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Obsessive-compulsive disorder (OCD) is a neuropsychiatric disorder featuring repetitive
intrusive thoughts and behaviors associated with a significant handicap. Of patients, 20%
are refractory to medication and cognitive behavioral therapy. Refractory OCD is
associated with suicidal behavior and significant degradation of social and professional
functioning, with high health costs. Deep brain stimulation (DBS) has been proposed as a
reversible and controllable method to treat refractory patients, with meta-analyses
showing 60% response rate following DBS, whatever the target: anterior limb of the
internal capsule (ALIC), ventral capsule/ventral striatum (VC/VS), nucleus accumbens
(NAcc), anteromedial subthalamic nucleus (amSTN), or inferior thalamic peduncle (ITP).
But how do we choose the “best” target? Functional neuroimaging studies have shown
that ALIC-DBS requires the modulation of the fiber tract within the ventral ALIC via the
ventral striatum, bordering the bed nucleus of the stria terminalis and connecting the
medial prefrontal cortex with the thalamus to be successful. VC/VS effective sites of
stimulation were found within the VC and primarily connected to the medial orbitofrontal
cortex (OFC) dorsomedial thalamus, amygdala, and the habenula. NAcc-DBS has been
found to reduce OCD symptoms by decreasing excessive fronto-striatal connectivity
between NAcc and the lateral and medial prefrontal cortex. The amSTN effective
stimulation sites are located at the inferior medial border of the STN, primarily
connected to lateral OFC, dorsal anterior cingulate, and dorsolateral prefrontal cortex.
Finally, ITP-DBS recruits a bidirectional fiber pathway between the OFC and the thalamus.
Thus, these functional connectivity studies show that the various DBS targets lie within the
same diseased neural network. They share similar efficacy profiles on OCD symptoms as
estimated on the Y-BOCS, the amSTN being the target supported by the strongest
evidence in the literature. VC/VS-DBS, amSTN-DBS, and ALIC-DBS were also found to
improve mood, behavioral adaptability and potentially both, respectively. Because OCD is
such a heterogeneous disease with many different symptom dimensions, the ultimate aim
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should be to find the most appropriate DBS target for a given refractory patient. This quest
will benefit from further investigation and understanding of the individual functional
connectivity of OCD patients.
Keywords: deep brain stimulation, obsessive compulsive disorder, connectivity, anterior limb of internal capsule,
subthalamic nucleus, ventral capsule, ventral striatum, inferior thalamic peduncle
INTRODUCTION

Obsessive-compulsive disorder (OCD) affects 2–3% of the
general population and is characterized by repetitive,
stereotyped, and intrusive thoughts (obsessions) and behaviors
(compulsions), leading to a significant disability (1, 2). Cognitive
behavioral therapy and medication with selective serotonin
reuptake inhibitors (SSRIs) are the two first-line treatments
currently recommended for OCD (3). However, 40–60% of
patients experience persistent symptoms despite these
treatments (2). About 20% of OCD patients are considered to
be refractory (4, 5). Even if there is no consensual definition of
refractory OCD, levels of non-response have been proposed (6).
Treatment-refractory OCD is associated with high comorbidities
(including major depression), suicidal behaviors, and severe
alterations in social, familial, and professional functioning
(leading to significant costs for society) (5).

Current therapeutic options for severe and treatment-
resistant OCD include neuromodulation by high-frequency
deep brain stimulation (DBS), which is a reversible
neurosurgical technique which can be modified and adapted
over time and targeted at different nuclei within the fronto-
striato-thalamo-cortical network (2). Recent meta-analyses
estimate that 60% of treatment-refractory OCD patients
respond well to DBS (>35% of decrease on the Y-BOCS
severity scale), irrespective of the chosen target (7, 8).

A network, including cognitive and limbic territories of basal
ganglia nuclei [ventral striatum (VS) (9), nucleus accumbens
(NAcc) (10), and anteromedial subthalamic nucleus (amSTN)
(11, 12)] and white matter bundles [anterior limb of the internal
capsule (ALIC) (13), ventral capsule (VC), and inferior thalamic
peduncle (ITP) (14, 15)] connecting frontal areas to basal ganglia
has been proposed to be at the core of OCD physiopathology
(16). Such a fronto-striato-thalamo-cortical network has been
found to be altered in neuroimaging (17) and anatomical
connectivity studies in OCD (18). A precise understanding of
functional connectivity of the patients undergoing DBS and of
the DBS sites before or after implantation is crucial since DBS
should be considered to be a technique to modulate circuits
rather than a mere focal target. Its effects are generally considered
to be both local via somato-dendritic stimulation and long-range
via orthodromic and antidromic axonal stimulation (19).

Anatomical connectivity can be determined in vivo using
diffusion-weighted imaging (DWI) acquired by magnetic
resonance imaging followed by tractography reconstructions
according to deterministic or probabilistic algorithms. It
provides streamlines between determined regions, which are
hypothetical fibers, estimating the trajectory and the density of
g 2
the white matter projections between anatomical regions. But the
validity of these estimates compared with anatomical reality is a
matter of debate (20). Functional connectivity can be determined
in vivo using resting-state functional MRI, which measures
correlation of spontaneous activity between several brain
regions (21). Such techniques have recently been used in the
field of DBS to guide neurosurgical procedure of DBS electrode
implantation (22).

Indeed, despite the numerous advances leading to the current
DBS technique, some patients remain partially resistant to DBS.
For OCD, recent debates have focused on identifying the "best"
DBS target without any major adverse event. We review here and
analyze the various DBS targets used to treat refractory OCD
patients and highlight how determination of functional
connectivity profiles of each patient might be crucial to
determine which target might enable modulation of circuits of
interest for a given patient. Indeed, the clinical heterogeneity of
OCD (23, 24), linked to distinct neural correlates as witnessed by
functional neuroimaging (25), and by anatomical variations
revealed by connectivity analyses (26) encourage us to define a
more personalized target, taking into account the different
patterns of impaired neurocognitive processes across
OCD patients.
THE FRONTO-STRIATO-PALLIDO-
THALAMIC CIRCUIT

Understanding connectivity profiles of the various DBS targets
for OCD requires basic knowledge of the prefrontal cortex (PFC)
in humans and the fronto-striato-pallido-thalamic circuit. The
PFC is associated with central executive functions. It is involved
in selecting relevant information and ignoring irrelevant
information to drive goal-directed behaviors. Human PFC can
be divided into two functionally and anatomically different
regions: the medial (MPFC) and the lateral prefrontal cortex
(LPFC) (27, 28). The MPFC receives projections from sensory
cortices, the hippocampus and subiculum, the amygdala (29–31).
It is also connected with the NAcc, the posterior cingulate cortex,
the insula, and the hypothalamus (30, 32, 33). As a hub, it
integrates information within large-scale brain networks, such as
the default-mode network (DMN) and the salience network (SN)
(34, 35). The LPFC includes the dorsolateral prefrontal cortex
(DLPFC), the ventrolateral prefrontal cortex (VLPFC), and the
frontal eye field. The LPFC is involved in higher cognitive
functions. The DLPFC, especially, is crucial for the planning
and execution of complex temporal sequences of logical
reasoning, speech, and behavior supporting both short-term
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memory, preparatory set, and selective attention (36). The LPFC
receives a wealth of information from a large variety of cortical
and subcortical structures and in turn projects to the same
structures, but distinct areas in the LPFC receive and issue
topographically organized projections. More specifically, the
DLPFC is a crucial node in dorsal attention networks through
its connections with parietal cortex, thus supporting selection of
sensory information and response (37).

In healthy fronto-striato-thalamo-cortical circuits (Figure 1),
glutamatergic output from the orbitofrontal cortex (OFC) and
the anterior cingulate cortex (ACC) leads to striatal excitation
(38–40). Striatal activation through the direct pathway increases
inhibitory GABA signals to the globus pallidus internalis (GPi)
and the substantia nigra reticulata (SNr). It decreases the
inhibitory GABA output from the GPi and SNr to the
thalamus, thus enhancing excitatory glutamatergic output from
the thalamus to the frontal cortex. This positive-feedback direct
pathway is retrocontrolled by the so-called trans-striatal indirect
pathway: the striatum inhibits the globus pallidus externalis
(GPe) and decreases its inhibition of the subthalamic nucleus
(STN) through the indirect pathway. The STN then excites the
GPi and SNr, which inhibit the thalamus, and also receives
projections directly from the cortex forming a third pathway, the
so-called hyperdirect pathway (41).

In OCD patients, it was proposed that the direct pathway is
not sufficiently retrocontrolled by the indirect pathway (16).
With lower signals of activation, hyperactivation of the
orbitofrontal–subcortical pathway appears. Thus, excessive
concerns about hygiene or danger might lead to persistent
attention to the supposed threat (i.e., obsessions) and then to
compulsions, which are phenomenologically associated with the
neutralization of the putative threat.

Furthermore, it has been shown that the striatum, as other
nuclei of the basal ganglia, is made of three functionally and
Frontiers in Psychiatry | www.frontiersin.org 3
anatomically distinct territories: motor, limbic, and associative
(42–46). How these networks interact with each other is of
utmost importance for motivation and cognition to influence
decision-making and adaptive behavior. It has been shown that
the mesolimbic (through the ventral tegmental area, VTA) and
nigrostriatal pathways are an integral part of the basal ganglia
through their reciprocal connections to the ventral and dorsal
striatum, respectively (47, 48). These mesolimbic loops enable
the flow of striatal information from limbic to cognitive to motor
circuits through an ascending spiral of inputs and outputs
between the striatum and midbrain dopaminergic neurons (47)
(Figure 1).

