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Human orbitofrontal neural activity is linked to
obsessive-compulsive behavioral dynamics
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In brief

Stimulating ventral basal ganglionic
targets modulates a dynamic amOFC
biomarker linked to OCD, providing
insights into network dynamics and
supporting the development of
personalized, electrophysiology-guided
deep brain stimulation for improved
neuromodulation treatment.
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SUMMARY

Biomarkers of obsessive-compulsive disorder (OCD) symptom dynamics and related behavior could advance
personalized interventions. Aberrant activity in the orbitofrontal cortex (OFC) has been implicated in symptom
exacerbation in OCD. We conducted an intracranial monitoring assay to identify high-resolution neurophysio-
logic correlates of OCD symptoms in the human OFC. We found that low-gamma power in the anteromedial
OFC was consistently elevated during high symptom states in a symptom provocation task. Furthermore, elec-
trical stimulation of the ventral basal ganglia that reduced OCD symptoms also reduced anteromedial OFC
gamma power. These results link OFC gamma activity to moment-to-moment expression of OCD symptoms,

providing mechanistic insights to guide therapeutic strategies such as deep brain stimulation.

INTRODUCTION

Obsessive-compulsive disorder (OCD) is a common (2%-3%
lifetime prevalence) and disabling psychiatric disorder.’ At
least 30% of patients with OCD do not adequately respond to
conventional treatment, which includes psychotherapy (e.g.,
exposure and response prevention), psychotropic medications,
and their combination.>* Accumulating and converging multi-
modal evidence implicates dysregulated fronto-basal ganglia
circuitry in the pathophysiology of OCD, including altered activity
in the orbitofrontal cortex (OFC) and basal ganglia.””” Therapeu-
tic strategies that modulate this dysfunctional circuit are
emerging,® including deep brain stimulation (DBS),”'° which
received humanitarian device exemption approval from the
FDA in 2009 for this indication. Reported response rates to
DBS for OCD average around 66% in open-label and controlled
trials."”

However, traditional DBS delivers continuous stimulation
without feedback, and it remains unclear how this stimulation

e Cell 189, 739-747, February 5, 2026 © 2026 The Authors. Published by Elsevier Inc.

engages the underlying neural circuitry or drives clinical re-
sponses.'? Understanding how neural activity maps to symptom
expression is critical not only for optimizing target selection but
also for developing biomarker-informed, closed-loop DBS sys-
tems.”'* Such systems could improve clinical outcomes by
aligning stimulation delivery with relevant brain states, thereby
enhancing efficacy, minimizing side effects, promoting plasticity,
and allowing symptom-specific targeting.

Despite its centrality to fronto-basal ganglia circuitry, the OFC
remains underexplored in human intracranial studies of OCD.
The OFC is thought to be involved in reward valuation, deci-
sion-making, and affective and motivational processes—all of
which are disrupted in OCD."®'® Imaging studies suggest that
the OFC shows state-dependent fluctuations in activity that
correlate with obsessions and compulsions, yet direct electro-
physiological evidence remains limited.'”° We hypothesized
that neural activity in OFC would reflect OCD symptom-related
internal states, particularly distress, and that it would exhibit
temporal dynamics suitable for closed-loop neuromodulation.
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(A) SEEG electrodes were placed in cortical and subcortical targets implicated in the OCD network in each subject (coronal view). Each region is color-coded

according to the legend.

(B) Spatial representation of stimulating electrodes in the nucleus accumbens and ventral pallidum (NAc/VeP), as well as recording electrodes in the orbitofrontal
cortices (OFC) (mid-sagittal view, right hemisphere). Fronto-basal ganglia streamlines are overlaid in light purple.

(C) Placement of orbitofrontal SEEG electrodes in all three subjects in a normalized MNI-152 template space (axial view). The right OFC is shown with division into
the anteromedial (teal), anterolateral (green), posteromedial (yellow), and posterolateral (orange) regions.

See also Figure S1.

To test this hypothesis, we leveraged a clinical trial involving
stereo-electroencephalography (sEEG)-guided DBS for treat-
ment-refractory OCD (NCT05623306; see STAR Methods).?" In
this intracranial monitoring study, we performed recordings
with high-temporal resolution from the OFC and subcortical
targets during an individualized symptom provocation task,
enabling us to examine dynamic neural correlates of OCD symp-
toms in real time. Electrodes were implanted in cortical and
subcortical regions implicated in OCD-related circuitry, and pa-
tients underwent intensive inpatient evaluation in the psychiatric
monitoring unit of Pennsylvania Hospital (University of Pennsyl-
vania Health System) (Figures 1A-1C).

This approach allowed us to identify candidate electrophysio-
logic biomarkers of obsessive-compulsive symptom states to
explore how such signals might support patient-specific, brain
state-dependent targeted neuromodulation interventions. Ulti-
mately, this work aims to advance a new era of precision neuro-
modulation for neuropsychiatric disorders.

