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Deep Brain Stimulation (DBS) is a therapeutic option for treatment resistant (TR) obsessive-compulsive disorder (OCD). The OCD
network comprises different sub-networks with homeostatic functions, altered under disease and modifiable with DBS.
Connectomic analyses of DBS data sets have defined fiber selections explaining anti-OCD efficacy. This is a retrospective stimulation
and outcome derived anatomical overlay analysis of 26 TR-OCD patients who received DBS at two academic centers. Grenoble, 14
anteromedial subthalamic nucleus (amSTN); Freiburg, 12 superolateral medial forebrain bundle (sIMFB). Yale-Brown Obsessive
Compulsive Scale improvement at 24 months served as outcome parameter. Structural proximity and outcomes were correlated
using individual volumes of activated tissue for STN, sIMFB, ORT (average OCD response tract) and further structures based on
atlases or established connectomes. Connectomes (sIMFB, ORT) were inspected for structural congruences. Normative connectomic
data served to investigate cortical fiber penetration for the two target regions. Cortical sub-network conjugations were evaluated as
peak levels. Our analyses revealed that ORT represents a fiber selection from the sIMFB. DBS of amSTN and sIMFB each address
distinctive sub-networks while deep amSTN DBS can also address sIMFB. Sub-network conjugations project amongst other regions
onto the dorsomedial prefrontal cortex (dmPFC). The average ORT fiber selection is an integral part of the generic sIMFB. Anti-OCD
effects of amSTN DBS are not entirely explained by ORT overlay. The sIMFB is dispersed and encompasses all OCD sub-networks
and might qualify as a common DBS target when stimulated close to the ventral tegmental area. The dmPFC emerges as an

interesting conjugation/hub between OCD sub-networks.
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INTRODUCTION

Obsessive-compulsive disorder (OCD) is characterized by ego-
dystonic thoughts or urges, often accompanied by alleviating
compulsive actions. OCD has a lifetime prevalence ranging from 1
to 3% [1] and frequently manifests during childhood, adolescence
or early adulthood. Effective treatments for OCD include cognitive
behavioral psychotherapy with exposures and response manage-
ment, selective serotonin reuptake inhibitors, or a combination of
both. However, treatment refractory OCD (TR-OCD) - a condition
where patients do not adequately respond to an intensified
combination of the above mentioned treatments - amounts to a
rate of 30-40% [2]. TR-OCD can be addressed with deep brain
stimulation (DBS) [3]. Several target regions have been utilized for
DBS, mostly in open case series [4-10], but also in randomized
controlled trials [11, 12]. For a recent review on the topic, please

refer to [13]. Target regions for DBS are (amongst others) the
anterior limb of the internal capsule (ALIC) [14, 15], anteromedial
(am) subthalamic nucleus (STN) [15-17], bed nucleus of the stria
terminalis [4, 12] and the superolateral branch of the medial
forebrain bundle (sIMFB) [8, 10, 18].

Connectomic studies, utilizing diffusion tensor magnetic resonance
imaging (DTI) fiber tracking, set out to explain the effectiveness of
DBS for OCD in distinct targets [15, 19, 20] and found connectivity to
either thalamo-frontal fiber systems, the sIMFB [10, 21, 22], or
projections to the medial orbitofrontal cortex (for ALIC), lateral
orbitofrontal cortex (or vIPFC) and anterior dorsal cingulate cortex (for
amSTN target) as explanations. In a further effort, a common structure
was described that explained the effectiveness of the distinct DBS
target regions. Ever since the publication of this unified connectomic
tract target derived from multi-institutional data sets in distinct target
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regions by Li et al. [23], there have been numerous publications which
replicate this finding [12, 24-27]. Most recently and in a stimulation
derived anatomical overlap study anti-OCD effects could be
prospectively predicted based on the connectome proposed by Li
et al. [28]. To our knowledge, the authors never intended to lead an
anatomical discussion but merely describe a principle streamline
connectivity which correlates with anti-OCD effects when targeted
with the DBS technology regardless of the involved target region.
Despite this, groups have always speculated about the tract's
anatomy. The tract was initially found to be at least confluent if not
identical with the sIMFB [29] which had previously been utilized as a
target structure for DBS in TR-OCD in its own right [8, 18]. Because of
the tract’s suspected direct connection to the amSTN, other authors
have interpreted it as a limbic hyperdirect pathway [25, 26] - a
structure that had previously been described by Haynes et al. [30] in
the macaque. To date the anatomy of this fiber selection - now
referred to as the average OCD response tract (ORT) by the author
group [28] - has not been cleared up. This is especially true for the
ORT's course into the diencephalic-mesencephalic junction (DMJ) and
its potential relation to the STN.

