ± 19.04, p = 0.041). The EQ-
VAS as included in the EQ-5D was significantly better postopera-
tively compared to baseline. When translated categorically, the
mean BDI-II scores clinically improved from clinically severe
depression to moderate depression.
In a subsequent analysis, there were no significant differences

in secondary outcome measures between responders versus

nonresponders (Table 4). We refer to Supporting Information
Table S2 for a detailed description of the observed complications
within this cohort.
Electrodes were successfully registered in MNI space, with 95%

of the contact points closest to target within an Euclidean dis-
tance ≤2.0 of the target coordinate in MNI space (26). Figure 1a
shows the anatomical location of the active electrode (Table 2)
during last follow-up in MNI space with gray matter defined by
the CIT168 Reinforcement Learning Atlas. Visually inspected, it
seems that the active electrode of nonresponders show a more

320

Figure 1. Note: P-A visualization. Localization of the active electrodes mapped in ICBM 2009b Nonlinear Asymmetric MNI template (a) and the %Y-BOCS reduc-
tion mapped on the Volume of Tissue activation for all patients, mirrored to the left side (b). Responders are shown in green, nonresponders in red (a). Ca, cau-
date nucleus; GPe, external globus pallidus; GPi, internal globus pallidus; NaC, nucleus accumbens; Pu, putamen; STN, subthalamic nucleus; VeP, ventral pallidum;
VTA, ventral tegmental area. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 2. Left and middle: Positive (a) and negative (b) predicting fibers associated with clinical improvement are shown in red and blue. Right: Correlation
between the degree of stimulated positive predictive tracts and percentage Y-BOCS reduction (c). Gray shaded areas represent 95% confidence intervals. Group 1
and group 2 represent nonresponders and responders, respectively. This analysis is based on a normative connectome. d. The identified predicting fiber tracts as
identified by Li et al. as available in Lead-DBS. The STN is depicted in orange. e. Close-up of figures (a) and (b) combined. [Color figure can be viewed at
wileyonlinelibrary.com]
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medial localization of the active contact points, especially on the
left side (Fig. 1a). However, the X-coordinate of the active elec-
trode and the percentage of Y-BOCS reduction were not signifi-
cantly correlated (Pearson’s r = −0.61; p = 0.10). Furthermore, no
significant correlations were found between relative distances of
active contact points with gray structures, as provided by the
CIT168 Reinforcement Learning Atlas, and the percentage in
Y-BOCS reduction.
There was no significant difference in the mean pooled VTAs

between responders (424 mm3 [± 255]) and nonresponders
(370 mm3 [± 158]) (p = 0.754). The intersecting volumes between
the CIT-168 gray matter structures and the VTAs were calculated.
VTAs intersected with 9 out of the 16 structures in the atlas. None
of the intersecting volumes significantly correlated with the per-
centage Y-BOCS reduction (Supporting Information Table S3).
In an attempt to validate the results of Li et al. which identified

a subtract of the ALIC, connecting the prefrontal cortex to the
STN and the mediodorsal nucleus (MD) of the thalamus positively
associated with Y-BOCS reduction, we acquired a similar method-
ology as provided in Lead-DBS. Fiber R-values to E-fields were
assigned across patients with clinical outcome as performed in
Irmen et al. (29) (Fig. 2).
Unthresholded discriminating fiber tracts were identified which

show a great overlap with the fiber tracts observed by Li et al.
Using subsequent prediction analyses using k-fold cross validation
(K = 2), the degree of lead connectivity was strongly correlated
with Y-BOCS reduction (r = 0.76 at p = 0.011). However, also
seemingly irrelevant tracts were identified, specifically tracts in
the corpus callosum and in the temporal cortices (Supporting
Information Fig. S1). Increasing the threshold of the tracts to be
connecting if the E-field magnitude >100.3 V/mm and >22% of
the E-fields, disregarded these irrelevant tracts but preserved the
fiber tracts graphically similar to Li et al. (Fig. 2). The fiber bundles
negatively associated with the percentage Y-BOCS reduction are
recognized as the posterior limb of the anterior commissure, con-
necting the bilateral temporal cortices and cingulate fiber bun-
dles. The positive discriminating fibers connect the prefrontal
cortex with the STN. In a subsequent prediction analyses using k-
fold cross validation (K = 2), the degree of lead connectivity was
strongly correlated with clinical outcome (r = 0.86 at p = 0.008).