RESULTS

NAc-VeP stimulation produced the most robust acute
reduction in OCD-related distress, supporting its
potential as a key target for symptom-specific
neuromodulation

Three subjects in this study were enrolled in a clinical trial of SEEG-
guided DBS for treatment-refractory OCD (NCT05623306). SEEG
electrodes were implanted in cortical and subcortical nodes
involved in OCD-related networks in order to identify personalized
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DBS targets and delineate the mechanistic underpinnings of acute
and chronic stimulation (Figures 1A-1C).

We first evaluated the acute clinical effects of direct electrical
stimulation to targets in the anterior limb of the internal capsule
(ALIC) and extended ventral striatal territory to identify the stim-
ulation site with the most robust therapeutic potential. This
included the ventral pallidum (VeP) in close proximity to the ante-
rior commissure and other adjacent ventral basal ganglionic
structures (see STAR Methods; target evaluation session;
Figures 2A and S1). Our target regions included the ALIC, nu-
cleus accumbens (NAc), bed nucleus of the striae terminalis
(BNST), and VeP.?? Given our prior experience with the NAc-
VeP complex, we also examined clinical effects when stimulating
this complex.?® Small studies have shown promise for DBS at
each of these targets®~2° but the optimal DBS location at the in-
dividual level may vary across patients due to disease heteroge-
neity. Here, we sought to identify the most promising stimulation
site in a sham-controlled fashion with the largest acute effect on
OCD symptoms. The goal was to link those symptom-specific
changes to biomarker activity—specifically, activity that is
amenable to modulation by DBS.

We compared the change in OCD symptoms following acute
electrical stimulation of contacts within the ALIC, NAc, VeP,
and NAc-VeP (Figure 2A) using a 0-10 visual analog scale
(VAS) of OCD distress, a measure of how severely OCD-related
symptoms were experienced by the subject in the moment. The
acute reduction in OCD distress levels (with blinded, 1- or 5-min
stimulation trials conducted over 5 days; see STAR Methods) for
each stimulation condition was as follows: 33.3% for NAc-VeP
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Figure 2. Individual acute effects of NAc-VeP, NAc, VeP, and ALIC stimulation on OCD symptoms during the target evaluation session

(A) Acute effects of NAc-VeP, NAc, VeP, and ALIC stimulation on OCD symptoms during the target evaluation session for each subject. Each row represents
symptom changes between pre- and post-stimulation for NAc-VeP (top row), NAc (second row), VeP (third row), and ALIC (bottom row). The connected dot plots
illustrate individual symptom changes, with blue representing positive therapeutic outcomes and gray representing no change or negative outcomes.

(B) Average symptom changes across the three subjects demonstrate a significant reduction (*p = 0.013, n = 16) during NAc-VeP stimulation.

(C and D) NAc-VeP stimulation resulted in the largest symptom reduction (33.33%; C) and had the largest effect size (d = 0.83; D), suggesting it was the most

effective acute stimulation target compared with other sites.

(d=0.83,n=16), 16.2% for NAc (d = 0.50, n = 13), 0.0% for VeP
(d =0.00, n = 13), and —5.7% for ALIC (d = —0.10, n = 14)
(Figures 2B-2D; Table S1). Notably, NAc-VeP stimulation led to
a significant reduction in distress (*p = 0.013; Figure 2B) and
had the largest effect size across the cohort (Figure 2D).

Right amOFC low-gamma activity tracks OCD-related
distress state during provocation

We next examined neural activity in the OFC to identify neural
correlates of OCD-related distress. Subjects underwent a psy-
chologist-led symptom provocation task using individualized
exposure protocols modeled after validated exposure-response
prevention (ExRP) therapy.>® Each subject engaged in 3-11 trials
of symptom provocation in which they were exposed to 5 min of

a neutral stimulus followed by 5 min of an OCD-provoking stim-
ulus akin to an exposure in ExRP, followed by relaxation to alle-
viate OCD-related symptoms (Figure 3A).

Exposure to distressing stimuli resulted in significant alter-
ations in low-gamma (30-55 Hz) power across all OFC subre-
gions, with both increases and decreases observed relative to
neutral stimuli (Figure 3B). Notably, we observed a consistent
elevation in low-gamma frequency band (30-55 Hz) power in
the right anteromedial OFC (amOFC) region across all three sub-
jects ("o = 1.22e7 ", nyey = 288, g = 284; *p = 0.014, Nyey =
2083, ngyp =167, "p = 9.69e 8, Nyey = 652, Neyp = 688 in subjects
1, 2, and 3, respectively; Figure 3C). Elevated amOFC low-
gamma power was consistently present across different days
of symptom provocation tasks and in each subject. In order to
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Figure 3. Symptom provocation task paradigm and spectral power changes across frequency bands in OFC subregions

(A) (Top row) A personalized real-world provocation task was designed by a psychologist. The task consisted of 5-min neutral trials and 5-min exposure trials,
followed by a relaxation/recovery period (subjects 1, 2, and 3 completed 3, 10, and 11 no-stim trials, respectively). (Middle row) During each trial, behavioral
symptom ratings were collected every minute on a tablet. (Bottom row) In Stim Trials, high-frequency right NAc-VeP stimulation was applied during exposure
trials to investigate its potential effect on the biomarker and symptom ratings. Each subject underwent a single right NAc-VeP stimulation trial during the Stim
Trials phase.