The modulation of the fronto-striato-pallido-thalamic circuit
of OCD patients has been tested with repeated transcranial
magnetic stimulation (rTMS) of different cortical areas (49).
Connectivity of the various proposed rTMS targets for OCD
could be compared with the connectivity of DBS targets for
OCD. Indeed, most rTMS studies targeted the DLPFC (50, 51),
the supplementary motor area (SMA) (52–54), and the OFC (55,
56) of OCD patients. The results of these studies have been
inconsistent for the DLPFC [(57, 58) vs. (59, 60)], the SMA or
OFC. Replication trials following high-quality methodology will
help clarify the therapeutic potential of these last two targets.
Even though, these three main targets for rTMS seem to share
relevant connectivity with the DBS targets for OCD, and amSTN
especially (61–63).
STRIATAL REGION

Anterior Limb of the Internal Capsule
Within the ventral striatal region, the ALIC was the first target to
be explored since, originally, ALIC stereotaxic lesions were
performed for OCD: ALIC-DBS led to a significant
FIGURE 1 | Schematic representation of the fronto-striato-thalamo-cortical circuit. Different frontal areas known to be involved in obsessive-compulsive disorder
(OCD) physiopathology are represented here: the orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and dorsolateral prefrontal cortex (DLPFC). The frontal
lobe is composed of limbic (pink), associative (green), and sensorimotor (blue) territories projecting on partially overlapping part of the striatum. The same functional
mapping has been shown for the ventral tegmental area (VTA), substantia nigra pars compacta–reticulata (SNc-r), and the subthalamic nucleus (STN). Red spots
represent the different targets of DBS in OCD discussed in this review. GPe, globus pallidus externalis; GPi, globus pallidus internalis.
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improvement in three out of four refractory OCD patients (13).
Case reports and open studies have reported that about 50% of
OCD patients respond favorably to ALIC-DBS (64–68). A recent
open-label study, including the largest cohort of 20 refractory
OCD patients stimulated in the ALIC, reported 40% of
responders 1 year after surgery (68). Adverse events were
limited to one case due to hardware infection, and transient
effects due to DBS settings, such as hypomania, disinhibition,
lack of concentration, transient loss of energy, sleep disturbances,
and >20% weight gain (68). If the clinical effects of ALIC-DBS on
refractory OCD were encouraging, a confirmation level I study is
still needed (69). The identification of clinical and anatomical
response predictors to DBS could contribute to a refinement of
the ALIC target, personalized targeting, better outcomes, and
make such level I studies stronger.

Recently, individual clinical features of OCD were not found
to be predictors of response to DBS in a large cohort (n = 20)
(68). Neuroimaging techniques such as resting-state functional
connectivity or DWI have shed a new light on the relationship
between anatomical locations of the DBS target and response to
st imulat ion. Using DWI fol lowed by tractography
reconstructions in six OCD patients undergoing ALIC-DBS,
Hartmann et al. (70) showed that the two best responder target
locations within ALIC had a stronger connectivity with the right
middle frontal gyrus (MFG), whereas for two non-responders
the DBS site had higher connectivity with the right thalamus and
the orbital part of the right inferior frontal gyrus. The right MFG
is known to be associated with executive functions and adapting
sets in response to changing task requests (71), whereas the
orbital part of the right inferior frontal gyrus is involved in task-
switching and maintenance of compulsive behavior (72–74), so
that successful ALIC-DBS might rely at least partially on
promoting adaptive responses, but this not yet been studied.
More recently, a study using DWI and tractography of
anatomical connectivity of ALIC-DBS sites for 22 OCD
patients (75) confirmed that a predictor of clinical
improvement was the connectivity between stimulation sites
within ALIC and the right MFG. More precisely, and as direct
guidance for neurosurgeons targeting ALIC, this study
highlighted the importance of modulating a fiber tract within
the ventral ALIC passing through the ventral striatum, bordering
the bed nucleus of the stria terminalis (BNST), the subthalamic
nucleus, the inferior thalamic peduncle, and connecting overall
the middle prefrontal cortex with the thalamus (Figure 2) (76).
This result suggests that the different DBS targets reviewed in this
manuscript might lie within the same neural network, the
modulation of which alleviates OCD core symptoms. On the
contrary, modulation of fibers projecting to the medial forebrain
bundle, the posterior limb of the anterior commissure, and
within the inferior lateral fascicle led to worse outcomes on
OCD symptoms. Furthermore, depressive scores were improved
when modulating fibers encompassing the cingulum,
ventromedial prefrontal cortex, and the fornix. Thus, ALIC-
DBS could improve adaptability and/or mood depending on the
various fiber pathways affected by DBS after electrical field
Frontiers in Psychiatry | www.frontiersin.org 4
diffusion at the vicinity of the active DBS site, but this
hypothesis remains to be investigated. When performing
ALIC-DBS, and after acquiring the anatomical connectivity
profile for a given patient, it might be possible to fine-tune and
personalize the stimulation parameters in order to address mood
or flexibility impairments in addition to OCD core symptoms
depending on each patient’s specific symptoms. Last but not
least, the high stimulation amplitudes used (median of 4.7 V) in
these studies can be questioned: do they simply indicate that the
target to be stimulated has a larger volume than the portion of
the STN to stimulate in Parkinson’s disease (PD) patients for
instance, or are they due to suboptimal electrode placement?

ALIC seems a promising DBS target to treat refractory OCD.
ALIC-DBS ability to promote adaptability and/or mood
depending on the connectivity of the stimulation site remains
to be established. But this DBS target for OCD is lacking
confirmation by level I studies, and ALIC optimal targeting
seems challenging since it might require precise mapping of
ALIC-DBS sites with whole brain anatomical connectivity. This
neuroimaging procedure might not be available on a clinical
routine basis in all neurosurgical centres and therefore prevent
its widespread adoption.
Ventral Capsule/Ventral Striatum
DBS of the ventral capsule and adjacent ventral striatum (VC/
VS) has been investigated in refractory OCD based on the earlier
encouraging results following DBS of the ALIC (13) and
considering that an additional lesion of the ventral part of the
ALIC enhanced the clinical benefit (77). However, the only
randomized study available failed to show a significant
difference between patients under active (“on”) versus inactive
(“off”) stimulation (9). The short duration of the "on" phase in
the randomized part of the study, i.e., 2 months only, could
explain these negative results. Interestingly, four out of the six
OCD patients included were responders after a 1-year open-label
phase of DBS. Furthermore, a recent randomized study
comparing STN- to VC/VS-DBS in OCD for 12-week phases
found that six out of six patients responded to VC/VS-DBS (61).
Open studies also showed an improvement of OCD symptoms
after VC/VS-DBS over periods longer than 2 months of
stimulation (67, 77–80). Most of these studies with up to a 1-
year follow-up reached response rates around 50%. Four of four
patients were considered as responders in a recent study with a
follow-up of 2 years after surgery (79). The follow-up study of six
patients previously included in the cohort of Goodman (9) found
that 67% of the patients were responders 6 years after surgery
(80). In these studies, patients described an increase of OCD
symptom severity when the stimulator batteries were depleted
(67, 78). Taken together, these results support the efficacy of VC/
VS-DBS for patients suffering from refractory OCD with a
response rate increasing over time. But no level I study with a
long enough phase of active DBS has actually confirmed this
potential effect (8). Overall, VC/VS-DBS could be considered as a
reasonably safe surgical procedure. All but one patient of the
December 2019 | Volume 10 | Article 905
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Greenberg cohort (67) indicated that they would choose to have
DBS again (80).

VC/VS-DBS was associated with transient cognitive effects:
transient hypomania, possibly due a temporary electrode
lesioning effect, stimulation-induced memory experiences, and
a lasting major decrease of comorbid depressive symptoms (9,
67, 78, 79), suggesting a modulation of the reward and
motivational system. Preoperative predictors of clinical
Frontiers in Psychiatry | www.frontiersin.org 5
response to VC/VS-DBS remain to be determined in larger
studies. But a recent study suggested that the VC/VS effective
sites of DBS lay within the VC (ventral portion of the ALIC) and
were primarily connected to medial OFC, dorsomedial thalamus,
amygdala, and the habenula (61). In this study, VC/VS
specifically improved the mood of patients. Previously,
abnormal functional connectivity assessed by functional MRI
(fMRI) was found in OCD patients between the amygdala and
FIGURE 2 | Deep brain stimulation targets for patients with refractory obsessive-compulsive disorder. Basal ganglia structures and adjacent fiber bundles as
depicted on 3D reconstructions obtained with the computerized YeB atlas (76). (A) Left lateral view showing the structures of both sides. Some of the main DBS
targets for OCD are: the subthalamic nucleus (red), the anterior limb of internal capsule (light blue), the nucleus accumbens (purple), and the inferior thalamic
peduncle (yellow). The caudate nucleus (dark blue), medial forebrain bundle (green), and anterior commissure (light brown) are also shown. (B) Superior view showing
a schematic representation of hypothetical fibers identified by neuroimaging studies as responsible for the therapeutic effect of DBS for OCD: the fibers are shown as
orange dotted lines. These fibers, which extend from the brain stem to the prefrontal cortex, encompass the atlas-defined medial forebrain bundle. DBS, deep brain
stimulation; OCD, obsessive-compulsive disorder.
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medial OFC (81) and medial OFC was found to be
hyperresponsive to threat stimuli in OCD patients (82).

So, VC/VS-DBS might both improve OCD core symptoms
and mood and/or impair safety signaling depending on the fiber
pathways recruited in the vicinity of the active DBS stimulation
site. Moreover, it is interesting to note that the habeno-
interpeduncular tract is known to inhibit the serotonergic
raphe nuclei (83) while SSRIs are the mainstay of
pharmacological treatment for OCD.
Nucleus Accumbens
Several studies have investigated NAcc-DBS: the distinction
between VS and NAcc remains an open question in human
neurosurgical anatomy. In addition to several case reports or
small series [(84), n = 3 patients; (85), n = 1 patient; (86), n = 2
patients; (87), n = 1 patient], three larger studies investigated
NAcc-DBS for severe and refractory OCD. In Kohl et al. (n = 18
patients), bilateral NAcc-DBS was assessed with an open-label
design: there were on average 50% responders and 16.7% partial
responders at 1 year (88). In one double-blind sham-controlled
crossover study, 10 patients received unilateral right NAcc-DBS
(89): the mean Y-BOCS score decreased significantly by 21.1%
after 1 year of stimulation. In Denys et al. (90) (n = 16 patients),
bilateral NAcc-DBS was initially performed with an open-label
design yielding a 46% Y-BOCS score decrease after 8 months of
stimulation, followed by a double-blind crossover phase with a 2-
week period of active or sham stimulation enabling a significant
25% reduction of the Y-BOCS score. Permanent adverse events
were forgetfulness (31.2%) and word-finding problems (18.8%).

