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Deep brain stimulation (DBS) of the ventral anterior limb of the internal capsule (VALIC) is effective for refractory obsessive-
compulsive disorder (OCD). Retrospective evaluation showed that stimulation closer to the supero-lateral branch of the medial
forebrain bundle (sIMFB), within the vALIC, was associated with better response to DBS. The present study is the first to compare
outcomes of DBS targeted at the VALIC using anatomical landmarks and DBS with connectomic tractography-based targeting of the
sIMFB. We included 20 OCD-patients with anatomical landmark-based DBS of the VALIC that were propensity score matched to 20
patients with tractography-based targeting of electrodes in the sIMFB. After one year, we compared severity of OCD, anxiety and
depression symptoms, response rates, time to response, number of parameter adjustments, average current, medication usage and
stimulation-related adverse effects. There was no difference in Y-BOCS decrease between patients with anatomical landmark-based
and tractography-based DBS. Nine (45%) patients with anatomical landmark-based DBS and 13 (65%) patients with tractography-
based DBS were responders (BF;o = 1.24). The course of depression and anxiety symptoms, time to response, number of
stimulation adjustments or medication usage did not differ between groups. Patients with tractography-based DBS experienced
fewer stimulation-related adverse effects than patients with anatomical landmark-based DBS (38 vs 58 transient and 1 vs. 17 lasting
adverse effects; BF1o = 14.968). OCD symptoms in patients with anatomical landmark-based DBS of the vALIC and tractography-

based DBS of the sIMFB decrease equally, but patients with tractography-based DBS experience less adverse effects.
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INTRODUCTION

Deep brain stimulation (DBS) is a multidisciplinary treatment for
severe refractory obsessive-compulsive disorder (OCD). DBS
modulates abnormal neuronal activity through electrodes, which
for OCD are usually targeted around the Cortico-Striato-Thalamo-
Cortical (CSTC)-network. Targets include the subthalamic nucleus
(STN), the ventral striatum (VS), the anterior limb of the internal
capsule (ALIC) and, more recently, the supero-lateral branch of the
medial forebrain bundle (sIMFB) [1-5]. Different targeting strate-
gies have comparable overall effectiveness in reducing OCD
symptoms [1]. Ongoing efforts to optimize DBS targeting in OCD
have the aim to further increase effectiveness and decrease side
effects.

Thus far, evaluation of DBS targeting was limited by i.a. imaging
techniques. However, novel tractography techniques based on
diffusion magnetic resonance imaging (MRI) have shown to
successfully visualize fiber tracts like the sIMFB [6]. In addition,
expanding knowledge about the human connectome has helped
to identify neural networks involved in OCD. This has resulted in a
novel targeting strategy that focusses on neural networks, rather

than separate nuclei; connectomic DBS [4]. Connectomic DBS may
further personalize DBS therapy for OCD and reduce the variability
of individual outcomes.

Recently, our group presented observational evidence showing
that within the VvALIC, active stimulation closer to the sIMFB was
associated with better treatment outcomes in OCD than stimula-
tion closer to the anterior thalamic radiation [7]. This suggested
that patients with OCD could benefit more from DBS specifically
targeted at the sIMFB. In addition, a retrospective study using
normative connectomic data of 50 patients with DBS for OCD
targeted at different structures (ALIC, STN and nucleus accum-
bens), suggested that a common fiber bundle, the sIMFB, was
associated with clinical response [8].

On the basis of the aforementioned results, we started targeting
the sIMFB within the VvALIC using diffusion weighted imaging
(DWI)-MRI to visualize individual fiber tracts. To the best of our
knowledge, this is the first study to compare deterministic
tractography-based DBS with the sIMFB as target, to anatomical
landmark-based DBS aimed at the vALIC. We compare outcomes
of 20 refractory OCD patients who received DBS of the vALIC using
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targeting based on anatomical landmarks (“conventional DBS")
and 20 refractory OCD-patients with DBS targeted at the sIMFB
within the vALIC using tractography (“tractography-based DBS").
We used individual DWI data rather than normative data, enabling
a personalized DBS treatment. We compared the decrease of OCD
symptoms during the first year of DBS. Secondary, we compared
anxiety and depressive symptoms, response rates, time to
response, number of stimulation-setting-adjustments, adverse
effects, average current needed and medication usage.

MATERIAL AND METHOD

Patients and study design

Data for this study was collected from electronic records of
outpatients that received DBS for refractory OCD at the
Amsterdam University Medical Centers between June 2010 and
September 2020. For patients that underwent DBS surgery
between June 2010 and October 2017, targeting was based on
anatomical landmarks on a structural MRI scan. From November
2017 onwards, targeting was based on deterministic tractography
using DWI-MRI scans. All consecutive patients who received
tractography-based DBS with a follow-up of at least one year were
included. From the cohort of patients with conventional DBS, we
selected a matched group using propensity scores (more detailed
description below). The medical ethical committee of the
Academic Medical Center concluded that this study did not need
formal ethical approval. Written informed consent for the use of
data was obtained from all included patients.