OCD is currently regarded as a network disease and the OCD
network can - depending on the nomenclature used - be
subdivided into four sub-networks [21] or five sub-circuits [31].
Sub-networks or circuits can be systematically related to core-
symptoms of OCD [21, 31] (Suppl.-Table 1). The ORT was in its first
publication identified as a potential common pathway explaining
effectiveness of all DBS target regions [23]. A further analysis of the
ORT's connectivity (OFC to midbrain) allows its allocation to a single
sub-network, namely the reward/maintenance network (RMN) [21]
or the ventral affective circuit [31], respectively. One conceptual
problem in the description of such a common pathway is the
implicit assumption that anti-OCD effectiveness of all DBS target
regions might relate to a common mechanism (e.g. stimulation of
the RMN). This excludes the possibility that hierarchically higher
network levels might be addressed out of distinct target regions
residing in different subnetworks. When looking at a common
pathway concept, therefore several questions arise: Under which
circumstances is it possible that different DBS target regions unfold
their effectiveness via just one single pathway (ORT) [23]? Is there a
role for the previously found fronto-thalamic pathways which
clearly are part of yet another sub-network (Affect network (AN);
[21]) and which have been identified in different studies [15, 19, 20]
but implicitly are excluded with description of an ORT concept? Is it
conceivable that a complex disease like OCD might in reality
therapeutically be influenced from different angles with DBS,
achieving a modulation of the OCD-network ensemble while
targeting anatomically and functionally distinct sub-networks? In
our case: Do amSTN and sIMFB DBS exert their effect by only
affecting the fiber selection previously described as ORT, or can they
be effective via distinct mechanisms (sub-networks)?

Against the background of the advancing knowledge concern-
ing the limbic connections of the DMJ - including the STN and the
ventral tegmental area (VTA) [32-34] - it appeared timely to shed
more light on ORT anatomy and on the common DBS pathway
concept for OCD. We here present a DTl-based joint connectomic
evaluation of two OCD DBS patient cohorts that modulate distinct
target regions in the midbrain/DMJ (Grenoble, amSTN; Freiburg,
sIMFB). This analysis was performed with the explicit hypothesis
that each of the two nearby target regions potentially address
different sub-components of the OCD network, speculatively
executing the above described effects on a hierarchical higher
network level for an overall anti-OCD effect.

MATERIALS AND METHODS

Data

Freiburg: Patients with TR-OCD who previously had received bilateral sIMFB-
DBS were selected for analysis, if they gave informed consent to our DBS
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registry that adheres to the principles of the Helsinki Declaration and received
approval from institutional review board (no.21-1274). Grenoble: We utilized the
identical TR-OCD cohort that was initially used to characterize the ORT as a
connectome [23]. Ethical considerations and selection criteria of the cohort are
identical to [17]. Clinical characterizations of the Freiburg and Grenoble cohorts
can be found in Suppl.-Tables 2 and 3. In both groups, the Yale-Brown obsessive
compulsive scale (Y-BOCS) was assessed to measure the severity of obsessions
and compulsions. It is a clinician-rating scale with a maximum sum score of 40
points. To quantify improvement, the assessment closest to 24 months after
intervention was taken and compared to the preoperative baseline by division.

Imaging

We performed a side-by-side analysis of effective electrode contacts and
volume of activated tissue (VAT) studies for the amSTN target (Grenoble) and
the sIMFB target (Freiburg) in a common space (MNI 152) and included
tractographic models of the ORT, the sIMFB as well as atlas models of VTA
and STN. For the Grenoble cohort, we refer to [17] for details about imaging
and processing. For the Freiburg group, we used the post-operative CT to
localize lead and active contact coordinates in MNI space following the Deep
Learning approach proposed in [35]. In cases where more than one contact
was active, the geometric center was assumed. In all patients, the latest
available CT image acquired on a Siemens SOMATOM Definition AS
(reconstruction kernel H30s, slice thickness 1 mm, tube voltage 120kV)
was used to avoid brain shift related distortions, which are more likely for
images taken shortly after the actual intervention [36].

Image processing

Because of a lack of subject individual and comparable DT imaging from
either cohort, we used preexisting streamline renditions of target
structures in MNI space [32]. To relate the stimulation site with the
involved structures, we first determined overlap values of the VAT with the
streamlines of midbrain connectome in [32] and computed the correlation
values of streamline overlap and clinical improvement for visualization (see
Figs. 1, 2). Secondly, we rendered streamline representations of white
matter bundles in MNI space onto an isotropic imaging matrix of 0.22 mm
resolution and smoothed it by a Gaussian kernel with a sigma of 2 mm. The
so constructed streamline density images are used to quantify the
involvement of the corresponding structure statistically (see Fig. 3). For
modeling the volume of activated tissue (VAT), we assumed a tissue
conductivity of 0=0.1 S/m and an activation threshold of £=0.2V/mm
(see e.g. [37]). For simulation, we followed an analytic approach based on
Coulomb’s law and computed the activation radius to be r = \/I/4noE for
a given current / (see e.g. [37, 38]). The activation of a certain streamline
bundle was then designated to be the average of the corresponding
density image within the activation radius around the electrode contact.
The streamline bundles we used are based on [32] and relate to the sIMFB.
In particular, following the nomenclature in [32], we used the mesocortical
and mesolimbic parts of the sIMFB, the prefrontal cortex pathway
traversing the VTA (motor MFB) [39] and the fronto-pontine tract (P1).
The streamline bundle representing the ORT was taken from [23]. Similarly,
we used the subthalamic nucleus (taken from [40]) and ventral tegmental
area (from [41]) as additional structures. To understand the potential
difference of the networks addressed by the Grenoble (amSTN) and
Freiburg (sIMFB) stimulations, we selected streamlines from a normative
structural connectome (n=80 subjects, Human Connectome Project,
https://ida.loni.usc.edu/login. jsp) in MNI [32] space based on global
tractography [32, 42] (see Fig. 4). Streamlines were selected based on
spherical ROIs (2 mm diameter) around the stimulation coordinates of the
groups and the selections were used to render terminal densities (on an
imaging matrix of 1 mm resolution) and smoothed with a Gaussian kernel
of width 3 mm to be projected on the gray/white matter transition surface.