Resting-state fMRI scans in 16 OCD patients undergoing
NAcc-DBS and displaying subsequent OCD symptoms decrease
revealed reduced excessive fronto-striatal connectivity between
NAcc and the LPFC and medial PFC as measured by the blood
oxygen level-dependent (BOLD) fMRI signal (10). NAcc-DBS
also reduced excessive frontal low-frequency oscillations elicited
by symptom-provoking events and measured by scalp
electroencephalogram (EEG). Such oscillations are known to
appear during goal-directed behavior and to be linked to the
severity of some OCD symptoms (91). So, NAcc-DBS might
decrease a pathologically excessive fronto-striatal connectivity,
allowing the processing of behaviorally relevant stimuli.

Targeting NAcc is challenging since it is a rather large nucleus
(10.5 × 14.5 × 7 mm) (92) with complex connectivity (93).
Targeting the portions of the NAcc with strongest connectivity to
lateral and medial PFC might thus be a promising approach to
enhance the effects of NAcc-DBS on OCD symptoms (10). But
detailed functional connectivity studies for NAcc-DBS remain to
be performed to better understand how a personalized targeting
and parameter adjustments might be achieved. Additionally,
functional parcellation of NAcc using standard BOLD fMRI
protocols with 2-mm isotropic spatial resolution could be
already at hand (94), while high-field functional MRI could
offer soon spatial resolutions at the scale of DBS electrodes
contacts (95).
Frontiers in Psychiatry | www.frontiersin.org 6
SUBTHALAMIC NUCLEUS

The anteromedial subthalamic nucleus DBS (amSTN-DBS) is
another therapeutic option to treat severe and refractory OCD
and has the strongest evidence in the literature. To our
knowledge, amSTN-DBS is associated with the best response
rates in randomized and controlled trials, with best long-term
outcomes (75% full responders and 53% decrease in OCD
severity at 3 years post-surgery) and improvement in global
functioning, social, and familial disabilities (96).

In 2002, in two patients suffering from Parkinson’s disease
and OCD, STN stimulation for motor symptoms of PD was
found to improve preexisting OCD symptoms (11). In 2007, a
rationale for this observation was provided when the role of STN
in integrating emotional and motor aspects of behavior was
demonstrated by performing stimulation of subterritories of the
STN in PD patients (97). Indeed, the stimulation of the
dorsolateral part of the STN recruits mainly motor networks,
whereas stimulation of the anteromedial STN recruits limbic and
associative circuits. These authors then reported the first double-
blind crossover study performed on 16 OCD patients and
demonstrated that 3 months of amSTN-DBS (STOC Study)
was sufficient to decrease OCD severity by 39% and improve
global functioning by 23% (8, 12). Seventy-five percent of
patients were found to be responders. A recent meta-analysis
found that 44% of patients could be considered responders to
STN-DBS (7). Interestingly, it has been shown recently that
amSTN-DBS decreases OCD symptoms for up to 3 years, with a
53% decrease in OCD severity and 92% of patients being
considered responders at the final assessment (12 patients in
total at 3 years) (96). They also report a positive effect on social
activities with a significant improvement in social adjustment
(SAS-SR) and work, social, and familial disabilities (SDS).

Early-onset patients were found to have fewer OCD
symptoms with STN stimulation. Interestingly, the overall
improvement was continuous and progressive with time, with
a larger effect of amSTN-DBS on OCD symptoms 46 months
after surgery (−51.2% compared with baseline) as compared to
16 months (−16.8% at 46 months compared with 16 months)
(51) or 3 months (−39.4% compared with baseline) (12). This
highlights one of the major advantages of DBS: the possibility of
continuously adjusting the stimulation parameters over time in
accordance with patients’ condition to obtain optimal
therapeutic effects for each individual.

Nevertheless, psychiatric adverse events related to amSTN-
DBS highlight the narrowness of its therapeutic window. At 3
years post-surgery, transient episodes of hypomania and
impulsivity due to changes in DBS settings were reported in
33% of patients. However, these changes were short-lived and
resolved following stimulation adjustments, as previously
reported in 5 of 16 OCD patients (31%) with NAcc-DBS (90)
and in 6 of 24 OCD patients (25%) with stria terminalis
stimulation (98), suggesting that DBS of these limbic structures
may lead to the occurrence of these psychiatric signs (97). It is
important to note that no cognitive decline, verbal fluency deficit
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(99), apathy (100), or significant weight gain (101) was observed
in amSTN-DBS OCD patients. Finally, the high rate of suicidal
attempts (23%) is in agreement with those encountered in the
general population of patients with refractory OCD. DBS may
not be the cause since these patients display concomitant
increase of impulsivity, anxiety, or depression (96).

Using prospectively acquired DWI and tractography
reconstructions in six patients, Tyagi et al. (61) showed that
the effective site of stimulation within the STN was located at its
inferior medial border, which is directly connected to lateral
OFC, dorsal anterior cingulate (DACC), and DLPFC. Among
these regions, decreased OFC activity has been shown to be
linked to OCD improvement in personalized treatment (102). A
resting-state study further showed that abnormal connectivity
between lateral OFC and caudate nucleus is associated in OCD
patients with errors in the extra-dimensional set-shifting stage 8
(EDS) test, which probes cognitive flexibility (103). Moreover,
amSTN-DBS was found to decrease glucose metabolism in
lateral OFC with 8-fluorodeoxyglucose positron emission
tomography (FDG-PET) performed in 10 OCD patients in a
resting state (104). DACC and DLPFC’s activity is linked to the
severity of OCD: with fMRI, decreased connectivity between
DLPFC and putamen was found in OCD patients and associated
with impaired goal-directed planning (103). In addition, tracing
studies in non-human primate (NHP) found a hyperdirect
limbic pathway from OFC, DACC, and DLPFC to amSTN
(62). So, it might be possible that amSTN-DBS interrupts OCD
symptoms due to aberrant hyperdirect cortical processing of
information by promoting behavioral adaptability. Yet, the sour
spots of STN-DBS within STN and its vicinity as well as their
functional connectivity remain to be established.

Finally, STN-DBS has been shown to dramatically alleviate
motor symptoms in patients with Parkinson’s disease and can be
currently performed with optimal target localization within the
nucleus (105). The majority of functional neurosurgery centers
have experience in targeting STN in the context of movement
disorders, so that targeting amSTN for OCD is relatively a direct
extension of this technique. Since STN is a much smaller target
than ALIC or VC/VS, it also appears less challenging to stimulate
the appropriate subterritories displaying the optimal profile of
connectivity by adjusting the stimulation parameters and volume
of tissue activated (106). amSTN also has a well-characterized
electrophysiological signature (107, 108) that helps guide
appropriate DBS electrode placement.
INFERIOR THALAMIC PEDUNCLE

The ITP is a bidirectional fiber tract between the OFC and the
thalamus which is thought to play a role in selective attention
(109, 110). According to PET studies, OCD patients have
increased metabolic activity in the OFC, caudate, and thalamus
which is positively correlated with the severity of OCD
symptoms (111, 112). In addition, medical treatment of OCD
is accompanied with decreased metabolism within a cortico-
striato-thalamic circuit (113). Jimenez et al. (14) were the first to
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report a six-patient case series of ITP-DBS for OCD: all patients
were responders and a 51% improvement in Y-BOCS scores at 1
year was found (14). Lee et al. (15) later reported a five-patient
case series of ITP-DBS for OCD: all patients were responders
with 52% improvement in Y-BOCS at 1 year. FDG-PET imaging
in two patients revealed a decreased metabolic level in the
caudate, the putamen, and the cingulum after 3 months of
ITP-DBS, similar to that observed with SSRIs (113). It is worth
noting that adjacent structures, anterior to ITP, such as the
BNST, may also be activated during ITP stimulation, according
to volume of tissue activated analysis (106). Again, as a fiber
pathway, ITP might be challenging to target since there is no
known somatotopy or electrophysiological signature which
might guide the surgical procedure. Functional studies of this
DBS target are unavailable. Above all, larger studies and
especially randomized multicenter trials are needed to further
investigate this target for OCD treatment.
TOWARDS THE INDIVIDUALIZATION OF
THE OCD-DBS TARGET

OCD is a neuropsychiatric disorder encompassing diverse core
symptomatic dimensions variably expressed within each patient
(114) . Indeed , symmetry obsess ions/compuls ions ,
contamination and cleaning, aggressivity and checking
compulsions, sexual and religious obsessions, hoarding
obsessions, and compulsions have been observed in OCD
patients (115). These core symptomatic dimensions may be
unde rp inned by separab l e , par t i a l l y ove r l app ing
neurobiological roles that might respond differently to the
stimulation of the different targets we have reviewed (116).

Several recent studies have investigated the functional
connectivity of the various DBS targets for OCD in order to
define the neural networks to be modulated in order to reach the
best clinical response possible. Interestingly, it has been found
that the connectivity with the ventral striatum was modulated by
different OCD dimensions. Indeed, aggressive/checking
symptoms modulate the connectivity of the ventral striatum
with anterior amygdala and ventromedian prefrontal cortex
(vmPFC), sexual/religious symptoms with insula and inferior
frontal gyrus, and hoarding with the OFC (26) (Figure 3).
Consequently, instead of chasing the “most efficient/best
target” dream, one might look for the “most appropriate
circuit” for each patient, focusing on their symptom profile or
development, age of onset, biological markers, etc.