(B) Bar plots show standardized low-gamma power differences between exposure and neutral trials. Exposure to distressing stimuli resulted in significant al-
terations in low-gamma (30-55 Hz) power across all OFC subregions, with both increases and decreases observed relative to neutral stimuli. Asterisks indicate
statistically significant changes (*p < 0.05). Recording channels in the right anterior lateral OFC of subject 1 were excluded because of high impedance values
during the task.

(C) Notably, all three subjects showed a consistent and significant increase in low-gamma power in the right amOFC during OCD exposure trials compared with
the neutral trials (*p = 1.22e ™4, *p = 0.014, and *p = 9.69e® in subjects 1, 2, and 3, respectively.

(D) Trial-by-trial changes in OCD-related distress and right amOFC low-gamma power during symptom provocation. Each panel shows data from an individual
subject, with lines connecting paired neutral and exposure trials. Left column in each subject: OCD-related distress ratings (VAS, 0-10). Right column: low-
gamma power (Z scored within channel, averaged across right amOFC contacts). These trial-level line plots highlight the consistency of within-subject changes
across trials, complementing the summary statistics in Table S5. Asterisks indicate statistical significance from a trial-level permutation test (‘o < 0.05,
**p < 0.001).

See also Figures S2-54.
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Figure 4. NAc-VeP stimulation reduced amOFC low-gamma power and OCD-related symptoms across three subjects

(A) The top row presents 3D images showing the locations of stimulation channels (Stim channels, orange dots) and the right amOFC (yellow dots) in each subject.
(B) The middle row contains two bar plots and a symptom ratings time course graph for each subject. Pink bars represent mean amOFC low-gamma power during
OCD exposure without stimulation, while the lavender bars show the same measure during NAc-VeP stimulation. All three subjects exhibited a reduction in

amOFC low-gamma power during stimulation (*p =

0.039, *p = 0.061, *p = 0.008 for subjects 1, 2, and 3, respectively). The plots of symptom severity change

show that NAc-VeP stimulation is associated with a reduction in OCD symptom severity across all subjects. Error bars represent standard error of mean (S.E.M.).
(C) Sham stimulation during the same task window did not produce a similar reduction in amOFC power (p = 0.4897 in subject 2; p = 0.2186 in subject 3). Results
are not available for subject 1, as sham stimulation was not performed in a similar fashion for the first subject. Error bars represent S.E.M.

See also Figure S5.

ensure the results were not driven by global broadband shifts, we
also recomputed power changes (A in exposure — neutral) after
removing the aperiodic component and compared it with the un-
corrected power changes (Figure S3). The aperiodic component
correction did not alter either the magnitude or direction of the
standardized power difference, indicating that the low-gamma
band results are not driven by the aperiodic background in this
cohort. Also, we did not observe any OFC subregion in which
the aperiodic slope (exponent) or offset changed in a statistically
significant and same-direction manner across all subjects
(Tables S2 and S3).

Pooling all recording sites from all three subjects, the right
anterior medial OFC low-gamma band exhibited one of the
strongest effects, and this was the only frequency change that
was shared across the cohort (§ = +0.103, *p = 0.0132). The
smallest p across the OFC grid occurred in the left posterior
medial OFC in delta (3 = —0.156, *p = 0.0002), but this decrease
was not consistent across subjects (Figure S2). Other nominal
alpha/theta findings did not replicate across all three subjects.
Per-cell estimates (Z) and confidence intervals are provided in
Table S4, and the effect-size map is shown in Figure S4. All sta-

tistics were obtained from a linear mixed-effects model with
fixed effects of condition, region, and band and a subject
random intercept (see STAR Methods).

Trial-by-trial analysis (Figure 3D; Table S5) showed that 79%
of provocation trials across subjects exhibited concordant in-
creases in OCD-related distress and right amOFC low-gamma
power (two-sided sign test, *p = 0.0066). Pooled Apower values
were significantly greater than zero (Wilcoxon signed-rank test,
*p = 0.0017), indicating consistent co-variation of symptom
severity and amOFC low-gamma power at the single-trial level.
Thus, amOFC low-gamma power exhibits specificity for dynamic
changes in symptom severity, which can potentially be moni-
tored for treatment response.