Statistical analysis

For statistical analysis (Fig. 3), we pooled left and right hemispheric
simulations into one dataset and performed simple univariate linear
regression with “improvement” as the dependent variable. We report
p-value and adjusted R® All statistical analysis was performed with MATLAB
2021a (MathWorks) using the “fitlm” function. To better understand the
predictive value of the involved structures, we performed cross-validation
tests. Due to the small sample size, we refrained from doing a true k-fold
cross-validation, which would be more proper [43], and performed just a
leave-one-out testing of the above univariate, linear regression problem.
We computed the corresponding 1-R? ie. the mean-squared out-of-
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sIMFB sIMFB
short-range long-range

Fig. 1 Two OCD-DBS connectomes. The ORT (A, purple) [23] and the sIMFB (B,C, green) [32, 48-50, 70] bear a clear amount of resemblance/
overlap. A The group of yellow spheres indicate actual effective sIMFB DBS VATs the Freiburg cohort [18]. Note how these spheres project in
proximity to but not exactly onto the ORT [23] while perfectly hitting sIMFB. B Superimposition of sIMFB connectome (short-range) and
C, long-range. sIMFB connectome taken from [32]. Inset in € shows the distinction between ORT/sIMFB as such that sIMFB reaches further
dmPFC regions. D-F Details from upper corresponding panel but enriched with E, sSIMFB and F, motor MFB [39] as a third connectome.
G, H View from posterior especially focussing on the connectome relations to STN, VTA and anterior limb of the internal capsule (ICa). Inset in
lower panel taken from [21] showing the inferior and lateral position of the reward network in ICa. ORT and sIMFB leave ICa at its deepest
portion (superior to anterior commissure, ac) rather laterally. G Left ORT connectome touches STN superficially while on the right side fibers
appear to enter the STN from out of the hypothalamus. Such fiber route is unphysiological according to [32, 33, 81] and presumably the result
of an anatomically unsupervised fiber selection. H sIMFB follows the fiber corridor and deconstructs into a medial (mesolimbic) and lateral
(mesocortical) portion.

sample prediction error normalized by the variance over the whole group. cardiac cause) at 21 months after implantation [8]. The final Freiburg
Note, that in this way R* might become negative [43]. cohort therefore consists of n =12 patients (4 female, 8 male; age:
For visualization and interpretation, we overlaid the streamline 40]+/_‘]0'| years). Pre-DBS Yale-Brown Obsessive Compulsive Scale
structures (ORT, sIMFB) and the stimulation coordinates on the Big Brain (Y-BOCS) [45] was 34.3--/—4.4 (sum score 4-/— SD), mean 24 months -
MRI atlas [44]. All vi_suali_zations were performed within the NORA improvement 0.44-/—0.25 (rate of improvement sum score -+/— SD).
framework (www.nora-imaging.org). The Grenoble cohort consisted of n = 14 with Y-BOCS preoperative
334+4/-3.7, mean 24 months - improvement 0.46+/—0.29. See

RESULTS Suppl.-Tables 2 and 3 for further details.

Patient cohorts

The Freiburg cohort initially comprised n= 17 patients. In order to
streamline outcome parameters with the second cohort from
Grenoble, 3 patients had to be excluded as the 24 months outcome
was not available; one patient because no compulsions were present;
and another patient because of death (of unknown but presumably

Comparison of ORT and sIMFB connectomes

Figure 1 shows a direct comparison of the two principal connectomes
for ORT and sIMFB in a common space (big brain, MNI environment
[44]). PFC connectivity appears similar, although the sIMFB long range
connectome additionally connects to the dorsomedial prefrontal

SPRINGER NATURE Molecular Psychiatry (2025) 30:4274 - 4285
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CSIMFB)
(mesolimbic)

sIMFB
(meso-cortical)

Fig. 2 Volumes of activated tissue positions in the distinct target regions (amSTN VATs, blue spheres; sIMFB VATs green spheres). ORT
purple, sSIMFB green. For both target regions, VATs present as disjunct groups of spheres. A View from posterior left. DBS electrode lead
ensemble for Freiburg cohort only; B View from posterior right, including motorMFBs (yellow); C View from posterior left. VAT sizes (in A-C) are
not individual but set to an arbitrary 2 mm diameter. D Actual individual sizes of VTAs (halved for improved visualization) depending on stimulation
settings. Legend: STN, subthalamic nucleus; RN, red nucleus; P1, fronto-pontine tract (red). E-G Streamlines (sIMFB) from the midbrain atlas
proposed in [32] with the big-brain [44] as background. E View from lateral right, left streamlines shown only. F View from superior and back.
G Inset showing overview. Subthalamic nuclei (STN) and red nuclei (RN) were taken from [40]. The streamlines are colored by their correlation
values between VAT-overlap and response in both cohorts. The ORT (purple) is only displayed for orientation reasons and projects within most

correlating “activated” streamlines of the sIMFB.

cortex (dmPFC, cf. discussion). For both structures streamlines follow
a strict trans-hypothalamic medial route after leaving the anterior
limb of the internal capsule. ORT and sIMFB are congruent on their
course through hypothalamus and midbrain. However, there are
differences especially in the termination zone in the DMJ. It appears
that the ORT enters the STN / SN, a fiber route not taken by the sIMFB
connectome which in turn terminates in the VTA and not the STN.
Some overlap of the ORT with the previously described motorMFB is
visible.This appears to be an overlay with questionably spurious fibers
of the ORT connectome of unclear significance.