Inclusion criteria for DBS were a =5 year history of primary OCD
with a baseline Yale-Brown Obsessive Compulsive Scale (Y-BOCS)
score of =28 and no or insufficient response to the following
treatments: two selective serotonin reuptake inhibitors (SSRI) at
maximum dosage for 12 weeks at maximum dosage, clomipra-
mine for 12 weeks at maximum dosage, one augmentation trial
with an atypical anti-psychotic and SSRI for 8 weeks and
>16 sessions of cognitive-behavioral therapy (CBT). Exclusion
criteria for DBS were psychotic disorders, substance abuse within
the past 3 months, and unstable neurological or coagulation
disorders.

Image acquisition

Prior to DBS surgery, MRI scanning was performed on a 3T Elition
Ingenia (Philips, Best, The Netherlands) equipped with a 32-
channel receive coil (Philips). The 3D saggital T1-weighted
gadolinium-enhanced images were acquired with the following
parameters: repetition time 8.81 ms; echo time 4.03 ms; echo train
length 242; field of view 256 mm; slice thickness 0.9 mm; scan time
8 min. 3D axial T2-weighted scans had the following parameters:
repetition time 2500 ms; echo time 230 ms; echo train length 133;
field of view 250 mm; slice thickness 1.1 mm; scan time 3 min. For
DWI scanning we used the following parameters: repetition time
8234 ms; echo time 96 ms; b = 1200 s/mm?, 32 gradient directions;
phase encoding anterior-posterior, no reverse encoding; field of
view 256 mm; slice thickness 2.0 mm; scan time 14 min.

Tractography-based surgical planning

For tractography-based DBS, surgical planning was completed
with Brainlab Elements software (Brainlab AG, Munich, Germany),
allowing for deterministic tractography based on the DWI model.
First, the DWI series was coregistered to the structural images,
followed by automatic image distortion correction, after which the
results were scrutinized thoroughly. We created a region of
interest (ROI) on T2 images in the VALIC and used the vALIC ROl in
conjunction with a midbrain ROl encompassing the ventral
tegmental area (VTA) to extract the sIMFB, using default Brainlab
settings for fractional anisotropy (FA, 0.2), minimum length
(80 mm) and maximum angulation (20°).
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Targeting and DBS surgery

Before surgery, a stereotactic frame was attached to the patient’s
head under general anesthesia and the patient underwent a
frame-based 1.5T MRI scan or (since 2018) a frame-based cone
beam computed tomography (O-arm 02 imaging system;
Medtronic, Minneapolis, USA). The 3T scan and stereotactic
1.5T/cone beam CT scan were co-registered with BrainLab to
enable planning in stereotactic space. Electrodes (model 3389
with 1.5 mm contacts and 0.5 mm interspace, Medtronic, Minnea-
polis, MN, USA) were implanted bilaterally.

In conventional landmark-based DBS planning, the starting
point for target determination relative to the intercommissural line
was 7 mm lateral of the midline, 3 mm anterior to the anterior
border of the anterior commissure and 4 mm inferior to the
intercommissural line. The target localization was then adjusted
based on individual anatomical representation of the nucleus
accumbens (NAc) and ALIC. The angle in the sagittal plane was
slightly anterior (+75° to the intercommissural line) and the angle
in the coronal plane was determined by the contours of the ALIC.
The deepest contact of the quadripolar electrode was implanted
in the NAc and the upper three contacts in the vALIC.

For tractography-based DBS, planning was started in the same
manner on structural images, but the trajectory was then adjusted
using the projection of the tractography-based sIMFB that was
acquired using DWI (Fig. 1). The deepest contact of the electrode
was implanted just ventral of the course of the sIMFB within the
VALIC, with the upper three contacts positioned in the sIMFB. For
most patients this led to a more dorsal position of the electrode
and the bottom contact did not end up in the Nac.

DBS treatment protocol

Detailed information about the DBS protocol was published
previously [2]. Summarizing, DBS was activated two weeks after
surgery. Effectiveness and adverse effects were evaluated by
clinicians every 2 weeks in order to optimize DBS parameter
settings to achieve a stable reduction of obsessions and
compulsions, while minimizing adverse effects. The two middle
contact points were activated at a voltage of 3V, frequency of
130 Hz and pulse width of 90 ps. Parameter settings were adjusted
according to protocol, first increasing the voltage, then pulse
width and at last changing contact points. Additionally, patients
were offered cognitive behavioral treatment (CBT) when a patient
was motivated and Y-BOCS score had decreased sufficiently in
order to give resistance to compulsions [9]. In case of remission of
OCD, no CBT was added.