Targeted NAc-VeP stimulation reduces amOFC gamma
power and improves OCD symptom expression during
provocation

To validate this biomarker, we examined whether stimulation to
the NAc-VeP cluster, the zone exhibiting the most acute thera-
peutic response (see above), would lead to a reduction in low-
gamma power and alleviate OCD symptoms (Figure 4). We
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exposed subjects to personalized OCD-provoking triggers for
5 min and subsequently initiated high-frequency NAc-VeP stim-
ulation ipsilateral to the amOFC, where the candidate biomarker
was detected, for another 5 min while exposures continued
(stim trials in Figure 3A). We compared the magnitude of low-
gamma frequency power in the amOFC during the period with
and without stimulation. In all three subjects, stimulation led to
a decrease in low-gamma frequency power (*p = 0.039, *p =
0.061, *p = 0.008 in subjects 1, 2, and 3, respectively;
Figure 4B), an effect that was not observed during blinded
sham stimulation, in which the auditory artifact of stimulation
was reproduced but no current was delivered (Figure 4C).

Importantly, the reduction in low-gamma frequency power in the
amOFC was associated with a reduction in OCD distress on a VAS
rating (see STAR Methods): from 8 to 6, 10 to 5, and 8 to 4 in sub-
jects 1,2, and 3, respectively (Figure 4B). Improved behavioral pat-
terns were also observed and reported by subjects, e.g., reduced
avoidance and ability to engage with previously distressing stimuli.
By contrast, during sham stimulation, a decrease in amOFC
gamma power was not observed, and there was no improvement
in OCD distress on a VAS rating (from 9 to 9 and from 7 to 9 in sub-
jects 2 and 3, respectively) observed (Figure 4C). These findings
suggest that the candidate biomarker is functionally tied to fluctu-
ating symptom severity and that its reduction in power reflects a
therapeutic response to the acute stimulation.

DISCUSSION

Our study presents evidence that suggests low-gamma power in
the amOFC may play a causal role in obsessive-compulsive
symptom expression, and effective modulation of this biomarker
improves symptom severity. Unlike markers of chronic disease
states, this biomarker represents a state-dependent neural
signature that fluctuates with moment-to-moment symptom in-
tensity. This distinction is critical in neuropsychiatric conditions,
where increasing efforts are made to differentiate markers of
illness from dynamic markers of symptom states, as seen in
recent findings in depression.’’® Our findings suggest that
the amOFC may serve as a promising site for state-related
biomarker detection in OCD and highlight its potential in future
adaptive, closed-loop neuromodulation strategies. Given the
heterogeneity of OCD and related behaviors, such network-level
biomarker identification represents crucial progress toward
personalized therapies.

Our results also underscore the anatomical and functional
specificity of the amOFC within the broader prefrontal cortex
since other sites did not express the same signal activity.'®*°
The amOFC, which integrates reward valuation and outcome-
based behavior,?® showed consistent biomarker engagement
across all three patients. This pattern aligns with our central
aim of assessing a conserved/common signal across subjects,
i.e., a shared processing mechanism, most clearly expressed
as right amOFC low-gamma modulation during provocation.
By contrast, other prefrontal regions were not similarly dissoci-
ated. This supports existing literature describing distinct cy-
toarchitectural and connectivity profiles of the medial and lateral
OFC,*"%? highlighting the importance of precise regional map-
ping when identifying therapeutic targets in OCD.®
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Building on this, we demonstrated that high-frequency stimu-
lation to ventral structures along the extended ALIC-ventral
striatal territory —the NAc-VeP —both alleviated OCD symptoms
and reversed the abnormal amOFC gamma activity. This sug-
gests a causal relationship between NAc-VeP stimulation and
cortical biomarker modulation. The amOFC strongly projects to
the NAc, which itself is interconnected with the adjacent
VeP.*® Qutflow of both structures projects back via thalamic
routes. Prior work has shown obsession-provoked gamma activ-
ity in the NAc,** and our findings extend this by demonstrating
similar remote cortical activity. The NAc is well-established to
be a central node in reward circuitry, and the functionality ex-
tends to the VeP in mediating motivational behaviors.?**%:%¢
This dual-node stimulation builds upon our prior report of a
robust, long-lasting effect of NAc-VeP responsive neurostimula-
tion in a single OCD patient,”® which corroborates the superior
acute, anti-OCD effects observed here compared with stimula-
tion of either node alone.

In addition, our findings add mechanistic support to the fron-
tal-basal ganglia circuit’s role in OCD, widely implicated in neu-
roimaging studies'®° but not previously confirmed through
direct intracranial electrophysiological and stimulation-based
approaches. Importantly, this biomarker modulation we report
here occurred during real-time symptom provocation, support-
ing the feasibility of gamma-based tracking for future adaptive
DBS. This aligns with a broader movement toward multi-target
network-guided DBS strategies, which may include chronic
stimulation of one node, complemented by closed-loop or
state-triggered stimulation of another. This dual approach may
enhance treatment efficacy, particularly in heterogeneous condi-
tions such as OCD.