VAT analysis of the amSTN and the sIMFB cohorts

Figure 2 (upper panel, A-D) visualizes the distinct positions of
amSTN VATs (blue spheres) and sIMFB VATs (green spheres).
Responders and non-responders are not differentiated in this
figure. The two groups present as in principle spatially disjunct.
Figure 2 (lower panel, E-G) illustrates the principle correlation of
response and sIMFB fibers. This analysis reveals a somewhat more
lateralized left-sided effect. Moreover, this analysis reveals that the
ORT coincides with the most readily correlated fibers of the sIMFB.

Molecular Psychiatry (2025) 30:4274 - 4285

The principal results of the correlation/proximity (anatomical
overlay) analyses are shown in Fig. 3 (Grenoble, Freiburg and joint
analysis). The motorMFB and the ORT show significant correlations
for all three partitions (the Freiburg group, the Grenoble group
and its union). The meso-limbic and meso-cortical part of the
sIMFB show associations only for the Freiburg group. Also, the
proximity to the STN seems to be related to improvement but only
notable in the Grenoble group.

We further considered leave-one-out cross-validation for all
putative relationships. The results did not show substantial
differences to the classical significance testing. We found non-
negative R? values for the ORT (Grenoble 4%, combined 9%),
meso-cortical sIMFB (Freiburg 5%), motorMFB (combined 4%).

Cortical conjugation regions

Table 1 and Fig. 4 summarize the results for connectomic cortical
fingerprints and conjugation zones (overlap penetration) that
occur between connectomes of the two distinct stimulation
regions. Table 1 additionally gives peak locations in MNI
coordinates (location of local maxima of the terminal densities)

SPRINGER NATURE
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Fig. 3 Correlation of stimulated electrode contact proximity to respective anatomical structures and anti-OCD efficacy (details in
methods). Green regression line, MFB only; blue regression line amSTN only. Red regression line indicates joint analysis. Grenoble (blue
crosses): Strong correlation for ORT AND for STN. Freiburg (green dots): Strong correlations for mesocortical (cort) sIMFB, limbic &
mesocortical(limb+-cort) sSIMFB and motor MFB. Joint: Statistically significant findings for MFB (motor) and ORT. Joint correlation for mtrMFB
appears almost equally strong as ORT (p < 0.006 vs. p < 0.001). Remember that Grenoble cohort was used to define ORT, introducing a certain bias
for this analysis. Dots and crosses represent left and right hemispheres as such that each patient is represented by two dots or crosses, respectively.
Legend: a.u., arbitrary unit (higher number indicates higher structure density moving toward center); sIMFB, superolateral medial forebrain bundle; cort,
mesocortical part; limb, mesolimbic part; mtrMFB, motor MFB; ORT OCD, unified connectomic tract for OCD; P1 cortico-pontine tract (Arnold’s

Bundle), STN subthalamic nucleus, VTA ventral tegmental area.

for individual cortical addressing and conjugations between
amSTN and sIMFB targets.

DISCUSSION

To the best of our knowledge, this is the first side by side
investigation of DBS for TR-OCD in two distinct but anatomically
adjacent target regions, the amSTN and the sIMFB (VTA). A
considerable cohort of 26 patients is reported. A topographical
comparison and the results of fiber correlation studies identifies
the ORT as congruent with parts of the greater sIMFB, while the
sIMFB has further reaching connectivity to vIPFC and dmPFC. The
amSTN is found as a DBS target in its own right while more distal
stimulation might address white matter located outside the STN
which is already sIMFB territory. Despite the midbrain proximity of
the two DBS target regions, our DWI analysis identifies addressing
of two distinct but communicating sub-networks of OCD
(cognitive/motor control (CMCN) and reward/maintenance (RMN))
[21]. Additionally, we found cortical conjugations of these two
sub-networks in the temporo-mesial region (Presub), premotor
cortices, dmPFC (BA8, 9) and the vIPFC (BA47/12).

sIMFB concept

We use the term sIMFB throughout this work. Current research
shows that the sIMFB is at minimum a glutamatergic (potentially
bidirectional) feedback loop from PFC to VTA as part of a greater
MFB circuit system [32] while the role of other transmitters
(Dopamine (DA), Noradrenaline, Serotonin etc.) has not been
cleared up. In our view, the greater MFB system consists of distinct
pathways (sIMFB, imMFB and motorMFB). The imMFB represents
the trans lateral hypothalamic pathway most akin to the rodent