Barcia et al. (117) pioneered this personalized approach
taking into account each patient’s symptom content. They
demonstrated that the optimal stimulating electrode contact
location for striatal-DBS in each OCD patient is not at a fixed
anatomical locus within the ventral striatum or NAcc. The sweet
spot lay within different portions of the striatum across patients.
In their study, symptom provocation activated specific sites of
the PFC. It was already known for example that patients with
contamination obsessions mainly activate the medial OFC
(ventromedial), while those who present checking symptoms
December 2019 | Volume 10 | Article 905
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mainly activate the DLPFC (25). They thus showed that
stimulating the patient-specific optimal contact location
instead of a fixed target increased the response rate to striatal-
DBS from 50% (7, 118) to 86%. This concept might also be
applicable to other DBS targets for OCD. For example, the ALIC
is topographically organized following the same pattern as the
fronto-striatal projections (119). The STN has been shown to be
segregated into motor, limbic, and associative territories:
behavioral functional mapping of STN has been performed in
PD patients by stimulation of STN subterritories (97), and
anatomical histological tracing of STN connectivity revealed in
the NHP connection between the amSTN and the limbic and
associative cortical areas as well as between the dorsolateral STN
and the motor cortical area (62). It remains to be seen whether
neuroimaging and neurostimulation techniques within these
STN subterritories will allow us to isolate which networks to
activate in order to address specific clinical dimensions based on
an individual assessment.
CONCLUSION

It appears that the various striatal, thalamic, and STN targets for
OCD-DBS that have been under investigation over the past 15
years lie along within same functional neural network. Modulating
this thalamo-striatal-frontal network appears crucial in order to
improve refractory OCD symptoms. All these DBS targets share
similar efficacy profiles when considering improvement of the Y-
BOCS score. amSTN-DBS is a therapeutic option for severe and
refractory OCD, and the only one with level 1 evidence in the
current literature, provided in a randomized controlled trial.
Furthermore, amSTN-DBS long-term outcomes are very
encouraging, with 75% full responders and 53% decrease in
OCD severity at 3 years post-surgery. Randomized double-blind
Frontiers in Psychiatry | www.frontiersin.org 8
studies comparing targets are not easy to perform, especially when
more than two targets are considered.

All things considered, there is room to optimize the choice of
targets and of stimulation parameter adjustments for each target
under investigation. Choosing the “best” of these targets might
require us to take into account at least four points. First, we
would like to stress the need for a better understanding of each
patient’s specific symptoms and underlying dysfunctional neural
networks in order to tailor neuromodulation procedures on an
individual basis after symptom provocation procedures and
neuroimaging studies for instance. Second, we believe that
even though DBS of these various targets might recruit a
common network, DBS of each of those targets might also
activate further distinct networks responsible for other
behavioral effects: amSTN-DBS improves cognitive flexibility,
while VC/VS-DBS improves mood and ALIC-DBS might
promote flexibility and/or mood (80). Individual characteristics
might be crucial when choosing the most appropriate target.
Third, surgical difficulty should be taken into account when
identifying the optimal target. The STN target is very attractive
for DBS since it is a small well-known nucleus with widespread
connectivity with the prefrontal cortex. STN-DBS enables
modulation of various neural networks that could correspond
to various aspects of OCD pathology by simply adjusting
the stimulation parameters in order to shape the appropriate
volume of tissue activated. For amSTN-DBS, it might thus not
be absolutely necessary to perform a preoperative functional
connectivity study in order to guide DBS electrode implantation
and/or stimulation parameter adjustments, whereas it is more
crucial for larger targets such as ALIC, VC/VS, or NAcc. New
generations of DBS electrode assemblies which enable steering of
the delivered electrical field in order to target therapeutic circuits
might thus be valuable for STN-DBS for OCD while at the same
time minimizing the stimulation of those circuits responsible for
FIGURE 3 | Schematic representation of the correlations between the strength of fronto-caudate connectivity and obsessive-compulsive disorder (OCD)
symptoms dimensions according to (26). Sagittal view representing the functional connectivity between different cortical areas known to be involved in OCD
physiopathology and the ventral part of the caudate nucleus. Correlations between that connectivity and the different dimensions of OCD symptoms are
represented by full or dot lines. SFG, superior frontal gyrus; IFG, inferior frontal gyrus; vmPFC, ventromedian prefrontal cortex; OFC, orbitofrontal cortex;
aAmygdala, anterior amygdala.
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side effects (120). Indeed, sophisticated individualized
connectivity studies might not be possible for clinical routine
in all DBS centers.

Last but not least, the question of the stimulation frequency
and pattern within the various targets mentioned is a question
that has not yet been addressed in literature since all targets have
been stimulated at high frequency: understanding whether one
expects to induce functional inhibition, synaptic plasticity, and
specific brain oscillations anterogradely or retrogradely is of the
utmost importance (121).
Frontiers in Psychiatry | www.frontiersin.org 9
In the future, research efforts should focus on determining the
functional connectivity biomarkers to identify best responders
and best patterns of stimulation on an individual basis.
AUTHOR CONTRIBUTIONS

SS and A-HC conducted the literature search and drafted the
manuscript. SP, JY, PD, and LM reviewed and revised the
manuscript. JY, SS, and A-HC prepared the figures.
REFERENCES

1. Ruscio A, Stein D, Chiu W, Kessler R. The epidemiology of obsessive-
compulsive disorder in the National Comorbidity Survey Replication. Mol
Psychiatry (2010) 15:53–3. doi: 10.1038/mp.2008.94

2. Hirschtritt ME, Bloch MH, Mathews CA. Obsessive-Compulsive Disorder:
advances in diagnosis and treatment. JAMA (2017) 317:1358. doi: 10.1001/
jama.2017.2200

3. Koran LM, Hanna GL, Hollander E, Nestadt G, Simpson HB, American
Psychiatric Association. Practice guideline for the treatment of patients with
obsessive-compulsive disorder. Am J Psychiatry (2007) 164:5–53.

4. Skapinakis P, Caldwell DM, Hollingworth W, Bryden P, Fineberg
NA, Salkovskis P, et al. Pharmacological and psychotherapeutic
interventions for management of obsessive-compulsive disorder in adults: a
systematic review and network meta-analysis. Lancet Psychiatry (2016)
3:730–9. doi: 10.1016/S2215-0366(16)30069-4

5. Ruscio AM, Brown TA, Chiu WT, Sareen J, Stein MB, Kessler RC. Social fears
and social phobia in the USA: results from the National Comorbidity Survey
Replication. Psychol Med (2008) 38:15–8. doi: 10.1017/S0033291707001699

6. Pallanti S, Quercioli L. Treatment-refractory obsessive-compulsive disorder:
Methodological issues, operational definitions and therapeutic lines. Prog
Neuropsychopharmacol Biol Psychiatry (2006) 30:400–12. doi: 10.1016/
j.pnpbp.2005.11.028

7. Alonso P, Cuadras D, Gabriëls L, Denys D, GoodmanW, Greenberg BD, et al.
Deep brain stimulation for obsessive-compulsive disorder: a meta-analysis of
treatment outcome and predictors of response. PloS One (2015) 10:e0133591.
doi: 10.1371/journal.pone.0133591

8. Kisely S, Hall K, Siskind D, Frater J, Olson S, Crompton D. Deep brain
stimulation for obsessive-compulsive disorder: a systematic review and meta-
analysis. Psychol Med (2014) 44:3533–42. doi: 10.1017/S0033291714000981

9. Goodman WK, Foote KD, Greenberg BD, Ricciuti N, Bauer R, Ward H, et al.
Deep brain stimulation for intractable obsessive compulsive disorder: pilot
Study Using a Blinded, Staggered-Onset Design. Biol Psychiatry (2010)
67:535–2. doi: 10.1016/j.biopsych.2009.11.028

10. Figee M, Luigjes J, Smolders R, Valencia-Alfonso C-E, van Wingen G, de
Kwaasteniet B, et al. Deep brain stimulation restores frontostriatal network
activity in obsessive-compulsive disorder.Nat Neurosci (2013) 16:386–7. doi:
10.1038/nn.3344

11. Mallet L, Mesnage V, Houeto J-L, Pelissolo A, Yelnik J, Gargiulo M, et al.
Compulsions, Parkinson’s disease, and stimulation. Lancet (2002) 360:1302–4.
doi: 10.1016/S0140-6736(02)11339-0

12. Mallet L, Polosan M, Jaafari N, Baup N, Welter M-L, Fontaine D, et al.
Subthalamic nucleus stimulation in severe obsessive-compulsive disorder. N
Engl J Med (2008) 359:2121–34. doi: 10.1056/NEJMoa0708514

13. Nuttin B, Cosyns P, Demeulemeester H, Gybels J, Meyerson B. Electrical
stimulation in anterior limbs of internal capsules in patients with obsessive-
compulsive disorder. Lancet (1999) 354:1526. doi: 10.1016/S0140-6736(99)
02376-4

14. Jiménez F, Nicolini H, Lozano AM, Piedimonte F, Salín R, Velasco F.
Electrical stimulation of the inferior thalamic peduncle in the treatment of
major depression and obsessive compulsive disorders. World Neurosurg
(2013) 80:S30.e17–25. doi: 10.1016/j.wneu.2012.07.010
15. Dallapiazza RF, Fomenko A, Elias GJB, De Vloo P, Lozano AM, Giacobbe P,
et al. Inferior thalamic peduncle deep brain stimulation for treatment-
refractory obsessive-compulsive disorder: a phase 1 pilot trial. Brain
Stimul (2018) 12:344–52. doi: 10.1016/j.brs.2018.11.012

16. Graybiel AM, Rauch SL. Toward a neurobiology of obsessive-compulsive
disorder. Neuron (2000) 28:343–7. doi: 10.1016/s0896-6273(00)00113-6

17. Rotge J-Y, Guehl D, Dilharreguy B, Cuny E, Tignol J, Bioulac B, et al.
Provocation of obsessive-compulsive symptoms: a quantitative voxel-based
meta-analysis of functional neuroimaging studies. J Psychiatry Neurosci
(2008) 33:405–12.