Previous studies using electrophysiological recordings at
fixed DBS targets have suggested neural signatures of OCD
behavioral states in more chronic time scales,?***3":*% though
findings across studies have been inconsistent, with no common
frequency range signature reported. Notably, in these prior
studies, DBS implantation sites were preselected based on
convention and intraoperative testing.>® By contrast, our
approach here utilized sEEG to identify individualized biomarker
target for targeted modulation. This level of precision may
enhance both short- and long-term outcomes in neuromodula-
tory treatment.

Limitations of the study

We acknowledge several limitations in this study. The sample
size is small (n = 3), and stimulation effects were assessed
acutely. Because this early feasibility clinical protocol consoli-
dated provocation procedures into brief sessions, each subject
underwent only one high-frequency NAc-VeP stimulation trial
at a single parameter selected during the target evaluation ses-
sion. Consequently, within-subject dose or parameter response
analyses and trial-by-trial regressions linking low-gamma
changes to symptom changes were not feasible. While the
observed electrophysiological biomarker in the amOFC was
consistent across patients, larger studies will be needed to
determine specificity, temporal stability, and suitability for future
adaptive stimulation algorithms. Additionally, it remains to be
determined if this amOFC biomarker may reflect therapeutic
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response over longer timescales. Future work should aim to
identify complementary biomarkers—both state-related and
trait-level predictors—and test closed-loop DBS strategies in
larger, multi-site cohorts to validate generalizability and refine
network-informed treatment strategies.

Conclusion

In summary, we provide direct evidence that stimulation of a
ventral basal ganglionic target modulates a dynamic biomarker
in the amOFC, which is linked to OCD symptoms. These findings
offer mechanistic insights into dysregulated network dynamics in
OCD and support the development of adaptive, multi-target DBS
informed by electrophysiological markers. This work lays the
foundation for personalized circuit-based neuromodulation in
psychiatric diseases.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB R2024a The MathWorks https://www.mathworks.com/
FieldTrip 2021.10.20 FieldTrip toolbox https://www.fieldtriptoolbox.org/
RAVE: Reproducible Analysis & Visualization BeauchampLab https://rave.wiki/

of iEEG

BCI2000 National Center for Adaptive Neurotechnologies https://www.bci2000.org/
FreeSurfer Laboratory for Computational Neuroimaging https://surfer.nmr.mgh.harvard.edu
ANTSs (Advanced Normalization Tools) Penn image computing and science laboratory https://stnava.github.io/ANTs/
Other

sSEEG electrodes Ad-Tech https://adtechmedical.com/
EEG system / stimulator g.tec https://www.gtec.at/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical Study

Three subjects were enrolled in an ongoing clinical trial (NCT05623306; IDE# G220185) of stereo-encephalography (sEEG) guided
multi-target deep brain stimulation (DBS) for treatment-resistant obsessive-compulsive disorder (trOCD).”" This trial afforded our
team the opportunity here to further the understanding of the network hypothesis of OCD. Data for this current investigation is ob-
tained in the first stage of the clinical study, where subjects undergo sEEG-based brain mapping in the psychiatric monitoring unit,
while psychologist-led symptoms provocations are conducted under direct clinical observation.

Major inclusion criteria for the study include age 25-75 years old (inclusive), meeting Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition guidelines (DSM-5) diagnostic criteria of chronic (>5 years) OCD; severe OCD as defined by Y-BOCS score of
>28 and a lack of adequate response after adequate treatment trials, including >2 selective serotonin reuptake inhibitors, clomip-
ramine, >1 augmentation trial with an antipsychotic medication and adequate trials of cognitive-behavior therapy based exposure
and response prevention. Major exclusion criteria included any other primary psychiatric diagnosis defined in the DSM-5, including
Hoarding disorder, secondary diagnosis of bipolar | or Il disorder, anorexia nervosa, bulimia nervosa or binge eating disorder, or psy-
chotic or mood disorder with psychotic features as defied in DSM-5; current suicidal risk defined by the Columbia Suicide Severity
Rating Scale; Dependency, addiction or abuse or overuse of illicit substances including alcohol; History of head trauma with loss of
consciousness for > 5 minutes or residual effect unresolved by a year, abnormal neuroimaging study or more than 1 head injury within
past two years diagnosed as concussion, concussive-type or traumatic brain injury; Any permanent cardiac, brain implant or im-
planted medical pumps.

All three subjects fulfilled eligibility criteria and were enrolled in the study. Subject 1 was a 38-year-old male diagnosed with OCD
since age 11. His baseline Y-BOCS score was 40 and his primary symptom included pathological doubt and intrusive thoughts. Sub-
ject 2 was a 62-year-old female who was diagnosed with OCD from age 16. Her baseline Y-BOCS score was 38 and primary symp-
toms include contamination, cleaning compulsions, difficulty with thought processes and distorted sensory perceptions. Subject 3
was a 26-year-old female diagnosed with OCD 8 years prior, with symptoms starting around age 9. Her baseline Y-BOCS score was
44 and primary symptoms include contamination.