Outcome measures

The primary outcome measure was the course of Y-BOCS scores
during the first year of DBS. The Y-BOCS is a clinician-rated scale
with scores ranging from 0 to 40 designed to assess symptoms of
OCD [10]. Secondary, we looked at the number of responders in
both groups after one year of DBS. Patients were considered to be
responders if the Y-BOCS score decreased with at least 35% and
partial responders if the score decreased between 25% and 34%.
Patients were considered non-responders if they had a score
decrease less than 25%. Additionally, symptoms of anxiety were
assessed with the Hamilton Anxiety Rating Scale (HAM-A [11]), and
symptoms of depression with the 17-item Hamilton Depression
Rating Scale (HAM-D [12]). Other secondary outcome measures
were number of days till response, number of parameter
adjustments and voltage-applied current and medication usage
at 1-year follow-up. Data on stimulation-related adverse events
were acquired from spontaneous reports by the patient, by
questioning, or by observation. Adverse events were categorized
as transient when they vanished spontaneously or after adjust-
ments in stimulation settings and as permanent if they were still
present at the end of the study. Adverse events were classed as
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Fig. 1 Tractographic planning.

Inline coronal (left panel) and sagittal (righ panel) tractographic planning of deep brain stimulation

quadripolar electrode in the supero lateral branch of medial forebrain bundle during its course through the anterior limb of the internal

capsule in a patient with refractory obsessive-compulsive disorder.

serious adverse events (SAE) when it was life-threatening, resulted
in significant disability or death, or required hospitalization.

Propensity score matching

Each patient with tractography-based DBS was matched to a
patient from the pool of patients with anatomical landmark-based
DBS using propensity scores [13]. We used package ‘Matchlt’ in R
(version 3.6.1) for propensity score matching [14]. The following
demographic variables were used to build the propensity score:
sex, age, age of OCD onset, baseline Y-BOCS score, baseline HAM-
D score, and presence of a personality disorder. These variables
were chosen based on previous predictor studies and availability
[15, 16]. Two baseline HAM-D scores were missing and were
imputed using multiple imputation to improve matching.

Statistical analyses

Differences in Y-BOCS scores over time between the two groups
during the first year of DBS were analyzed using linear mixed
models, with Y-BOCS scores as the criterion and fixed effects of
group, time since DBS surgery (in days) and stimulation (on vs. off)
on subject-specific slopes and with default mode for prior odds.
Time in days was log-transformed to ensure a linear relationship
between predictor and dependent variable. Similar models were
estimated for HAM-A and HAM-D scores. We primarily performed
Bayesian mixed models, and added classical frequentist mixed
models as a sensitivity analysis (2-tailed a of .05). Response rates
were analyzed with Bayesian Chi-square tests. Differences in time
to response, number of parameter adjustments, and voltage at 12-
month follow-up were analyzed using Bayesian t-tests. Adverse
events in both groups were analyzed using a Bayesian Mann
Whitney U test. At last, medication use in both groups were
analyzed results with a Bayesian chi-square test. Because the
present study is the first to compare conventional DBS to
tractography-based DBS in OCD, we did not use directional priors.
Our HO hypothesis was that there is no difference between
tractography-based vs conventional landmark-based DBS and our
H1 or alternative hypothesis was that there is a difference
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between tractography-based vs conventional landmark-based
DBS. Analyses were executed in JASP (version 0.15, Amsterdam,
The Netherlands). We considered Bayes factors 0.33-3 to be weak
(meaning no to little difference the in plausibility of either HO or
H1 to predict the data), 0.1-0.33 or 3-10 moderate evidence for
HO or H1 respectively, and <0.1 or >10 strong evidence for HO or
H1, respectively [17].

RESULTS

Demographics and propensity score matching

Using propensity score matching, 20 consecutive patients with
tractography-based DBS were matched to 20 patients with
conventional DBS who were selected from a pool of 43
conventional DBS patients. Baseline variables of the two groups
did not differ, indicating that matching was successful (Table 1).

Effectiveness of tractography-based vs conventional
landmark-based DBS
During the first year of DBS, the average Y-BOCS score in the
conventional DBS group decreased with 12 points (37%) from 32
(SD 5) to 20 (SD 11) points (Fig. 2). In the tractography-based DBS
group the average Y-BOCS score decreased with 14 points (42%)
from 32 (SD 5) to 19 (SD 10). Primary Bayesian analysis showed no
difference in course of the Y-BOCS between groups (B = —0.096;
SD=1.1, see supplement Table 1). Also according to the
sensitivity frequentist analyses there was no significant difference
between groups (F(134.81) = 0.010, p = 0.921). Nine (45%) out 20
patients with conventional DBS were responder, 3 partial
responder (15%) and 8 non-responder (40%). Thirteen (65%) out
of 20 patients with tractography-based DBS were responder, 1
partial responder (5%) and 6 non-responder (30%). Despite the
numerical difference in response rates between the tractography-
based and conventional DBS groups, there was only weak
evidence for the alternative hypothesis (BF,o = 1.24).