18. Haynes WIA, Clair A-H, Fernandez-Vidal S, Gholipour B, Morgiève M,
Mallet L. Altered anatomical connections of associative and limbic cortico-
basal-ganglia circuits in obsessive-compulsive disorder. Eur Psychiatry
(2018) 51:1–8. doi: 10.1016/j.eurpsy.2018.01.005

19. Alhourani A, McDowell MM, Randazzo MJ, Wozny TA, Kondylis ED,
Lipski WJ, et al. Network effects of deep brain stimulation. J Neurophysiol
(2015) 114:2105–17. doi: 10.1152/jn.00275.2015

20. Schilling KG, Daducci A, Maier-Hein K, Poupon C, Houde J-C, Nath V,
et al. Challenges in diffusion MRI tractography–Lessons learned from
international benchmark competitions. Magn Reson Imaging (2018)
57:194–209. doi: 10.1016/j.mri.2018.11.014

21. ThomasYeoBT,KrienenFM,SepulcreJ,SabuncuMR,LashkariD,Hollinshead
M, et al. The organization of the human cerebral cortex estimated by intrinsic
functional connectivity. J Neurophysiol (2011) 106:1125–65. doi: 10.1152/
jn.00338.2011

22. Anderson JS, Dhatt HS, Ferguson MA, Lopez-Larson M, Schrock LE, House
PA, et al. Functional connectivity targeting for deep brain stimulation in
essential tremor. Am J Neuroradiol (2011) 32:1963–8. doi: 10.3174/
ajnr.A2638

23. Mataix-Cols D, Rauch SL, Manzo PA, Jenike MA, Baer L. Use of factor-
analyzed symptom dimensions to predict outcome with serotonin reuptake
inhibitors and placebo in the treatment of obsessive-compulsive disorder.
Am J Psychiatry (1999) 156:1409–16. doi: 10.1176/ajp.156.9.1409

24. Mataix-Cols D, van den Heuvel OA. Common and distinct neural correlates
of obsessive-compulsive and related disorders. Psychiatr Clin North Am
(2006) 29:391–410. doi: 10.1016/j.psc.2006.02.006

25. Mataix-Cols D, Wooderson S, Lawrence N, Brammer MJ, Speckens A,
Phillips ML. Distinct neural correlates of washing, checking, and hoarding
symptom dimensions in obsessive-compulsive disorder. Arch Gen Psychiatry
(2004) 61:564. doi: 10.1001/archpsyc.61.6.564

26. Harrison BJ, Pujol J, Cardoner N, Deus J, Alonso P, López-Solà M, et al.
Brain corticostriatal systems and the major clinical symptom dimensions of
obsessive-compulsive disorder. Biol Psychiatry (2013) 73:321–8. doi:
10.1016/j.biopsych.2012.10.006

27. Striedter GF. Bird brains and tool use: beyond instrumental conditioning.
Brain Behav Evol (2013) 82:55–67. doi: 10.1159/000352003

28. Murray EA, Rudebeck PH. Specializations for reward-guided decision-
making in the primate ventral prefrontal cortex. Nat Rev Neurosci (2018)
19:404–17. doi: 10.1038/s41583-018-0013-4

29. Ongür D, Price JL. The organization of networks within the orbital and
medial prefrontal cortex of rats, monkeys and humans. Cereb Cortex (2000)
10:206–19. doi: 10.1093/cercor/10.3.206
December 2019 | Volume 10 | Article 905

https://doi.org/10.1038/mp.2008.94
https://doi.org/10.1001/jama.2017.2200
https://doi.org/10.1001/jama.2017.2200
https://doi.org/10.1016/S2215-0366(16)30069-4
https://doi.org/10.1017/S0033291707001699
https://doi.org/10.1016/j.pnpbp.2005.11.028
https://doi.org/10.1016/j.pnpbp.2005.11.028
https://doi.org/10.1371/journal.pone.0133591
https://doi.org/10.1017/S0033291714000981
https://doi.org/10.1016/j.biopsych.2009.11.028
https://doi.org/10.1038/nn.3344
https://doi.org/10.1016/S0140-6736(02)11339-0
https://doi.org/10.1056/NEJMoa0708514
https://doi.org/10.1016/S0140-6736(99)02376-4
https://doi.org/10.1016/S0140-6736(99)02376-4
https://doi.org/10.1016/j.wneu.2012.07.010
https://doi.org/10.1016/j.brs.2018.11.012
https://doi.org/10.1016/s0896-6273(00)00113-6
https://doi.org/10.1016/j.eurpsy.2018.01.005
https://doi.org/10.1152/jn.00275.2015
https://doi.org/10.1016/j.mri.2018.11.014
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.3174/ajnr.A2638
https://doi.org/10.3174/ajnr.A2638
https://doi.org/10.1176/ajp.156.9.1409
https://doi.org/10.1016/j.psc.2006.02.006
https://doi.org/10.1001/archpsyc.61.6.564
https://doi.org/10.1016/j.biopsych.2012.10.006
https://doi.org/10.1159/000352003
https://doi.org/10.1038/s41583-018-0013-4
https://doi.org/10.1093/cercor/10.3.206
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Senova et al. Individualized DBS for Refractory OCD
30. Öngür D, Ferry AT, Price JL. Architectonic subdivision of the human orbital
and medial prefrontal cortex. J Comp Neurol (2003) 460:425–49. doi:
10.1002/cne.10609

31. Jin J, Maren S. Prefrontal-Hippocampal interactions in memory and
emotion. Front Syst Neurosci (2015) 9:170. doi: 10.3389/fnsys.2015.00170

32. Bzdok D, Heeger A, Langner R, Laird AR, Fox PT, Palomero-Gallagher N,
et al. Subspecialization in the human posterior medial cortex. Neuroimage
(2015) 106:55–71. doi: 10.1016/j.neuroimage.2014.11.009

33. Cole MW, Ito T, Braver TS. Lateral prefrontal cortex contributes to fluid
intelligence through multinetwork connectivity. Brain Connect (2015)
5:497–504. doi: 10.1089/brain.2015.0357

34. Menon B. Towards a new model of understanding – The triple network,
psychopathology and the structure of the mind. Med Hypotheses (2019)
133:109385. doi: 10.1016/j.mehy.2019.109385

35. Yeo BTT, Krienen FM, Eickhoff SB, Yaakub SN, Fox PT, Buckner RL, et al.
Functional specialization and flexibility in human association cortex. Cereb
Cortex (2015) 25:3654–72. doi: 10.1093/cercor/bhu217

36. Curtis CE, D’Esposito M. Persistent activity in the prefrontal cortex during
working memory. Trends Cognit Sci (2003) 7:415–23. doi: 10.1016/s1364-
6613(03)00197-9

37. Corbetta M, Miezin FM, Dobmeyer S, Shulman GL, Petersen SE. Selective
and divided attention during visual discriminations of shape, color, and
speed: functional anatomy by positron emission tomography. J Neurosci
(1991) 11:2383–402.

38. Parent A, Hazrati LN. Functional anatomy of the basal ganglia. I. The
cortico-basal ganglia-thalamo-cortical loop. Brain Res Rev (1995) 20:91–127.
doi: 10.1016/0165-0173(94)00007-c

39. Parent A. Extrinsic connections of the basal ganglia. Trends Neurosci (1990)
13:254–8. doi: 10.1016/0166-2236(90)90105-J

40. Albin RL, Young AB, Penney JB. The functional anatomy of basal ganglia
disorders. Trends Neurosci (1989) 12:366–75. doi: 10.1016/0166-2236(89)
90074-X

41. Nambu A, Tokuno H, Takada M. Functional significance of the cortico–
subthalamo–pallidal ‘hyperdirect’ pathway. Neurosci Res (2002) 43:111–7.
doi: 10.1016/S0168-0102(02)00027-5

42. Tremblay L, Worbe Y, Thobois S, Sgambato-Faure V, Féger J. Selective
dysfunction of basal ganglia subterritories: from movement to behavioral
disorders. Mov Disord (2015) 30:1155–70. doi: 10.1002/mds.26199

43. Worbe Y, Baup N, Grabli D, Chaigneau M, Mounayar S, McCairn K, et al.
Behavioral andmovement disorders induced by local inhibitory dysfunction in
primate striatum.Cereb Cortex (2009) 19:1844–56. doi: 10.1093/cercor/bhn214

44. François C, Grabli D, McCairn K, Jan C, Karachi C, Hirsch E-C, et al.
Behavioural disorders induced by external globus pallidus dysfunction in
primates II. Anatomical study. Brain (2004) 127:2055–70. doi: 10.1093/
brain/awh239

45. Karachi C, François C, Parain K, Bardinet E, Tandé D, Hirsch E, et al. Three-
dimensional cartography of functional territories in the human
striatopallidal complex by using calbindin immunoreactivity. J Comp
Neurol (2002) 450:122–34. doi: 10.1002/cne.10312

46. Grabli D, McCairn K, Hirsch EC, Agid Y, Féger J, François C, et al.
Behavioural disorders induced by external globus pallidus dysfunction in
primates: I. Behavioural study. Brain (2004) 127:2039–54. doi: 10.1093/
brain/awh220

47. Haber SN, Fudge JL, McFarland NR. Striatonigrostriatal pathways in
primates form an ascending spiral from the shell to the dorsolateral
striatum. J Neurosci (2000) 20:2369–82.