METHOD DETAILS

Image Processing and Electrodes Localization

High-resolution magnetic resonance imaging (MRI) sequences (T1, T2-weighted and Fast Gray Matter Acquisition T1 Inversion Re-
covery [FGATIR]) were obtained for all subjects. Following sEEG electrodes implantation for each subject, a high-resolution, full-tis-
sue-range computer tomography (CT) of the head was acquired and co-registered to pre-operative MRI using YAEL module of
Reproducible Analysis and Visualization of iEEG software (RAVE).***" Three-dimensional coordinates of each sEEG electrode con-
tact were computed with RAVE. Atlas-based image segmentation using FreeSurfer*® as well as two-step linear and non-linear co-
registration using Advanced Normalization Tools (ANTs)** with affine and asymmetric normalization were implemented within the
RAVE pipeline. Each sEEG electrode was assigned an anatomical label based on the segmentation and verified independently by
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two investigators (L.Q. and G.C.) Electrode contacts located in the amOFC, pmOFC, alOFC, plOFC, and structures within the
extended ventral striatal territory were identified for subsequent electrophysiological analyses.

Electrophysiological Data Acquisition

Subjects underwent sEEG implantation with up to sixteen custom Ad-Tech sEEG electrodes (SDO8R-AP58X-000, SD16R-AP02X-
000, SD16R-AP03X-000, RD16R-SP03X-000) (up to total 240 electrode contacts) placed bilaterally spanning various cortical and
subcortical brain anatomical targets that have been reported to be involved in trOCD. These sEEG targets and trajectories were
determined based on a multi-disciplinary team consensus comprising neurosurgeons, neuroanatomists and psychiatrists, and
included the orbitofrontal cortices (anterior and posterior), frontal pole, ventrolateral prefrontal cortices, anterior cingulate cortices,
anterior limb of the internal capsule, nucleus accumbens, ventral pallidum, subthalamic nucleus, dorsolateral hippocampus and ba-
solateral amygdala. All sEEG probes had a DBS-like configuration with 1.1 mm diameter with 8-16 electrode contacts of 1.32 mm
length and 2-3 mm center-to-center distance. (Ad-Tech, Oak Creek, WI.) Once stereo-EEG electrode leads were implanted, they
were connected via four headboxes to a 256-channel g.Hlamp system (amplifier; g.tec, Schiedlberg, Austria) for continuous neural
signal recording at a sampling rate of 1200Hz. A switching unit connects the g.Estim PRO system (stimulator) to allow concurrent
stimulation and recording without the need for manual switching. The BCI2000 software is used to integrate multimodal recording
and analysis to allow integration across data capture devices (continuous video recordings, audiovisual presentation hardware)
and synchronized timestamping to behavioral data.**

Target Evaluation Session

A comprehensive safety assessment was performed under the supervision of an epileptologist to explore safety limits of stimulation
across all contact pairs. Bipolar stimulation was performed across each pair of contacts in 0.5mA increment from 0 to 6mA, 60-90ys,
100-130Hz. Once stimulation thresholds were established, systematic target evaluation was performed with 1 minute- and 5-minute-
long stimulation testing over five days. Subjects’ subjective rating of OCD-related distress were recorded on a visual analog scale
(VAS) of 0-10 before and after each stimulation. Subjects were blinded to the stimulation target and condition. Stimulation param-
eters that elicited positive or negative effects were noted. Repeated evaluation of potential targets were conducted over subsequent
of the study in the psychiatric monitoring unit. To minimize perceptual differences between stimulation and sham, subjects were told
that audible noise would occur during both conditions. Subjects were instructed to focus on their immediate behavioral state rather
than on guessing the stimulation condition, but were encouraged to report in real-time any unusual sensations or changes in behav-
ioral or emotional state. No formal reporting about perceived stimulation versus sham was performed. However, these active and
sham stimulation trials were performed after initial safety screening, where any contacts that induced side effects were eliminated
from further testing. Thus, subjects were not expected to be able to identify the stimulation condition.

In this investigation, we delivered acute DBS to components of the extended ALIC-ventral striatal territory, including the NAc, VeP,
and ALIC—the FDA-approved target for OCD under humanitarian device exemption (Figure S1). We also tested stimulation of the
NAc-VeP complex, previously reported to produce rapid and sustained symptom improvement.”® To quantify the effectiveness of
each stimulation site, we calculated percentage reduction in symptoms and effect size (Cohen’s d) in Figures 2C and 2D;
Table S1. 1) The percentage reduction was determined by comparing the average symptom severity before and after stimulation.
Specifically, the difference between the pre-stimulation and post-stimulation scores was divided by the pre-stimulation score and
expressed as a percentage. This metric provides a relative measure of symptom improvement for each condition. 2) To quantify
the effect size, we used Cohen’s d, which measures the magnitude of symptom change relative to variability. The effect size was
calculated by dividing the difference between the mean pre-stimulation and post-stimulation symptom scores by the pooled stan-
dard deviation of both conditions. A larger Cohen’s d indicates a stronger effect of stimulation on symptom reduction. These mea-
sures allowed for a standardized comparison of the therapeutic effects of different stimulation targets during the Target Evaluation
Session (d ~ 0.2 = small, > 0.5 = medium, > 0.8 = large effect).