As a secondary analysis, we compared the course of the HAM-D
and HAM-A scores during the first year of DBS in the two groups

Molecular Psychiatry (2022) 27:5206 - 5212
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Table 1. Demographics of obsessive-compulsive disorder patients with conventional deep brain stimulation (DBS) (N = 20) and tractography-based
DBS (N = 20).

Conventional DBS (N = 20) Tractography-based DBS (N = 20) BF;0
Sex (male/female) 4/16 5/15 2.144
Age at surgery (M/SD) 39.25 (11.9) 41.1 (14.3) 2.635
Age of OCD onset (M/SD) 19.5 (10.1) 214 (12.6) 2917
Presence of a personality disorder (n/N) 4 (20) 2 (20) 1.433
Baseline Y-BOCS score (M/SD) 31.5 (4.8) 32.2 (4.7) 2.967
Baseline HAM-D score (M/SD) 18.9 (5.2) 16.3 (6.4) 1.557
Baseline HAM-A score (M/SD) 24.1 (7.9) 28.7 (10.4) 1.289
Baseline BABS score (M/SD) 9.6 (6.6) 8.3 (6.7) 2313

Y-BOCS Yale-Brown Obsessive Compulsive Scale. HAM-D Hamilton Depression Rating Scale. HAM-A Hamilton Anxiety Scale. BABS Brown Assessment of

Believe Scale
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Fig. 2 Clinical symptom scores. Average scores on the Y-BOCS
(Yale-Brown Obsessive Compulsive Scale), HAM-D (Hamilton Depres-
sion Rating Scale), and HAM-A (Hamilton Anxiety Scale) in patients
with tractography-based deep brain stimulation (DBS) (N = 20) and
anatomical landmark-based DBS (N = 20).

(Fig. 1). In the conventional DBS-group the average HAM-D score
decreased with 8.4 points (44%) from 18.9 (SD 5) to 11 (SD 10). In
the tractography-based DBS group the average HAM-D score
decreased with 7 points (44%), from 16 (SD 6) to 9 (SD 6). The
groups did not differ on course of the HAM-D (B= —0.924;
SD =0.751, see supplement Table 2). There was no significant
difference between groups (F(129.73) = 1.766, p = 0.194). In the
conventional DBS-group the average HAM-A score decreased with
9 points (38%) from 24 (SD 8) to 15 (SD 11). In the tractography-
based DBS group the average HAM-A score decreased with 15
points (51%) from 29 (SD 10) to 14 (SD 13). The groups did not
differ on course of the HAM-A (B=—1.977, SD=1.168, see
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supplement Table 3) and there was no significant difference
(F(122.12) = 2.803, p = 0.108).

There was weak evidence for the alternative hypothesis that
there was a difference between groups in average time to
response, number of parameter adjustments, and medication
usage at 1-year follow-up (Table 2). After 1 year of DBS, patients
with conventional DBS had an average voltage-controlled current
of 5.9 Ampere (SD 1.1) and patients with tractography-based DBS
of 7.2 Ampere (SD 1.6). There was moderate evidence for the
alternative hypothesis that patients with conventional and
tractography-based DBS receive different currents (BF,o = 7.601).

Adverse events

Overall, there was strong evidence that patients with
tractography-based DBS experience less stimulation-related
adverse events than patients with conventional DBS (BF;o=
14.968). Patients with conventional DBS reported in total 58
transient adverse events and 17 lasting adverse events whereas
patients with tractography-based DBS reported 38 transient
adverse events and 1 lasting adverse event (Table 3). In the
group of patients with conventional DBS, 11 patients experienced
symptoms of hypomania compared to 3 in the group with
tractography-based DBS. In the group with tractography-based
DBS two serious adverse events (SAE) occurred; one patient
attempted suicide and one patient experienced a manic episode
when the DBS was turned on, which required psychiatric ward
admission. The suicide attempt occurred when the DBS was
turned off, so was not related to stimulation. In the group with
conventional DBS, 1 SAE (mania requiring psychiatric admission)
was reported.

DISCUSSION

To the best of our knowledge, this is the first study to directly
compare tractography-based DBS with sIMFB as target to
anatomical-landmark based DBS of the vALIC for refractory OCD.
We showed that tractography-based DBS does not result in a
stronger decrease of OCD symptoms than conventional DBS.
However, patients with tractography-based DBS experience 60%
less stimulation-related adverse effects than patients with
conventional DBS.

Several observational studies on sIMFB as a DBS target for OCD
were promising [7, 8]. Yet, we found that DBS prospectively
targeted at the sIMFB using DWI is not superior to conventional
VALIC DBS in reducing OCD symptoms. A potential explanation for
the lack of higher efficacy with tractography-based DBS is that
effect sizes of conventional vALIC-DBS for OCD already are among
the largest in psychiatry [1] and a ceiling effect may prevented
from establishing a superior effect of DWI targeting in terms of
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Table 2.
compulsive disorder.