SPRINGER NATURE

mfb transporting DA and other transmitters to the PFC and
beyond (mfb in a stricter sense). The motorMFB appears as a
pathway connecting PFC and primary motor cortex with relevance
for affect display and motor learning [39, 46]. For an overview on
the MFB circuit system please refer to [32]. Just like the sIMFB, the
average OCD response tract (ORT) has initially been described
with DTI tractography, introducing potential limitations in both
cases [47] especially with respect to the addressing of the STN [48]
or the VTA [32]. The ORT was introduced as the “common tract”
[23, 24], derived from multi-institutional DBS cohorts in OCD,
targeting different anatomical regions and suggesting an out-
come related connectivity. This pathway has been reproduced
multiple times [25, 26] but to this date has never been further
anatomically characterized. Similarities with the sIMFB were
suggested upon the ORT initial description [29]. Joint connectomic
anatomy integrating distinct DBS target regions had been
described much earlier for the sIMFB [48, 49] and was the
motivation for its introduction as target structure for treatment
resistant major depressive disorder (TR-MDD) [50] and later TR-
OCD [8]. However, unlike for the ORT, the sIMFB's far-reaching
connectivity has further been confirmed with non-human primate
(NHP) viral injections [33] and micro-dissection in human speci-
mens [51]. Naming the actual anatomical structure the sIMFB
highlights its importance for the hard-wired primary affective and
mesolimbic dopaminergic system (SEEKING in affective neu-
roscience terms [52]), as the brain system with highest evolu-
tionary importance for arousal, anticipation, vigor, decision
making and flexible behavior [53]. When referring to the “sIMFB”
we therefore underpin its evolutionary conserved function [50]
and not only the tract’s far reaching connectivity [23, 24] (Fig. 1,
Suppl.-Fig. 2). Regardless of such reasoning, there has been a
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Fig. 4 Cortical fingerprints of factual amSTN (left) & sIMFB DBS (right) in TR-OCD. Upper panel gives views of both hemispheres, the lower
panel shows individual hemispheres from medial and lateral. Group level connectomic analysis of cortical fiber penetration patterns. Inset
identification of some selected prefrontal Brodman regions taken from [69]. In general, the patterns of cortical involvement address distinct but in
part overlapping OCD sub-networks (amSTN target: cognitive / motor control sub-network; sIMFB target: reward sub-network). Overlap/
conjugation of cortical penetrations occur at BA8BI (superior frontal gyrus), BA4/6, BA11 (lateral), BA47/12; and temporal mesial. See Table 1

and discussion for details.

persistent debate concerning this pathway’s chosen name, but
this current work is not intended to address the nomenclature
dispute. For further insights please refer to [21, 29, 32, 33].

Anti-OCD efficacy of DBS is related to distinct DMJ structures
Our analysis suggests that the STN nucleus proper itself is
involved in anti-OCD efficacy (Fig. 3) and that such effect is not
exclusively related to ORT connectivity. However, when shifting
stimulation along a DBS electrode’s lead body to more distal and
deeper contacts, it becomes more and more likely to stimulate
the white matter outside but adjacent to the nucleus with
diffusing current (aiming at ORT, sIMFB respectively). Tyagi et al.
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have reported exactly this phenomenon in their work [15]. Thus,
DBS of the amSTN can differentially be efficacious through intra-
or extranuclear effects [15, 21, 23] (Fig. 3; Suppl-Fig. 1). In the
latter instance this leads to co-stimulation of a different network
(RMN) passing the nucleus inferiorly and medially. However,
stimulation of both structures seems also possible. A differential
stimulation of amSTN versus white matter might point to a
selection of more distal and more efficacious contacts during the
evolution of stimulation setting in individual patients. This might
indicate distinct OCD phenotypes [54] although we cannot
directly differentiate in this work because of its retrospective
nature. An anatomical comparison of the ORT and sIMFB
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Table 1. Cortical fiber penetration (group level) and conjugations between groups (amSTN/sIMFB).

amSTN cortical conjugation sIMFB
left
anatomical BA MNI BA MNI BA MNI
SFG 8BL -9/39.5/52.5 8BL -7.5/44/50 8BM
-6.5/47.5/46.5
SFG M -7.5/49/45.5 M -7.5/50/44 M
SFG - - = = 10P -17/61.5/-13.5
OFG - - = = 11 -31.5/53/-14.5
IFG - - 47/12 | 45.5/-36/-21 47112 -43.5/48.5/-11
IFG IFSa | -58.5/27.3/7.5 | IFSa -51.5/31/0.5 - -
PCG - - = = 6MP -14.5/-18.5/74
PoCG - - - - 3B 32/-88/32.5
temporo- PreS | -17/-30.5/-14 PreS | -16.5/-32/-13 PreS -16.5/-31.5/-12.5
mes.
right
anatomical BA MNI BA MNI BA MNI
SFG 8BL 8/51/44 8BL 13/50/39.5 8BL 14/47/38
SFG M -6/51.5/44.5 oM 9.5/60.5/30.5 - -
SFG - - 9P 20/53/33.4 9P 14/51/34
IFG - - 4712 48/40/-11 47112 48/40/-11
IFG IFSa 52/39/0.5 - - - -
SFG - - = = 10P 18/61/-11.5
OFG - - = = 11L 21.5/59.5/-16.5
PCG - - - - 4 16/-18/74.5
temporo- PreS -6/-30/-13 PreS -6/-29/-14 PreS 18.5/-30/-12
mes.