48. Haber SN. The place of dopamine in the cortico-basal ganglia circuit.
Neuroscience (2014) 282:248–57. doi: 10.1016/j.neuroscience.2014.10.008

49. Cocchi L, Zalesky A, Nott Z, Whybird G, Fitzgerald PB, Breakspear M.
Transcranial magnetic stimulation in obsessive-compulsive disorder: a focus
on network mechanisms and state dependence. NeuroImage Clin (2018)
19:661–74. doi: 10.1016/j.nicl.2018.05.029

50. Prasko J, Pasková B, Záleský R, Novák T, Kopecek M, Bares M, et al. The
effect of repetitive transcranial magnetic stimulation (rTMS) on symptoms
in obsessive compulsive disorder. A randomized, double blind, sham
controlled study. Neuro Endocrinol Lett (2006) 27:327–32.

51. Gomes PVO, Brasil-Neto JP, Allam N, Rodrigues de Souza E. A randomized,
double-blind trial of repetitive transcranial magnetic stimulation in
Frontiers in Psychiatry | www.frontiersin.org 10
obsessive-compulsive disorder with three-month follow-up. J
Neuropsychiatry Clin Neurosci (2012) 24:437–43. doi: 10.1176/
appi.neuropsych.11100242

52. Mantovani A, Rossi S, Bassi BD, Simpson HB, Fallon BA, Lisanby SH.
Modulation of motor cortex excitability in obsessive-compulsive disorder: an
exploratory study on the relations of neurophysiology measures with clinical
outcome. Psychiatry Res (2013) 210:1026–32. doi: 10.1016/j.psychres.2013.
08.054

53. MantovaniA,SimpsonHB,FallonBA,Rossi S,LisanbySH.Randomized sham-
controlled trial of repetitive transcranial magnetic stimulation in treatment-
resistant obsessive–compulsive disorder. Int J Neuropsychopharmacol (2010)
13:217. doi: 10.1017/S1461145709990435

54. Pelissolo A, Harika-GermaneauG, Rachid F, Gaudeau-Bosma C, TanguyM-L,
BenAdhira R, et al. Repetitive transcranial magnetic stimulation to
supplementary motor area in refractory obsessive-compulsive disorder
treatment: a sham-controlled trial. Int J Neuropsychopharmacol (2016) 19:
pyw025. doi: 10.1093/ijnp/pyw025

55. Ruffini C, Locatelli M, Lucca A, Benedetti F, Insacco C, Smeraldi E.
Augmentation effect of repetitive transcranial magnetic stimulation over
the orbitofrontal cortex in drug-resistant obsessive-compulsive disorder
patients. Prim Care Companion J Clin Psychiatry (2009) 11:226–30. doi:
10.4088/PCC.08m00663

56. Nauczyciel C, Le Jeune F, Naudet F, Douabin S, Esquevin A, Vérin M, et al.
Repetitive transcranial magnetic stimulation over the orbitofrontal cortex for
obsessive-compulsive disorder: a double-blind, crossover study. Transl
Psychiatry (2014) 4:e436–6. doi: 10.1038/tp.2014.62

57. Elbeh KAM, Elserogy YMB, Khalifa HE, Ahmed MA, Hafez MH, Khedr EM.
Repetitive transcranial magnetic stimulation in the treatment of obsessive-
compulsive disorders: double blind randomized clinical trial. Psychiatry Res
(2016) 238:264–9. doi: 10.1016/j.psychres.2016.02.031

58. Seo H-J, Jung Y-E, Lim HK, Um Y-H, Lee CU, Chae J-H. Adjunctive low-
frequency repetitive transcranial magnetic stimulation over the right
dorsolateral prefrontal cortex in patients with treatment-resistant
obsessive-compulsive disorder: a randomized controlled trial. Clin
Psychopharmacol Neurosci (2016) 14:153–60. doi: 10.9758/cpn.2016.14.
2.153

59. Sarkhel S, Sinha VK, Praharaj SK. Adjunctive high-frequency right
prefrontal repetitive transcranial magnetic stimulation (rTMS) was not
effective in obsessive–compulsive disorder but improved secondary
depression. J Anxiety Disord (2010) 24:535–9. doi: 10.1016/j.janxdis.2010.
03.011

60. Mansur CG, Myczkowki ML, de Barros Cabral S, Sartorelli M do CB, Bellini
BB, Dias ÁM, et al. Placebo effect after prefrontal magnetic stimulation in the
treatment of resistant obsessive-compulsive disorder: a randomized
controlled trial. Int J Neuropsychopharmacol (2011) 14:1389–97. doi:
10.1017/S1461145711000575

61. Tyagi H, Apergis-Schoute AM, Akram H, Foltynie T, Limousin P,
Drummond LM, et al. A randomized trial directly comparing ventral
capsule and anteromedial subthalamic nucleus stimulation in obsessive-
compulsive disorder: clinical and imaging evidence for dissociable effects.
Biol Psychiatry (2019) 85:726–34. doi: 10.1016/j.biopsych.2019.01.017

62. Haynes WIA, Haber SN. The organization of prefrontal-subthalamic inputs
in primates provides an anatomical substrate for both functional specificity
and integration: implications for Basal Ganglia models and deep brain
stimulation. J Neurosci (2013) 33:4804–14. doi: 10.1523/JNEUROSCI.
4674-12.2013

63. Nambu A, Tokuno H, Inase M, Takada M. Corticosubthalamic input zones
from forelimb representations of the dorsal and ventral divisions of the
premotor cortex in the macaque monkey: comparison with the input zones
from the primary motor cortex and the supplementary motor area. Neurosci
Lett (1997) 239:13–6. doi: 10.1016/s0304-3940(97)00877-x

64. Gabriëls L, Cosyns P, Nuttin B, Demeulemeester H, Gybels J. Deep brain
stimulation for treatment-refractory obsessive-compulsive disorder:
psychopathological and neuropsychological outcome in three cases. Acta
Psychiatr Scand (2003) 107:275–82.

65. Nuttin B, Gybels J, Cosyns P, Gabriels L, Meyerson B, Andreewitch S, et al.
Deep brain stimulation for psychiatric disorders. Neurosurg Clin N Am
(2003) 14:xv–xvi. doi: 10.1016/s1042-3680(03)00007-x
December 2019 | Volume 10 | Article 905

https://doi.org/10.1002/cne.10609
https://doi.org/10.3389/fnsys.2015.00170
https://doi.org/10.1016/j.neuroimage.2014.11.009
https://doi.org/10.1089/brain.2015.0357
https://doi.org/10.1016/j.mehy.2019.109385
https://doi.org/10.1093/cercor/bhu217
https://doi.org/10.1016/s1364-6613(03)00197-9
https://doi.org/10.1016/s1364-6613(03)00197-9
https://doi.org/10.1016/0165-0173(94)00007-c
https://doi.org/10.1016/0166-2236(90)90105-J
https://doi.org/10.1016/0166-2236(89)90074-X
https://doi.org/10.1016/0166-2236(89)90074-X
https://doi.org/10.1016/S0168-0102(02)00027-5
https://doi.org/10.1002/mds.26199
https://doi.org/10.1093/cercor/bhn214
https://doi.org/10.1093/brain/awh239
https://doi.org/10.1093/brain/awh239
https://doi.org/10.1002/cne.10312
https://doi.org/10.1093/brain/awh220
https://doi.org/10.1093/brain/awh220
https://doi.org/10.1016/j.neuroscience.2014.10.008
https://doi.org/10.1016/j.nicl.2018.05.029
https://doi.org/10.1176/appi.neuropsych.11100242
https://doi.org/10.1176/appi.neuropsych.11100242
https://doi.org/10.1016/j.psychres.2013.08.054
https://doi.org/10.1016/j.psychres.2013.08.054
https://doi.org/10.1017/S1461145709990435
https://doi.org/10.1093/ijnp/pyw025
https://doi.org/10.4088/PCC.08m00663
https://doi.org/10.1038/tp.2014.62
https://doi.org/10.1016/j.psychres.2016.02.031
https://doi.org/10.9758/cpn.2016.14.2.153
https://doi.org/10.9758/cpn.2016.14.2.153
https://doi.org/10.1016/j.janxdis.2010.03.011
https://doi.org/10.1016/j.janxdis.2010.03.011
https://doi.org/10.1017/S1461145711000575
https://doi.org/10.1016/j.biopsych.2019.01.017
https://doi.org/10.1523/JNEUROSCI.4674-12.2013
https://doi.org/10.1523/JNEUROSCI.4674-12.2013
https://doi.org/10.1016/s0304-3940(97)00877-x
https://doi.org/10.1016/s1042-3680(03)00007-x
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Senova et al. Individualized DBS for Refractory OCD
66. Abelson JL, Curtis GC, Sagher O, Albucher RC, Harrigan M, Taylor SF, et al.
Deep brain stimulation for refractory obsessive-compulsive disorder. Biol
Psychiatry (2005) 57:510–6. doi: 10.1016/j.biopsych.2004.11.042

67. Greenberg BD, Malone DA, Friehs GM, Rezai AR, Kubu CS, Malloy
PF, et al. Three-year outcomes in deep brain stimulation for highly
resistant obsessive-compulsive disorder. Neuropsychopharmacology (2006)
31:2384–93. doi: 10.1038/sj.npp.1301165

68. Huys D, Kohl S, Baldermann JC, Timmermann L, Sturm V, Visser-
Vandewalle V, et al. Open-label trial of anterior limb of internal capsule-
nucleus accumbens deep brain stimulation for obsessive-compulsive
disorder: insights gained. J Neurol Neurosurg Psychiatry (2019) 90(7):805–
12. doi: 10.1136/jnnp-2018-318996

69. Nuttin B, Wu H, Mayberg H, Hariz M, Gabriëls L, Galert T, et al. Consensus
on guidelines for stereotactic neurosurgery for psychiatric disorders. J Neurol
Neurosurg Psychiatry (2014) 85(9). doi: 10.1136/jnnp-2013-306580