Outcomes of conventional deep brain stimulation (DBS) (N = 20) and tractography-based DBS (N = 20) in patients with obsessive-

Conventional DBS (N = 20) Tractography-based DBS (N = 20) BF;o
Y-BOCS at 1-year follow-up (M/SD) 19.8 (11.2) 18.6 (10.4)
HAM-D at 1-year follow-up (M/SD) 10.5 (10.0) 9.1 (6.8)
HAM-A at 1-year follow-up (M/SD) 15.0 (11.1) 14.1 (12.8) .
Responders (n) 9 13 1.24
Average time to response in days (M/SD) 107.3 (91.4) 98.1 (68.7) 2.701
Number of parameter adjustments during first year of DBS (M/ 10.5 (7.7) 79 (5.2) 2.701
SD)
Average current at 1-year follow-up in Ampere (M/SD) 5.9 (1.1) 7.2 (1.6) 7.601
Patients with less prescribed medication at 1-year follow-up (n) 8 5 1.746

Y-BOCS Yale-Brown Obsessive Compulsive Scale. HAM-D Hamilton Depression Rating Scale. HAM-A Hamilton Anxiety Scale.

average symptom reduction. In contrast to previous observational
studies, a recent study by Widge et al. found that stimulation of
different white-matter tracts in the ventral striatum/ventral
capsule could not predict individual response to DBS in eight
patients [18]. These authors stressed that group-level significant
correlations often do not have clinical predictive power. In
addition, the reliability of tractography is still ambiguous.
Tractography can be deceptive since it estimates the possible
course of the white matter bundle and can vary highly depending
on the ROIs used. A previous ground truth study showed that
tractograms contain 90% of the targeted bundle, but also many
other, invalid bundles [5]. Therefore, tractography-based DBS
might not (yet) better than anatomical landmark-based DBS,
which may change when tractographic techniques improve. At
last, we want to emphasize that it is unlikely that our anatomical
landmark-based targeting was as accurate in targeting the sIMFB
as our tractography-based targeting, since Liebrand et al.
previously found that the sIMFB was outside the volume of
activated tissue in 37.5% of landmark-based tracts [7].

Though the average decrease in symptoms did not differ
between groups, the response rate was 20% higher in patients
with tractography-based DBS compared to conventional DBS. A
20% increase in response rate is clinically important, but the
statistical evidence was weak, possibly due to a lack of power. We
cannot yet draw the conclusion that tractography-based DBS
increases the likelihood to response to DBS in OCD but our results
emphasize the need for larger studies comparing tractography-
based and conventional DBS.

Patients with tractography-based DBS reported less adverse
effects than patients with conventional DBS. The most common
adverse effects of conventional and tractography-based DBS were
hypomanic symptoms, sleeping problems, and impulsivity, which
is in line with previous research [19]. Both conventional and
tractography-based DBS resulted in one patient with transient
manic symptoms. We observed less hypomanic symptoms in
patients with tractography-based DBS of the sIMFB. The sIMFB is
known to have a strong effect on affective symptoms [20].
However, transient hypomanic symptoms occur as an adverse
effect of DBS targeted at different brain structures, including the
VALIC and STN [21]. A previous case-study including two OCD
patients with tractography-based DBS of the sIMFB [3] reported no
adverse effects. In this study, the electrodes were targeted in the
same bundle, but closer to the STN in the VTA. The mechanism by
which tractography-based DBS may reduce adverse effects
remains unknown. Possiblymore precise stimulation of networks
involved in OCD may minimize adverse effects by surpassing the
surrounding neural elements. For most patients with
tractography-based DBS of the sIMFB, the bottom contact of the
electrodes did not end up in the Nac. Stimulation of the NAc has
been associated with stimulation-induced hypomanic symptoms
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[22]. By surpassing the NAc, patients with tractography-based DBS
potentially experienced less hypomanic symptoms.

At present, there is an ongoing discussion about the
nomenclature used to describe the white matter target that we
refer to as sIMFB [23]. Some say that the sIMFB should be named
otherwise since the classic MFB contains tyrosine
hydroxylase—positive fibers, while the ALIC does not [24, 25].
Criticists of the sIMFB state that the fibers running through the
ALIC are hyperdirect corticothalamic fibers, running to the
thalamus, STN and brainstem regions [26, 27]. However, a recent
study combining tractographic and histological data showed that
both hyperdirect corticothalamic fibers and the cortico-tegmental
projections of the sIMFB are present in the internal capsule [28].
The authors found that DBS did not modulate the corticothalamic
fibers but only the cortico-tegmental projections. In line with this
recent work, we chose to use the name sIMFB for the bundle
running through the ALIC, connecting the VTA and the prefrontal
cortical areas.