Reporting: threshold peak regions. Gray background indicates conjugation regions. MNI level analysis of the Brodmann regions [83] is based on [69]. Legend:
BA Brodmann area, IFSa regio IFSa, MNI Montreal Neurological Institute Brain coordinate, SFG superior frontal gyrus, OFG orbitofrontal gyrus, IFG inferior frontal
gyrus, PCG precentral gyrus, PoCG postcentral gyrus, PreS pre-subiculum.
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Fig. 5 Topographical relationship of OFC/vmPFC projection fiber terminals in the diencephalic-mesencephalic junction (summary). The
ORT (pink) presents itself as a DTI fiber selection belonging to the lateral sSIMFB. ORT additionally includes secondary neuronal connections to
STN (and SN). A Three-dimensional reconstruction of a tract tracing from a single injection in a marmoset monkey (A13, orbitofrontal, example
of OFC/vmPFC injections from [33, 81]. Limbic STN-direct (hyperdirect) connections were not replicated in this study. B, C Cartoonistic
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enter the STN/SN region. After termination of descending glutamatergic fibers in the VTA, these fibers switch to neurons (interneurons, DA
neurons) which in turn might connect to the STN (C). The fiber connection to the STN is therefore not a direct one but only picked up as such
by DTI tractography which is agnostic for synapses or directionality (efferent or afferent) of the projection. D Demonstration of the medial/
lateral limbic/motor gradient (arrow) with the SPECTRE [82] technology. Electrodes are located in the sensorimotor STN. Green coloring
denotes more prefrontal (limbic) connectivity. Blue coloring denotes motor connectivity. Legend: viii, third ventricle; LH lateral hypothalamus,
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branch of the medial forebrain bundle, ORT unified connectomic pathway, DTI diffusion-tensor magnetic resonance imaging.

connectomes (Fig. 1) together with results from our correlation
analyses (Fig. 3) suggest that the reported ORT fiber selection
[23] represents a part of the sIMFB. The region just outside the
amSTN - which is reached when current is leaking out of the
amSTN or intentionally with sIMFB DBS - has been called the
medial STN region (MSR) [34, 55], but is anatomically part of the
lateral VTA. We have recently shown that OFC/vmPFC descend-
ing glutamatergic fibers - forming the sIMFB - in part terminate
in this region in the marmoset [33] and there typically in the
parabrachial pigmented sub-nucleus (PBP) of the VTA. The PBP is
known to receive far reaching afferents from the PFC [56]. Fibers
do not directly - mono-synaptically - reach the amSTN via this
route [33]. Figure 5 speculates how PFC fibers might further
connect onto interneurons or dopaminergic (DA) neurons in the
region which consecutively might arborize into the STN [34]. It is
therefore a matter of perspective if one regards DBS to this
region as an indirect amSTN involvement [30] or as a stimulation
of the sIMFB. To a certain extent it might be both, since the MSR
represents another deep seated conjugation zone between VTA
and STN and therefore between sub-networks [32]. We should
mention that we have found an example of detrimental effects
of sIMFB and amSTN co-stimulation in our own series [57].

It is supposable that the ORT DTI fiber selection [23] in the DMJ
represents not a single neuronal connection [58] but a junctional
amalgamation of primary (pre-synaptic: Glu) and secondary
(postsynaptic: e.g. DA) fibers, finally reaching the STN and further
regions. Anatomical details [59], including fiber terminations are
difficult to differentiate based purely on DTl data sets, especially in
closeby termination regions like STN and VTA. In these cases
adjunct investigations [32, 33] are necessary to gain anatomical
certainty. The ORT represents a selection of sIMFB fibers related to
best anti-OCD efficacy (Fig. 2). To our knowledge, the authors have
never directly claimed a description of anatomy. However, their
fiber filtering process [23] - an analysis that is based on the
integration of multiple DBS targets - reduces this pathway to the
least common denominator of more complex connectivity (Suppl.
Fig. 3) while important accesses to further sub-networks [15, 19]

Molecular Psychiatry (2025) 30:4274 - 4285

are truncated. A further look at these truncated branches identifies
more intricate connections into the entire and much more
complex OCD network [19] than is shown with the merely
reduced ORT structure. Despite these conceptual discussions it is
scientifically very reassuring that different groups treating
different patient cohorts in TR-OCD find similarities in their fiber
selections.