Behavioral Symptom Provocation Task

Prior to sEEG implantation, a full interview is conducted by a trained psychologist with each subject to understand their OCD-related
symptoms and relevant provocations. The psychologist, in collaboration with the study team, designed a set of real-world provoca-
tion trials, consisting of 5-minute-long neutral trials and 5-minute-long exposure trials, followed by a relaxation/recovery period
(Figure 3A). The duration of the relaxation/recovery period varied based on the subject’s condition. During the task, behavioral symp-
tom ratings (OCD-related distress) were obtained on a tablet every minute using a 0 to 10 VAS, where 0 represents no symptoms and
10 represents the most severe symptoms. The onset of the task was recorded in the BCI2000 software to synchronize this event with
the intracranial EEG (iEEG) data. Throughout the task, continuous audiovisual and iEEG recordings were obtained.

The behavioral symptom provocation task was performed on eight out of the 12 days of hospitalization (Days 3-5 and 7-11). During
the first three consecutive days (Days 3-5), trials were conducted without stimulation (No Stim Trials, Figure 3A). In the remaining
days (Days 7-11, Stim Trials, Figure 3A), stimulation was applied to targets selected based on the Target Evaluation Session. No
Stim Trials were used to identify the biomarker shown in Figures 3B, 3C, and S2. Then, Stim Trials were used to investigate the po-
tential modulation of the biomarker. Subjects were blinded to the stimulation target and condition. Each subject underwent a right
NAc-VeP stimulation trial during Stim Trials phase. The stimulation parameters had been determined in the Target Evaluation Session
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that best reduced distress. Given the limited time available during hospitalization, it was not feasible to conduct Stim Trials across all
evaluated targets. Therefore, we prioritized stimulation at the NAc-VeP target, which exhibited the most robust initial clinical
response and had previously demonstrated therapeutic efficacy in our prior work.”® The stimulation parameters in Subjects 1 and
2 were 2mA in amplitude, 130Hz frequency, and 90us pulse width at NAc(+)-VeP(-) in a bipolar configuration. Unfortunately, data
collection during the exposure trial with right NAc-VeP stimulation alone for Subject 3 could not be completed due to a software
freeze caused by the stimulator’s battery depletion. However, we successfully recorded a trial with a combination stimulation para-
digm which included the right NAc(+)-VeP(-) (3mA, 130Hz, 90us) and the right rostral anterior cingulate cortex (ACC; 3mA, 130Hz,
90us) stimulation simultaneously using two stimulators. Notably, isolated stimulation of the right rostral ACC increased the OCD-
distress on a VAS rating from 4 to 8 and did not modulate the low-gamma power in amOFC (p=0.9917) during the behavioral symptom
provocation task (Figure S5), which suggested positive effects in this trial were predominantly due to NAc-VeP stimulation.

QUANTIFICATION AND STATISTICL ANALYSIS

Electrophysiological Data and Statistical Analysis

All synchronized behavioral, audiovisual, and electrophysiological data were exported to MATLAB for offline analysis. A 1-minute
data window preceding each symptom rating was extracted based on synchronized timestamps. The raw iEEG data were processed
using a bandpass filter from 1 to 120 Hz and a notch filter at 60 and 120 Hz with a 4 Hz bandwidth. The filtered data were then
segmented into 5-second, non-overlapping windows, and each contact was bipolar-referenced to the adjacent contact on the
same electrode. The frequency bands analyzed in this study are defined as follows: delta (1-4Hz), theta (5-8Hz), alpha (9-12Hz),
beta (13-30Hz), low-gamma (30-55Hz), and high-gamma (65-115Hz).

Bad channels and epochs were rejected based on a combination of recorded channel impedance values and visual inspection to
ensure clean data. Spectral power was extracted using multi-taper fast Fourier transform with a Hanning taper from 1 to 115 Hz
(1:1:115 Hz). For each session, the spectral power of each channel was standardized using Z-scoring. The standardized spectral
power for each channel was then averaged across No Stim Trials. To obtain the spectral power in the OFC subregions (left and right,
anterior and posterior, and medial and lateral OFC; Figures 3B, 3C, and S2), spectral power was averaged across all recorded chan-
nels in the same OFC subregion, excluding those identified as white matter contacts based on anatomical imaging.