Our study has several strengths and limitations. This is the first
study to directly compare two different targeting methods and a
sample size of 40 patients is considered large in the field of DBS
for OCD. However, since effects sizes of conventional DBS are
already high, this study is likely not to have enough power to find
a small difference between conventional and tractography-based
DBS. In addition, this was a non-randomized study, meaning that
other factors besides targeting may have influenced our results.
All patients with conventional DBS underwent surgery between
June 2010 and October 2017 and patients with tractography-
based DBS between November 2017 and September 2020.
Therefore, various changes over time may have influenced the
results. However, we tried to control for as many confounding
factors as possible, by matching patients with tractography-based
DBS to patients with anatomic landmark-based DBS using
propensity scores. At last, a strength of the present study is that
we did not use normative connectomic data but patient-specific
DWI-images, which are more reliable [29].

Though tractography-based DBS was not followed by more
symptom decrease than conventional DBS, the finding that
patients with tractography-based DBS experience less adverse
effects than patients with conventional DBS is clinically important.
Tractographical targeting has no extra risks though it requires
targeting software that can incorporate DWI. Future studies may
provide more insight into the reliability, accuracy, and efficacy of
tractography-based DBS in OCD with sIMFB as target. In addition,
larger studies with more power are needed to confirm our
statistically weak finding that patients with tractography-based
DBS more often respond than patients with conventional DBS.

Stimulation of the sIMFB has been associated with improve-
ments of mood [8]. The sIMFB is part of an affective network that
also involves the medial orbitofrontal cortex (OFC) [30-32].

Molecular Psychiatry (2022) 27:5206 - 5212



Table 3. Stimulation related adverse events and serious adverse
events (SAE) in patients with conventional deep brain stimulation
(DBS) (N = 20) and tractography-based DBS (N = 20).

Adverse event Conventional Tractography-
DBS (N =20) based DBS
Transient/ (N =20)
permanent Transient/
permanent
Suicide attempt (SAE) 0/0 1/0
Mania (SAE) 1/0 1/0
Suicidal thoughts 3/0 2/0
Hypomanic symptoms 11/0 3/0
following stimulation
adjustments (euphoria,
hyperactivity,
insomnia, restlessness,
impulsivity)
Manic episode 0/0 1/0
following stimulation
adjustments
Irritability 41 4/0
Sleeping problems 10/2 5/0
Fatigue 4/2 2/0
Restlessness 6/2 8/0
Panic attacks 2/0 0/0
Impulsivity 5/0 1/0
Increased libido 2/0 0/0
Sensitivity to sound 0/1 0/0
Psychotic symptoms 1/0 1/0
(hallucinations and
delusions)
Tics 2/0 0/1
Depressive symptoms 1/0 0/0
Aggression 0/0 1/0
Grinding of teeth 0/0 1/0
Restless legs syndrome 0/1 1/0
Hearing problems 1/0 0/0
Memory problems 3/3 1/0
Concentration 0/2 0/0
problems
Muscular complaints 2/0 0/0
(weakness or
tightness)
Headache 3/1 2/0
Epileptic insult 1/0 0/0
Palpitations 1/0 0/0
Auto mutilation 1/0 0/0
Pain in stomach 1/0 0/0
Neuropathy 0/0 1/0
Decreased apatite 2/0 0/0
Paresthesia 6/2 2/0
Total (serious) adverse 58/17 38/1
events

Changes in mood are often followed by improvement of OCD
symptoms [2]. However, OCD is a heterogenous disorder which
involves multiple networks, each circuit contributing to different
symptom clusters [4, 31]. Stimulation of different networks may be
appropriate for different presentations of OCD. The cognitive
control circuitry, involving the lateral OFC, dorsolateral prefrontal
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cortex (dIPFC), and dorsal anterior cingulate cortex (dACC), also
plays a major role in OCD, manifesting as rigid, inflexible, and
repetitive behaviors [33]. It may be possible to improve outcomes
of DBS by first classifying a patient to its primary clinical profile
(affective vs cognitive control) and corresponding network and
consequently selecting this network as a target for neuromodula-
tion. In that way, future studies might target specific networks by
stimulating the bundles in the ALIC that run to the medial OFC
(affective) or the lateral OFC, PFC, and dACC (cognitive control).

In conclusion, compared to conventional DBS, connectomic DBS
for OCD does not result in more symptom reduction, but is
followed by less adverse effects. The present study showed that
prospective targeting of the sIMFB is implementable using
patient-specific DWI-images. Therefore, future patients might
benefit from using tractography techniques for optimal electrode
site localization.

Supplementary information is available at MP’s website.

REFERENCES

1. Bergfeld 10, Dijkstra E, Graat |, de Koning P, van den Boom BJG, Arbab T, et al.
Invasive and Non-invasive neurostimulation for OCD. Curr Top Behav Neurosci.
2021;49:399-436.