OCD sub-networks

We have in the current work discovered the addressing of two
subcortical extensions of OCD sub-networks - RMN and CMCN -
with their expectable cortical conjugations (Fig. 4) in two DBS
target regions (Suppl.-Fig. 2D). It is a relatively recent concept to
describe the entire OCD network as an ensemble of sub-networks
or circuits [21, 31]. OCD sub-networks are either defined based on
subcortical and cortical structures [21] or as circuits based on
distinct taxonomy [31] which further reflects OCD symptomatol-
ogy but largely avoids mention of subcortical structures. For a
comparison of the Shephard et al. and Li et al. classifications
(originally described for depression) see Supplement Table 1. We
here have chosen to use the terminology of Li et al. [60]. Based on
their work and motivated by certain similarities with the
symptomatology of major depression [61], we have previously
applied their definition of depression sub-networks additionally to
OCD and extended it to subcortical structures [21]. In this respect
four sub-networks of OCD can be characterized namely Reward/
maintenance network (RMN), affect network (AN), Cognitive/motor
control network (CMCN) and default mode network (DMN).
Diverging from the original publication [60], the cognitive control
subnetwork was named the CMCN since it contains a descending
loop to the STN involved in motor program formation and its
control [21]. The reward network was extended into a larger
maintenance framework including the VTA [53], hence RMN.
Except for the DMN, prefrontal cortical conjugation areas of the
sub-networks have been described [21] using DTI tractographic
methods. For an overview of the distinct connectivities of the OCD
sub-networks please refer to Suppl.-Fig. 2C.
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The Diagnostic and Statistical Manual of Mental Disorders (DSM-
V, [62]) defines Obsessions as persistent thoughts, urges or
impulses which are perceived as unwanted or intrusive (ego-
dystonic) and patients will typically try to ignore, suppress, avoid
or take counter-actions against them. Compulsions are repetitive
behaviors or mental acts. Patients feel driven to perform these
compulsions and the compulsions are aimed at dampening
anxiety or distress in general. Obsessions impose or drive
compulsory actions which have no clear realistic connection to
the obsessions or are excessive in nature. With respect to the OCD
sub-networks obsessions can be speculated as being salient
interoceptive signals with a high amount of uncertainty related to
the RMN [53, 63] and DMN (including working memory), while
compulsions are unavoidable motor actions related to the CMCN.
Anxiety is represented in AN [18] (Table 2, Suppl.-Fig. 3Q).
Dysfunction of OCD sub-networks contribute to respective clinical
symptoms. Emotional stimulus evaluation always has a subcortical
and a cortical instance and is potentially altered in OCD [64]. The
role of the RMN sub-network is the interpretation of salience of an
exteroceptive or interoceptive stimulus. As the main fiber-
anatomical expression of the RMN, the sIMFB is connected to
both subcortical (VTA) valence and the cortical (BA8B, OFC) emotion
appraisal. Salience can be of negative (aversive) or positive
(appetitive) quality [53]. The anatomical base structure of the RMN
is the ventral tegmental area (VTA) which is intimately connected
to the ventral striatum. The VTA takes a crucial role in the
evaluation of an exteroceptive and interoceptive (working
memory) signal and determines its salience and the valence of
the information. Signals with high salience lead to motor program
formation based on their subcortical valence (appetitive ->
“engage toward”, aversive -> “withdraw from”) [53]. Cortically, an
emotional content (aversiveness/anxiety) is signaled to the OFC
via the amygdala and the mediodorsal thalamus (MDT, AN). If
cortical reappraisal deems the signal as less salient, formation of a
motor program can - under physiological conditions - be stopped
via the VIPFC (BA 47/12) with its projection as deep as to the level
of the STN (CMCN) (Fig. 4, Suppl Fig. 2). Functional impairments
which can be attributed to the CMCN have been previously
described in OCD patients. Together with an endophenotype of
impulsive motor performance, a gray matter reduction in the right
inferior frontal gyrus and a volume increase in parietal, insular and
striatal regions has been detected [65]. Voon et al. have described
a connectivity pattern between right amSTN, vmPFC and dIPFC
associated with decisional impulsivity [66]. STN DBS in Parkinson’s
disease can elicit impulsive motor behavior [67]. However, STN
DBS in OCD addresses a distinct sub-territory of the nucleus
potentially with different effects on impulsive motor performance
through modulation of an inhibitory network [68].

Cortical conjugations
Our connectomic analysis of amSTN or sIMFB identifies differential
patterns of cortical penetration (Fig. 4) identifying two distinctive
OCD sub-networks. Penetration relates to apparent DTl derived
terminal densities of streamlines at cortical levels. We identified
MNI-coordinates of these peak cortical penetrations for further
reference in future work (Table 1) and comparison to previous
publications [69]. If penetration regions overlap, the term conjuga-
tion region appears justified. These presumably represent cortical
regions of “crosstalk” between networks. The analysis patterns show
such conjugation regions in the dorsomedial prefrontal cortex
(dmPFC: superior frontal gyrus, Brodman'’s area 8BL, 9M, 9P), the
ventrolateral prefrontal cortex (vIPFCinferior frontal gyrus, BA 47/
12) and temporo-mesial regions (PreS) (Table 1). Subcortical
conjugations are furthermore found in the ventral midbrain.
Detected conjugations allow for network interactions of RMN and
CMCN, as such explaining how DBS addresses a subnetwork and
has a therapeutic effect on the entire OCD network. vIPFC and
dorsomedial (dm)PFC regions appear to host the main conjugations
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between RMN and CMCN (Table 1, Fig. 4). Brodmann area 8B
appears to be of special importance; It is a small region located at
the dmPFC just rostral to the frontal eye field as part of the caudal
prefrontal cortex. dmPFC [51] and especially BA8 have proven direct
access to the VTA [33, 70]. They are part of the working memory and
BA8B is concerned with “decision making under uncertainty”
[70-73]. When perceiving uncertainty, BA8B will be active under
physiological conditions [72], regardless if this uncertainty is
interoceptive or exteroceptive. A subjective classification of
exteroceptive uncertainty leads to an activation of anterior and
mesial region BA8B and mesial region BA9 [72] which are found in
this work as cortical conjugations of CMCN and RMN (Fig. 4, Table 1).
Additionally, EEG-source analyses have led to an inclusion of BASB
[74] to default mode network (DMN) and BA8 and BA9 have direct
access to the affect network (AN) [21] making BA8 a superficially
located hub to three of four OCD sub-networks. In the ensemble of
networks, a dysfunction in BA8B therefore could have effects on the
entire OCD network (Suppl.-Fig. 2C). DBS of the sIMFB and amSTN
might therefore exert their OCD efficacy at least in part by affecting
potentially dysfunctional cortical regions that are dealing with
strategies to resolve decisional uncertainty in dmPFC and vIPFC.
Please refer to Suppl.-Fig. 2B for a review of the most important
subcortical association pathways of BA8 [75, 76].