70. Hartmann CJ, Lujan JL, Chaturvedi A, Goodman WK, Okun MS, McIntyre
CC, et al. Tractography activation patterns in dorsolateral prefrontal cortex
suggest better clinical responses in OCD DBS. Front Neurosci (2016) 9:519.
doi: 10.3389/fnins.2015.00519

71. Bonelli RM, Cummings JL. Frontal-subcortical circuitry and behavior.
Dialogues Clin Neurosci (2007) 9:141–51.

72. Aron AR, Monsell S, Sahakian BJ, Robbins TW. A componential analysis of
task-switching deficits associated with lesions of left and right frontal cortex.
Brain (2004) 127:1561–73. doi: 10.1093/brain/awh169

73. Elliott R, Agnew Z, Deakin JFW. Hedonic and informational functions of the
human orbitofrontal cortex. Cereb Cortex (2010) 20:198–204. doi: 10.1093/
cercor/bhp092

74. Milad MR, Rauch SL. Obsessive-compulsive disorder: beyond segregated
cortico-striatal pathways. Trends Cognit Sci (2012) 16:43–51. doi: 10.1016/
j.tics.2011.11.003

75. Baldermann JC, Melzer C, Zapf A, Kohl S, Timmermann L, Tittgemeyer M,
et al. Connectivity profile predictive of effective deep brain stimulation in
obsessive-compulsive disorder. Biol Psychiatry (2019) 85:735–43. doi:
10.1016/j.biopsych.2018.12.019

76. Yelnik J, Bardinet E, Dormont D, Malandain G, Ourselin S, Tandé D, et al. A
three-dimensional, histological and deformable atlas of the human basal
ganglia. I. Atlas construction based on immunohistochemical and MRI data.
Neuroimage (2007) 34:618–38. doi: 10.1016/j.neuroimage.2006.09.026

77. Greenberg BD, Rauch SL, Haber SN. Invasive circuitry-based
neurotherapeutics: stereotactic ablation and deep brain stimulation for OCD.
Neuropsychopharmacology (2010) 35:317–36. doi: 10.1038/npp.2009.128

78. Tsai H-C, Chang C-H, Pan J-I, Hsieh H-J, Tsai S-T, Hung H-Y, et al. Pilot
study of deep brain stimulation in refractory obsessive-compulsive disorder
ethnic Chinese patients. Psychiatry Clin Neurosci (2012) 66:303–12. doi:
10.1111/j.1440-1819.2012.02352.x

79. Roh D, Chang WS, Chang JW, Kim C-H. Long-term follow-up of deep brain
stimulation for refractory obsessive-compulsive disorder. Psychiatry Res
(2012) 200:1067–70. doi: 10.1016/j.psychres.2012.06.018

80. Fayad SM, Guzick AG, Reid AM, Mason DM, Bertone A, Foote KD, et al.
Six-Nine year follow-up of deep brain stimulation for obsessive-compulsive
disorder. PloS One (2016) 11:e0167875. doi: 10.1371/journal.pone.0167875

81. Fullana MA, Zhu X, Alonso P, Cardoner N, Real E, López-Solà C, et al.
Basolateral amygdala-ventromedial prefrontal cortex connectivity predicts
cognitive behavioural therapy outcome in adults with obsessive-compulsive
disorder. J Psychiatry Neurosci (2017) 42:378–85. doi: 10.1503/jpn.160215

82. Apergis-Schoute AM, Gillan CM, Fineberg NA, Fernandez-Egea E, Sahakian
BJ, Robbins TW. Neural basis of impaired safety signaling in obsessive
compulsive disorder. Proc Natl Acad Sci U.S.A. (2017) 114:3216–21. doi:
10.1073/pnas.1609194114

83. Hikosaka O. The habenula: from stress evasion to value-based decision-
making. Nat Rev Neurosci (2010) 11:503–13. doi: 10.1038/nrn2866

84. Guehl D, Benazzouz A, Aouizerate B, Cuny E, Rotgé J-Y, Rougier A, et al.
Neuronal correlates of obsessions in the caudate nucleus. Biol Psychiatry
(2008) 63:557–62. doi: 10.1016/j.biopsych.2007.06.023

85. Plewnia C, Schober F, Rilk A, Buchkremer G, Reimold M, Wächter T,
et al. Sustained improvement of obsessive-compulsive disorder by deep
brain stimulation in a woman with residual schizophrenia. Int J
Neuropsychopharmacol (2008) 11:1181–3. doi: 10.1017/S1461145708009188
Frontiers in Psychiatry | www.frontiersin.org 11
86. Franzini A, Messina G, Gambini O, Muffatti R, Scarone S, Cordella R, et al.
Deep-brain stimulation of the nucleus accumbens in obsessive compulsive
disorder: clinical, surgical and electrophysiological considerations in two
consecutive patients. Neurol Sci (2010) 31:353–9. doi: 10.1007/s10072-009-
0214-8

87. Real E, Plans G, Alonso P, Aparicio MA, Segalàs C, Cardoner N, et al.
Removing and reimplanting deep brain stimulation therapy devices in
resistant OCD (when the patient does not respond): case report. BMC
Psychiatry (2016) 16:26. doi: 10.1186/s12888-016-0730-z

88. Kohl S, Baldermann JC, Huys D, Visser-Vandewalle V, Kuhn J. EP 16.
Nucleus accumbens stimulation in severe obsessive compulsive disorder.
Clin Neurophysiol (2016) 127:e181. doi: 10.1016/j.clinph.2016.05.209

89. Huff W, Lenartz D, Schormann M, Lee S-H, Kuhn J, Koulousakis A, et al.
Unilateral deep brain stimulation of the nucleus accumbens in patients with
treatment-resistant obsessive-compulsive disorder: outcomes after one year.
Clin Neurol Neurosurg (2010) 112:137–43. doi: :10.1016/j.clineuro.2009.
11.006

90. Denys D, Mantione M, Figee M, van den Munckhof P, Koerselman F,
Westenberg H, et al. Deep brain stimulation of the nucleus accumbens for
treatment-refractory obsessive-compulsive disorder. Arch Gen Psychiatry
(2010) 67:1061. doi: 10.1001/archgenpsychiatry.2010.122

91. Knyazev GG. EEG delta oscillations as a correlate of basic homeostatic and
motivational processes. Neurosci Biobehav Rev (2012) 36:677–95. doi:
10.1016/j.neubiorev.2011.10.002

92. Neto LL, Oliveira E, Correia F, Ferreira AG. The human nucleus accumbens:
where is it? a stereotactic, anatomical and magnetic resonance imaging
study. Neuromodulation Technol Neural Interface (2008) 11:13–22. doi:
10.1111/j.1525-1403.2007.00138.x

93. Salgado S, Kaplitt MG. The nucleus accumbens: a comprehensive review.
Stereotact Funct Neurosurg (2015) 93:75–93. doi: 10.1159/000368279

94. Xia X, Fan L, Cheng C, Eickhoff SB, Chen J, Li H, et al. Multimodal
connectivity-based parcellation reveals a shell-core dichotomy of the human
nucleus accumbens. Hum Brain Mapp (2017) 38:3878–98. doi: 10.1002/
hbm.23636

95. Su S, Lu N, Jia L, Long X, Jiang C, ZhangH, et al. High spatial resolution BOLD
fMRI using simultaneousmultislice excitationwith echo-shifting gradient echo
at 7 Tesla. Magn Reson Imaging (2018) pii: S0730–725X(18):30127–9. doi:
10.1016/j.mri.2018.08.019

96. Mallet L, Du Montcel ST, Clair A-H, Arbus C, Bardinet E, Baup N, et al.
Long-term effects of subthalamic stimulation in obsessive-compulsive
Disorder: follow-up of a randomized controlled trial. Brain Stimul (2019)
12(4):1080–82. doi: 10.1016/j.brs.2019.04.004

97. Mallet L, Schüpbach M, N’Diaye K, Remy P, Bardinet E, Czernecki V, et al.
Stimulation of subterritories of the subthalamic nucleus reveals its role in the
integration of the emotional and motor aspects of behavior. Proc Natl Acad
Sci USA (2007) 104:10661–6. doi: 10.1073/pnas.0610849104

98. Luyten L, Hendrickx S, Raymaekers S, Gabriëls L, Nuttin B. Electrical
stimulation in the bed nucleus of the stria terminalis alleviates severe
obsessive-compulsive disorder. Mol Psychiatry (2016) 21:1272–80. doi: 10.
1038/mp.2015.124

99. Witt K, Daniels C, Reiff J, Krack P, Volkmann J, Pinsker MO, et al.
Neuropsychological and psychiatric changes after deep brain stimulation
for Parkinson’s disease: a randomised, multicentre study. Lancet Neurol
(2008) 7:605–14. doi: 10.1016/S1474-4422(08)70114-5

100. Volkmann J, Daniels C, Witt K. Neuropsychiatric effects of subthalamic
neurostimulation in Parkinson disease. Nat Rev Neurol (2010) 6:487–98. doi:
10.1038/nrneurol.2010.111

101. Krack P, Batir A, Van Blercom N, Chabardes S, Fraix V, Ardouin C, et al.
Five-Year follow-up of bilateral stimulation of the subthalamic nucleus in
advanced parkinson’s disease. N Engl J Med (2003) 349:1925–34. doi: 10.
1056/NEJMoa035275

102. Morgiève M, N’diaye K, Haynes WIAIA, Granger B, Clair A-HH, Pelissolo A,
et al. Dynamics of psychotherapy-related cerebral haemodynamic changes in
obsessive compulsive disorder using a personalized exposure task in functional
magnetic resonance imaging. Psychol Med (2014) 44:1461–73. doi: 10.1017/
S0033291713002237