2. Denys D, Graat |, Mocking R, de Koning P, Vulink N, Figee M, et al. Efficacy of deep
brain stimulation of the ventral anterior limb of the internal capsule for refractory
obsessive-compulsive disorder: a clinical cohort of 70 patients. Am J Psychiatry.
2020;177:265-71.

3. Coenen VA, Schlaepfer TE, Goll P, Reinacher PC, Voderholzer U, Tebartz van Elst L,
et al. The medial forebrain bundle as a target for deep brain stimulation for
obsessive-compulsive disorder. CNS Spectr. 2017;22:282-9.

4. Baldermann JC, Schiiller T, Kohl S, Voon V, Li N, Hollunder B, et al. Connectomic
deep brain stimulation for obsessive-compulsive disorder. Biol Psychiatry.
2021;90:678-88.

5. Maier-Hein KH, Neher PF, Houde J-C, Coté M-A, Garyfallidis E, Zhong J, et al. The
challenge of mapping the human connectome based on diffusion tractography.
Nat Commun. 2017;8:1349.

6. Coenen VA, Schlaepfer TE, Reinacher PC, Mast H, Urbach H, Reisert M. Machine
learning-aided personalized DTI tractographic planning for deep brain stimula-
tion of the superolateral medial forebrain bundle using HAMLET. Acta Neurochir.
2019;161:1559-69.

7. Liebrand LC, Caan MWA, Schuurman PR, van den Munckhof P, Figee M, Denys D,
et al. Individual white matter bundle trajectories are associated with deep brain
stimulation response in obsessive-compulsive disorder. Brain Stimulation.
2019;12:353-60.

8. Li N, Baldermann JC, Kibleur A, Treu S, Akram H, Elias GJB, et al. A unified
connectomic target for deep brain stimulation in obsessive-compulsive disorder.
Nat Commun. 2020;11:3364.

9. Graat |, Mocking R, Figee M, Vulink N, de Koning P, Ooms P, et al. Long-term
outcome of deep brain stimulation of the ventral part of the anterior limb of the
internal capsule in a cohort of 50 patients with treatment-refractory obsessive-
compulsive disorder. Biol Psychiatry. 2020;90:714-20.

10. Goodman WK, Price LH, Rasmussen SA, Mazure C, Fleischmann RL, Hill CL, et al.
The Yale-Brown Obsessive Compulsive Scale. |. Development, use, and reliability.
Arch Gen Psychiatry. 1989;46:1006-11.

11. Hamilton M. The assessment of anxiety states by rating. Br J Med Psychol.
1959;32:50-5.

12. Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychiatry.
1960;23:56-62.

13. Kuss O, Blettner M, Bérgermann J. Propensity Score: an alternative method of
analyzing treatment effects. Dtsch Arzteblatt Int. 2016;113:597-603.

14. Ho D, Imai K, King G, Stuart EA. Matchlt: nonparametric preprocessing for para-
metric causal inference. J Stat Softw. 2011;42:1-28.

15. Alonso P, Cuadras D, Gabriels L, Denys D, Goodman W, Greenberg BD, et al. Deep
brain stimulation for obsessive-compulsive disorder: A meta-analysis of treat-
ment outcome and predictors of response. PLoS ONE. 2015;10:1-16.

16. Graat I, Mocking RJT, de Koning P, Vulink N, Figee M, van den Munckhof P, et al.
Predicting response to VALIC deep brain stimulation for refractory obsessive-
compulsive disorder. J Clin Psychiatry. 2021;82.

17. van Doorn J, van den Bergh D, Bchm U, Dablander F, Derks K, Draws T, et al. The
JASP guidelines for conducting and reporting a Bayesian analysis. Psychon Bull
Rev. 2020. https://doi.org/10.3758/513423-020-01798-5.

18. Widge AS, Zhang F, Gosai A, Papadimitrou G, Wilson-Braun P, Tsintou M, et al.
Patient-specific connectomic models correlate with, but do not reliably predict,

SPRINGER NATURE


https://doi.org/10.3758/s13423-020-01798-5

|. Graat et al.

5212

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

outcomes in deep brain stimulation for obsessive-compulsive disorder. Neu-
ropsychopharmacol: Offic Publ Am Coll of Neuropsychopharmacol. 2021.
47:965-72.

. Hageman SB, van Rooijen G, Bergfeld 10, Schirmbeck F, de Koning P, Schuurman

PR, et al. Deep brain stimulation versus ablative surgery for treatment-refractory
obsessive-compulsive disorder: A meta-analysis. Acta Psychiatr Scand. 2021.
https://doi.org/10.1111/acps.13276.

Schlaepfer TE, Bewernick BH, Kayser S, Madler B, Coenen VA. Rapid effects of
deep brain stimulation for treatment-resistant major depression. Biol Psychiatry.
2013;73:1204-12.