DISCUSSION

Our analysis supports that a subpart of the ALIC, that connects
areas of the prefrontal cortex with the STN and medial (MD) nucleus
of the thalamus, is associated with optimal clinical response in a
cohort of eight patients receiving VC/VS stimulation for refractory
OCD. With regard to the validity of clinical outcomes, the mean
reduction in Y-BOCS score of 31.7% is somewhat less favorable com-
pared to the large cohort of Denys et al. (40%, SD = 9.4), lower than
a large international prospective trial by Ménchon et al. (20%,
SD = 9.5) (11,37,38). but within the confidence interval (CI) reported
in the meta-analyses by Alonso et al. (45.1%, 95% CI = 29.4–60.8%).
Compared to Denys et al. and Alonso et al., we report a similar
responder ratio (60% and 52%, respectively). As previously reported,
a beneficial effect on state anxiety was observed (15,39).
The mean EQ-5D health index is within the confidence interval

the EQ-5D (0.67, 95% CI = 0.64–0.70) of large cohort of chronic
and demographically comparable OCD patients (40). We did not
observe an improvement in quality of life as observed in
Ménchon et al. This may indicate that other factors than OCD

severity contributed to the quality of life outcome, or reflect the
lower sensitivity and precision of the EQ-5D-3L in our study com-
pared to the EQ-5D-5L used by Menechon et al. (41) Mood
improved in both responders and nonresponders, without signifi-
cant between-group differences, showing that effects of mood
may be independent of effects on OCD symptoms.
Using the twofold cross-validation method, we were able to

validate the identified fiber tracts in our cohort. Of note, this cor-
relation is somewhat circular and meant to describe the degree of
how well discriminative tracts could explain the same sample of
patients on which they were calculated. We were able to show
these positive and negative fiber tracts with a relative low num-
ber of patients receiving a stimulation of a different target (VS/VS)
compared to the four cohorts in which overlapping fiber bundles
were originally identified, which either addresses pitfalls in meth-
odology of using human scale diffusion weighted MRI images
(DWI), a normative connectome, statistics and accuracies in lead
localization which may result from the approach of warping elec-
trodes into common space or cautiously validates the robustness
of the findings. Without elaborating on the above standing tech-
nical issues, we would like to note that using a normative
connectome, as provided by the well-validated neuroimaging
pipeline of Lead-DBS, has abled further examination of stimula-
tion effects, as patient-specific DWI data was lacking in our cohort.
However, in order to be clinical applicable, or to have an impact
on stereotactic planning, these tracts have to be identified in
native patient space. Individual anatomical variability of
orbitofrontothalamic tracts has been observed, which may in turn
partially explain for variation in treatment response (42).
The tract associated with good clinical outcome in the present

study was identified as a subpart of the ALIC that connects areas
of the prefrontal cortex with the STN and medial (MD) nucleus of
the thalamus (19). Functionally, this tract is recognized as the
hyperdirect pathway to the STN originating from the dorsal ACC
(dACC) and the ventrolateral prefrontal cortex traversing within
the ALIC, implicating the involvement for the limbic cortico-basal
ganglia-thalamocortical circuit (19). The role of the hyperdirect
pathway within this circuit may be explained by the hypothetical
“pulley competition model.” In this model, it is suggested that
the direct and indirect pathways compete throughout the basal
ganglia, with the strength of each pathway acting as weights on
opposing sides of a pulley. When activation of the direct pathway
overpowers that of the indirect pathway, it results in facilitation or
a concrete action if the difference exceeds a critical threshold
(43). In this model, the role of the hyperdirect pathway is that of a
brake that can cancel an action before the activation that leads to
it reaches the critical threshold (43). Modulation of the hyper-
direct pathway could thus result in a direct inhibition of the
dACC’s direct pathway. Hyperactivation of the dACC is observed
in OCD, both at rest and during symptom provocation and may
mediate the elevated fear and anxiety associated with OCD
(44–46). Another role for the dACC in OCD may be recognized
when introducing Hierarchical Reinforcement Learning (HRL),
within its pathobiology. HRL is a machine learning paradigm that
is increasingly used in behavioral sciences to explain normal and
abnormal behavior. Within the HRL model, the ACC instigates a
specific task appropriate to the environmental situation and sub-
sequently instructs the actor module to perform this task. The
dysfunctional behavior observed in OCD may emerge from a fau-
lty task or option selection by the ACC, which ultimately is
corrected by activation of the hyperdirect pathway by DBS
(Bouwens van der Vlis et al., submitted).

321

Neuromodulation 2021; 24: 316–323© 2020 The Authors. Neuromodulation: Technology at the Neural Interface
published by Wiley Periodicals LLC on behalf of International Neuromodulation Society.

www.neuromodulationjournal.com

A CONNECTOMIC TARGET IN OCD-DBS



Our clinical findings should be interpreted within the limits of
this small-sized retrospective open case study, lacking randomiza-
tion and nonblinded assessment which may therefore be prone for
systematic bias. Further, patients had continuous medication and
psychotherapy during the follow-up of the study. Therefore, a syn-
ergistic or confounding effect of cotreatment cannot be ruled out.
Taken together, the present study contributes to the available

literature of VC/VS DBS as an effective and well-tolerated treat-
ment option for patients with refractory OCD and supports the
finding that specifically modulating the limbic circuit is associated
with treatment response. The latter fits the evolution from the
search for a single, optimal gray matter target toward the concep-
tion of modulating networks that support particular symptom
profiles. Expanding the connectomic analyses to targets which are
not part of the classical cortico-basal ganglia-thalamocortical cir-
cuitry, that is, the ITP and the BNST, could reveal other differenti-
ating brain networks. Finally, well-controlled randomized studies
in larger samples are needed to address clinical variability, includ-
ing analyses of individual white matter tracts.
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