103. Vaghi MM, Vértes PE, Kitzbichler MG, Apergis-Schoute AM, van der Flier
FE, Fineberg NA, et al. Specific frontostriatal circuits for impaired cognitive
December 2019 | Volume 10 | Article 905

https://doi.org/10.1016/j.biopsych.2004.11.042
https://doi.org/10.1038/sj.npp.1301165
https://doi.org/10.1136/jnnp-2018-318996
https://doi.org/10.1136/jnnp-2013-306580
https://doi.org/10.3389/fnins.2015.00519
https://doi.org/10.1093/brain/awh169
https://doi.org/10.1093/cercor/bhp092
https://doi.org/10.1093/cercor/bhp092
https://doi.org/10.1016/j.tics.2011.11.003
https://doi.org/10.1016/j.tics.2011.11.003
https://doi.org/10.1016/j.biopsych.2018.12.019
https://doi.org/10.1016/j.neuroimage.2006.09.026
https://doi.org/10.1038/npp.2009.128
https://doi.org/10.1111/j.1440-1819.2012.02352.x
https://doi.org/10.1016/j.psychres.2012.06.018
https://doi.org/10.1371/journal.pone.0167875
https://doi.org/10.1503/jpn.160215
https://doi.org/10.1073/pnas.1609194114
https://doi.org/10.1038/nrn2866
https://doi.org/10.1016/j.biopsych.2007.06.023
https://doi.org/10.1017/S1461145708009188
https://doi.org/10.1007/s10072-009-0214-8
https://doi.org/10.1007/s10072-009-0214-8
https://doi.org/10.1186/s12888-016-0730-z
https://doi.org/10.1016/j.clinph.2016.05.209
https://doi.org/:10.1016/j.clineuro.2009.11.006
https://doi.org/:10.1016/j.clineuro.2009.11.006
https://doi.org/10.1001/archgenpsychiatry.2010.122
https://doi.org/10.1016/j.neubiorev.2011.10.002
https://doi.org/10.1111/j.1525-1403.2007.00138.x
https://doi.org/10.1159/000368279
https://doi.org/10.1002/hbm.23636
https://doi.org/10.1002/hbm.23636
https://doi.org/10.1016/j.mri.2018.08.019
https://doi.org/10.1016/j.brs.2019.04.004
https://doi.org/10.1073/pnas.0610849104
https://doi.org/10.1038/mp.2015.124
https://doi.org/10.1038/mp.2015.124
https://doi.org/10.1016/S1474-4422(08)70114-5
https://doi.org/10.1038/nrneurol.2010.111
https://doi.org/10.1056/NEJMoa035275
https://doi.org/10.1056/NEJMoa035275
https://doi.org/10.1017/S0033291713002237
https://doi.org/10.1017/S0033291713002237
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Senova et al. Individualized DBS for Refractory OCD
flexibility and goal-directed planning in obsessive-compulsive disorder:
evidence from resting-state functional connectivity. Biol Psychiatry (2017)
81:708–17. doi: 10.1016/j.biopsych.2016.08.009

104. Le Jeune F, Vérin M, N’Diaye K, Drapier D, Leray E, Du Montcel ST, et al.
Decrease of prefrontal metabolism after subthalamic stimulation in
obsessive-compulsive disorder: a positron emission tomography study. Biol
Psychiatry (2010) 68:1016–22. doi: 10.1016/j.biopsych.2010.06.033

105. Welter M-LL, Schüpbach M, Czernecki V, Karachi C, Fernandez-Vidal S,
Golmard J-LL, et al. Optimal target localization for subthalamic stimulation
in patients with Parkinson disease. Neurology (2014) 82:1352–61. doi:
10.1212/WNL.0000000000000315

106. McIntyre CC, Grill WM, Sherman DL, Thakor NV. Cellular effects of deep
brain stimulation: model-based analysis of activation and inhibition.
J Neurophysiol (2004) 91:1457–69. doi: 10.1152/jn.00989.2003

107. Welter M-L, Burbaud P, Fernandez-Vidal S, Bardinet E, Coste J, Piallat B,
et al. Basal ganglia dysfunction in OCD: subthalamic neuronal activity
correlates with symptoms severity and predicts high-frequency stimulation
efficacy. Transl Psychiatry (2011) 1:e5–5. doi: 10.1038/tp.2011.5

108. Piallat B, Polosan M, Fraix V, Goetz L, David O, Fenoy A, et al. Subthalamic
neuronal firing in obsessive-compulsive disorder and Parkinson disease. Ann
Neurol (2011) 69:793–802. doi: 10.1002/ana.22222

109. Zikopoulos B, Barbas H. Pathways for emotions and attention converge on
the thalamic reticular nucleus in primates. J Neurosci (2012) 32:5338–50. doi:
10.1523/JNEUROSCI.4793-11.2012

110. Hartikainen KM, Ogawa KH, Knight RT. Orbitofrontal cortex biases
attention to emotional events. J Clin Exp Neuropsychol (2012) 34:588–97.
doi: 10.1080/13803395.2012.666231

111. Cohen RM, Semple WE, Gross M, Nordahl TE, King AC, Pickar D, et al.
Evidence for common alterations in cerebral glucose metabolism in major
affective disorders and schizophrenia. Neuropsychopharmacology (1989)
2:241–54. doi: 10.1016/0893-133x(89)90028-6

112. Millet B, Dondaine T, Reymann J-M, Bourguignon A, Naudet F, Jaafari N,
et al. Obsessive compulsive disorder networks: positron emission
tomography and neuropsychology provide new insights. PloS One (2013)
8:e53241. doi: 10.1371/journal.pone.0053241

113. Rubin RT, Ananth J, Villanueva-Meyer J, Trajmar PG, Mena I. Regional
133xenon cerebral blood flow and cerebral 99mTc-HMPAO uptake in
patients with obsessive-compulsive disorder before and during treatment.
Biol Psychiatry (1995) 38:429–37. doi: 10.1016/0006-3223(94)00305-m
Frontiers in Psychiatry | www.frontiersin.org 12
114. Robbins TW, Vaghi MM, Banca P. Obsessive-compulsive disorder:
puzzles and prospects. Neuron (2019) 102:27–7. doi: 10.1016/
j.neuron.2019.01.046

115. Mataix-Cols D, do Rosario-Campos MC, Leckman JF. A multidimensional
model of obsessive-compulsive disorder. Am J Psychiatry (2005) 162:228–38.
doi: 10.1176/appi.ajp.162.2.228

116. Haynes WIA, Mallet L. High-frequency stimulation of deep brain structures
in obsessive-compulsive disorder: the search for a valid circuit. Eur J Neurosci
(2010) 32:1118–27. doi: 10.1111/j.1460-9568.2010.07418.x

117. Barcia JA, Avecillas-Chasín JM, Nombela C, Arza R, García-Albea J, Pineda-
Pardo JA, et al. Personalized striatal targets for deep brain stimulation in
obsessive-compulsive disorder. Brain Stimul (2019) 12:724–4. doi: 10.1016/
j.brs.2018.12.226

118. Kohl S, Schönherr DM, Luigjes J, Denys D, Mueller UJ, Lenartz D, et al. Deep
brain stimulation for treatment-refractory obsessive compulsive disorder: a
systematic review. BMC Psychiatry (2014) 14:214. doi: 10.1186/s12888-014-
0214-y

119. Safadi Z, Grisot G, Jbabdi S, Behrens TE, Heilbronner SR, McLaughlin NCR,
et al. Functional segmentation of the anterior limb of the internal capsule:
linking white matter abnormalities to specific connections. J Neurosci (2018)
38:2106–117. doi: 10.1523/JNEUROSCI.2335-17.2017

120. Steigerwald F, Müller L, Johannes S, Matthies C, Volkmann J. Directional
deep brain stimulation of the subthalamic nucleus: a pilot study using a novel
neurostimulation device. Mov Disord (2016) 31:1240–3. doi: 10.1002/
mds.26669

121. Burguière E, Monteiro P, Feng G, Graybiel AM. Optogenetic stimulation of
lateral orbitofronto-striatal pathway suppresses compulsive behaviors.
Science (2013) 340:1243–6. (80). doi: 10.1126/science.1232380

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Senova, Clair, Palfi, Yelnik, Domenech and Mallet. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
December 2019 | Volume 10 | Article 905

https://doi.org/10.1016/j.biopsych.2016.08.009
https://doi.org/10.1016/j.biopsych.2010.06.033
https://doi.org/10.1212/WNL.0000000000000315
https://doi.org/10.1152/jn.00989.2003
https://doi.org/10.1038/tp.2011.5
https://doi.org/10.1002/ana.22222
https://doi.org/10.1523/JNEUROSCI.4793-11.2012
https://doi.org/10.1080/13803395.2012.666231
https://doi.org/10.1016/0893-133x(89)90028-6
https://doi.org/10.1371/journal.pone.0053241
https://doi.org/10.1016/0006-3223(94)00305-m
https://doi.org/10.1016/j.neuron.2019.01.046
https://doi.org/10.1016/j.neuron.2019.01.046
https://doi.org/10.1176/appi.ajp.162.2.228
https://doi.org/10.1111/j.1460-9568.2010.07418.x
https://doi.org/10.1016/j.brs.2018.12.226
https://doi.org/10.1016/j.brs.2018.12.226
https://doi.org/10.1186/s12888-014-0214-y
https://doi.org/10.1186/s12888-014-0214-y
https://doi.org/10.1523/JNEUROSCI.2335-17.2017
https://doi.org/10.1002/mds.26669
https://doi.org/10.1002/mds.26669
https://doi.org/10.1126/science.1232380
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

	Deep Brain Stimulation for Refractory Obsessive-Compulsive Disorder: Towards an Individualized Approach
	Introduction
	The Fronto-Striato-Pallido-Thalamic Circuit
	Striatal Region
	Anterior Limb of the Internal Capsule
	Ventral Capsule/Ventral Striatum
	Nucleus Accumbens

	Subthalamic Nucleus
	Inferior Thalamic Peduncle
	Towards the Individualization of the OCD-DBS Target
	Conclusion
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