Mar-Barrutia L, Real E, Segalds C, Bertolin S, Menchoén JM, Alonso P. Deep brain
stimulation for obsessive-compulsive disorder: A systematic review of worldwide
experience after 20 years. World J Psychiatry. 2021;11:659-80.

Kim Y, McGee S, Czeczor JK, Walker AJ, Kale RP, Kouzani AZ, et al. Nucleus
accumbens deep-brain stimulation efficacy in ACTH-pretreated rats: alterations in
mitochondrial function relate to antidepressant-like effects. Transl Psychiatry.
2016;6:842-e842.

Haber SN, Yendiki A, Jbabdi S, Four deep brain stimulation targets for obsessive-
compulsive disorder: are they different? Biol Psychiatry. 2021;90:667-77

Mai JK, Majtanik M, Paxinos G Atlas of the human brain. Academic Press; 2015.
Levitt P, Rakic P, Goldman-Rakic P. Region-specific distribution of catecholamine
afferents in primate cerebral cortex: A fluorescence histochemical analysis. J
Comp Neurol. 1984;227:23-36.

Lehman JF, Greenberg BD, Mcintyre CC, Rasmussen SA, Haber SN. Rules ventral
prefrontal cortical axons use to reach their targets: Implications for diffusion
tensor imaging tractography and deep brain stimulation for psychiatric illness. J
Neurosci. 2011;31:10392-402.

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.

Coenen VA, Dobrossy MD, Teo SJ, Wessolleck J, Sajonz BEA, Reinacher PC, et al.
Diverging prefrontal cortex fiber connection routes to the subthalamic nucleus
and the mesencephalic ventral tegmentum investigated with long range (nor-
mative) and short range (ex-vivo high resolution) 7T DTI. Brain Struct Funct. 2021.
https://doi.org/10.1007/500429-021-02373-x.

Makris N, Rathi Y, Mouradian P, Bonmassar G, Papadimitriou G, Ing WI, et al.
Variability and anatomical specificity of the orbitofrontothalamic fibers of pas-
sage in the ventral capsule/ventral striatum (VC/VS): precision care for patient-
specific tractography-guided targeting of deep brain stimulation (DBS) in
obsessive compulsiv. Brain Imaging Behav. 2016;10:1054-67.

Mosley PE, Windels F, Morris J, Coyne T, Marsh R, Giorni A, et al. A randomised,
double-blind, sham-controlled trial of deep brain stimulation of the bed nucleus
of the stria terminalis for treatment-resistant obsessive-compulsive disorder.
Transl Psychiatry. 2021;11:190.

Shephard E, Stern ER, van den Heuvel OA, Costa DLC, Batistuzzo MC, Godoy PBG,
et al. Toward a neurocircuit-based taxonomy to guide treatment of
obsessive-compulsive disorder. Mol Psychiatry. 2021;26:4583-604.

SPRINGER NATURE

32. 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.

33. Robbins TW, Vaghi MM, Banca P. Obsessive-compulsive disorder: puzzles and
prospects. Neuron 2019;102:27-47.

AUTHOR CONTRIBUTIONS
Conception and design: IG, RM, LL, 10, and DD. Data/literature acquisition: IG and 10.
Data/literature analysis and interpretation: IG, 10, and RM. Statistical analysis: IG, 10,
and RM. Drafting the manuscript: IG. Critical revision of the manuscript: All authors.
Supervision: RM, 10, GvW, and DD.

FUNDING

The present study received no funding. PR Schuurman acts as independent advisor
for Medtronic and Boston Scientific. RJIT Mocking and 10 Bergfeld are funded by
unrestricted ABC Talent Grants. DD, PRS, GvW and IO Bergfeld have received funding
from ZonMw (nr 636310016) and Boston Scientific (in kind) for a trial on deep brain
stimulation for depression. GVW received research funding from Philips. The other
authors have no disclosures to report.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41380-022-01760-y.

Correspondence and requests for materials should be addressed to llse Graat.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the terms of such
publishing agreement and applicable law.

Molecular Psychiatry (2022) 27:5206 - 5212


https://doi.org/10.1111/acps.13276
https://doi.org/10.1007/s00429-021-02373-x
https://doi.org/10.1038/s41380-022-01760-y
http://www.nature.com/reprints
http://www.nature.com/reprints

	Tractography-based versus anatomical landmark-based targeting in vALIC deep brain stimulation for refractory obsessive-compulsive disorder
	Introduction
	Material and method
	Patients and study design
	Image acquisition
	Tractography-based surgical planning
	Targeting and DBS surgery
	DBS treatment protocol
	Outcome measures
	Propensity score matching
	Statistical analyses

	Results
	Demographics and propensity score matching
	Effectiveness of tractography-based vs conventional landmark-based DBS
	Adverse events

	Discussion
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