The spectral power difference during NAc-VeP stimulation was calculated by comparing exposure conditions with and without
stimulation, using a within-subject design in each subject. In this session, the spectral power of each channel was standardized using
Z-scoring and then averaged across all recorded channels in the right amOFC (Figures 4B and 4C). A permutation test (n=1000 per-
mutations) was used to assess differences in spectral power between neutral vs. exposure trials (Figures 3B, 3C, and S2) and expo-
sure trials with vs. without stimulation (Figures 4B and 4C). For each comparison, spectral power values were randomly shuffled
across conditions to generate a null distribution of mean differences. The observed mean difference was then compared against
this distribution to compute an empirical two-tailed p-value.

Linear mixed-effects modeling

Trial-level power was Z-scored within channel. We fit a linear mixed-effects model, power ~ condition x region x band + (1|subject),
with fixed effects of condition (neutral vs exposure), region (8 OFC subregions), and frequency band (delta, theta, alpha, beta, low
gamma, high gamma), and subject as random intercept (Figure S4). Fixed-effect inference used marginal F tests with residual de-
grees of freedom. For each region x band cell, the exposure vs neutral simple effect was obtained from the same model by re-leveling
that cell to the reference; we report estimate (p), two-sided p values, and 95 percent confidence intervals. Full per-cell statistics and
multiplicity summaries (within-band families of 8 regions per band) are provided in Table S4.

ADDITIONAL RESOURCES
Clinical Trial Registration: Stereo-Encephalography-Guided Multi-Target Deep Brain Stimulation for Treatment-Resistant Obses-

sive-Compulsive Disorder
ClinicalTrials.gov Identifier: NCT05623306
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Supplemental figures

Subject 1 Subject 2

Subject 3

VeP NAc

NAc-VeP

Figure S1. Locations of subcortical stimulation electrode contacts, related to Figure 1

Coronal MRI images of bipolar stimulation contact pairs for each subject and stimulation sites in ALIC (top row), NAc (second row), VeP (third row), and NAc-VeP
(bottom row). For each subject, the left column is the anode (+, green), and the right column is the cathode (—, yellow). Locations of subcortical stimulation
electrode contacts, related to Figure 1.
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Figure S2. Standardized power (2) differences between exposure and neutral trials across six frequency bands for each subject in the OFC
subregions, related to Figure 3

Asterisks indicate statistically significant changes (“p < 0.05). Notably, all three subjects showed a consistent and significant increase in low-gamma power in the
right amOFC during OCD exposure trials compared with the neutral trials (*p = 1.22e~ ", *p = 0.014, *p = 9.69e° in subjects 1, 2, and 3, respectively). Recording
channels in the right anterior lateral OFC of subject 1 were excluded because of high impedance values during the task.
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Figure S3. Standardized power (Z) differences between exposure and neutral trials across six frequency bands for each subject in the OFC

subregions, after correction for the aperiodic component, related to Figure 3

Asterisks indicate statistically significant changes (*p < 0.05), whereas red asterisks mark conditions that newly reached significance after aperiodic correction.
Opposite-direction symbols (1]) denote sign reversals relative to the uncorrected results (Figure S2), none of which were statistically significant. Overall, aperiodic
correction did not substantially alter either the magnitude or direction of the standardized power (2) differences, indicating that the observed low-gamma band
results are not driven by the aperiodic background.
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Figure S4. Heatmap of hierarchical linear mixed-effects model simple-effect estimates (p) of provocation-related power change (exposure -
neutral, Z units) for each region and frequency band, related to Figure 3

Rows represent OFC subregions (R/L anterior medial, anterior lateral, posterior medial, and posterior lateral), and columns represent frequency bands. Color
scale represents hierarchical linear mixed-effects model fixed-effect estimates for the exposure-neutral contrast. The largest effects are seen in low-gamma
power within the amOFC bilaterally.



Cell ¢ CellPress

OPEN ACCESS

_ns Exposure
0.03 T 9 Exposure
T +ACCstim.
0.02 2 8( ——0)
S g
5 0.01¢ @27
o
g 3,
Q B
()
o . L =
£ 0.01 a 5
© Q
-0.02f 1 4
-0.03 3

Exposure Exposurew.
(n=72) ACC stim. (n=78)

Figure S5. Effects of isolated right rostral ACC stim on right amOFC low-gamma frequency band power and OCD-related distress in subject
3, related to Figure 4

Data collection during the exposure trial with right NAc-VeP stimulation alone for subject 3 could not be completed due to a software freeze caused by the
stimulator’s battery depletion. However, a trial with simultaneous dual-site stimulation (right NAc-VeP and right rostral ACC) was recorded and shown. Notably,
single-site stimulation of the right rostral ACC alone increased the OCD-related distress on a VAS rating from 4 to 8 and did not modulate the low-gamma power in
amOFC during the symptom provocation task (o = 0.9917).
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