STN and VTA as network hubs for symptom attenuation. Micro-
lesioning effects and high-frequency stimulation might change
transmission frequency through the VTA or in sub-nuclei. In our
clinical experience patients report that obsessions are still present
but do not have the same severity and ego-dystonic value [53].
We speculate that DBS of the sIMFB attenuates the subcortical
interpretation of obsession salience (with consecutive dampening
effects on motor program formation) while DBS of the amSTN
might directly impact (dampen) compulsory motor program
formation and execution. A “tuner role” of the STN with respect
to emotion processing has previously been suspected [77]. Both
target regions might therefore act in cross-linked sub-networks of
the OCD network ensemble that are differentially related to
symptomatology (Suppl.-Fig. 3). As a result of our side by side
correlation analysis it might in the future be thinkable to address
more than one target region at once, being more efficacious by
using alternative DBS electrode geometries or sensing technolo-
gies in order to differentially perform stimulation based on
individual key symptoms (see Suppl.-Fig. 1).

Limitations

Certain limitations have to be taken into account. Streamlining of
patient cohorts from two different centers is difficult in terms of
peculiarities in phenotyping, patient selection, outcome inter-
pretation and adjustment of timing for the outcome measure-
ment. The imaging data is heterogeneous and electrode/lead
localization is prone to inaccuracies due to various sources like
coregistration of CT/MRI, the lead artifact detection and normal-
ization to template space. To account for that we kept the VAT
simulation rather simple (more complex simulations may be
regarded as overdoing) [78] and worked with fuzzy streamline/
structure assignments. Fortunately, the differences between
Grenoble and Freiburg’s lead location are significantly larger than
the localization uncertainties, which allows at least to make
statements in this respect.

Moreover, this analysis is retrospective. We have here adjusted
our cohort of n =17 TR-OCD DBS patients and had to reduce by
five in order to define a comparable sample thereby introducing a
selection bias. Phenotypic aspects of anti-OCD responses for the
two target regions were not available and therefore not compared
and differential antidepressant responses are not regarded.

Our strategy in the first step was to compare two existing
connectomes - ORT and sIMFB - to investigate the structures’
potential congruences. We have therefore in this analysis not
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identified (or constructed) fiber pathways based on individual or
normative DWI imaging and VATs (fiber filtering approaches, [23])
but instead used pre-existing anatomical defined streamlines
[23, 32] to investigate structure proximities (Figs. 2-3) and fiber
selections (Fig. 4) in a normative space while correlating them with
empirical outcomes. This might in part explain why the results of
such analysis are statistically significant but only predict a very
small proportion (4% mtrMFB, 9% ORT) of treatment outcome
variability. It will in the future be interesting to compare the two
target regions head to head with respect to detailed neuropsy-
chological response assessments including cognitive and emo-
tional flexibility which was not part of this analysis.

CONCLUSION

This analysis of two DBS cohorts from two European academic
centers underpins the theory of OCD network modulation at
distinctive target regions with an effect on different OCD sub-
networks. According to our analysis, anti-OCD efficacy of amSTN
DBS can be explained either by a direct STN nuclear stimulation or
through a white matter modulation deep medial and outside the
nucleus. The latter stimulation addresses a different sub-network,
namely the RMN, anatomically not belonging to the STN which
addresses mainly CMCN. The previously described ORT connec-
tome is identified as a sub-selection of fibers from the sIMFB.
Based on clinical grounds, amSTN DBS and sIMFB DBS are equally
efficacious although we have not investigated to what proportion
amSTN DBS is effective because of sIMFB co-stimulation. As the
fiber-anatomical implementation of the greater RMN sub-network,
the sIMFB shows the most widespread ramifications within the
entire OCD - sub-network ensemble identifying it as potentially
promising DBS candidate structure for TR-OCD, especially when
choosing the VTA as a stimulation region. From a standpoint of
expected efficacy the VTA appears to be optimal because
stimulation leverages far reaching connectivity [51] with -
according to our findings - best access to all OCD sub-networks
(for summary cf. Suppl.-Fig. 2C). We speculate that the sIMFB's far
reaching connections beyond the connection to OFC, SFG/dmPFC
(BA 8/9/10), IFG/VIPFC - and thereby far beyond any ORT
connectivity - in this respect might in the future gain special
importance. Moreover, Brodmann's area 8B (and 9 M) represent a
cortical network-hub of all four OCD sub-networks and might
therefore in the future qualify as potential new and superficially
located regions for an access with non-invasive stimulation
techniques for TR-OCDlike rTMS [79] or focused ultrasound [80].

DATA AVAILABILITY
The data can be requested form the corresponding author (volker.coenen@uniklinik-
freiburg.de) and is available upon reasonable request.
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