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SUMMARY

Treatment-resistant obsessive-compulsive disorder (OCD) occurs in approximately one-third of OCD pa-
tients. Obsessions may fluctuate over time but often occur or worsen in the presence of internal (emotional
state and thoughts) and external (visual and tactile) triggering stimuli. Obsessive thoughts and related
compulsive urges fluctuate (are episodic) and so may respond well to a time-locked brain stimulation strategy
sensitive and responsive to these symptom fluctuations. Early evidence suggests that neural activity can be
captured from ventral striatal regions implicated in OCD to guide such a closed-loop approach. Here, we
report on a first-in-human application of responsive deep brain stimulation (rDBS) of the ventral striatum
for a treatment-refractory OCD individual who also had comorbid epilepsy. Self-reported obsessive symp-
toms and provoked OCD-related distress correlated with ventral striatal electrophysiology. rDBS detected
the time-domain area-based feature from invasive electroencephalography low-frequency oscillatory power
fluctuations that triggered bursts of stimulation to ameliorate OCD symptoms in a closed-loop fashion. rDBS
provided rapid, robust, and durable improvement in obsessions and compulsions. These results provide
proof of concept for a personalized, physiologically guided DBS strategy for OCD.

INTRODUCTION

Obsessive-compulsive disorder (OCD) is characterized by recur-
rent, distressing thoughts (obsessions) that may be temporarily
alleviated by repetitive, ritualized behaviors (compulsions),
both of which disrupt activities of daily life."*> OCD is a chronic
psychiatric disorder that affects approximately 2.2 million adults
across all demographics. With more than 200,000 new cases in
the US annually, OCD ranks among the most common psychiat-
ric disorders.® Several treatments exist for OCD, including psy-
chological (e.g., exposure and response prevention?), pharma-
cological (e.g., serotonergic antidepressants), and repetitive
transcranial magnetic stimulation.>® Despite the availability of

L)

a variety of treatments, approximately one in three patients
who seek treatment for OCD can be classified as treatment
resistant (trOCD) based on the lack of clinically significant
response.’*

Deep brain stimulation (DBS) targeting ventral striatal regions
is a US Food and Drug Administration-approved therapy for
trOCD under a humanitarian device exemption. Although DBS
approximately achieves a 50% response rate, patient outcomes
are markedly heterogeneous.® Failure to achieve consistent out-
comes is multifactorial, but one critical limitation may be that
DBS (and neuroablation) does not specifically respond to the
corollary neural activity of fluctuating obsessions or the subse-
quent escalating urges to compulse to relieve them. Utilizing

oot Neuron 712, 73-83, January 3, 2024 © 2023 The Authors. Published by Elsevier Inc. 73

Updates

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:dbarbosa@pennmedicine.upenn.edu
mailto:casey.halpern@pennmedicine.upenn.edu
https://doi.org/10.1016/j.neuron.2023.09.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2023.09.034&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

OPEN ACCESS

symptom-related electrophysiology to guide a responsive stim-
ulation bout may provide more optimal treatment and is sup-
ported by positive findings in preclinical and clinical studies of
compulsive behavior.'°

Responsive deep brain stimulation (rDBS) provides a means of
delivering stimulation episodically and only in response to symp-
tom-relevant physiology. Such responsive intracranial stimula-
tion has prior validation in the cortex for partial-onset epilepsy,
as well as depression,'"'? using the responsive neurostimula-
tion (RNS) system (NeuroPace),’®'® and unlike conventional
DBS that is continuous, this strategy provides brief bouts of
acute stimulation in response to detections of a pre-specified
electrophysiologic signal. This system incorporates patient-initi-
ated annotations of the electrophysiologic recordings to time-
lock them to relevant behaviors or symptoms experienced by
the patient.’® Conventional DBS has previously been utilized in
OCD for biomarker identification in the STN.""~'® However, to
date, the symptom-related electrophysiology of the nucleus ac-
cumbens, a known region implicated in OCD, has never been
investigated in an ambulatory setting.

Here, we report the first case of rDBS targeted to the ventral
striatum, involving the nucleus accumbens and ventral pallidum
(NAc-VeP) regions, specifically to treat trOCD in a patient with
comorbid epilepsy. Importantly, we set forward a series of ana-
lytic steps taken to characterize and validate the symptom-
related signal used to trigger rDBS delivery in this patient. We
attempted to identify a NAc-VeP electrophysiologic signal (the
differential signal recorded between two invasive electroenceph-
alography (iIEEG) electrodes—one in the NAc and one in the VeP)
associated with OCD symptoms occurring in naturalistic, ambu-
latory settings and as provoked during in-lab behavioral tasks.
Specifically, data were acquired from three types of tasks—(1)
ambulatory: data acquired from the patient at home both while
asymptomatic and time-locked to moments of obsessions; (2)
naturalistic provocation task: data acquired in lab, time-locked
to the patient’s overt interaction both with neutral items (items
that do not provoke OCD-related distress) and obsession-
related items (items that do provoke OCD-related distress);
and (3) virtual reality (VR) provocation task: data acquired in
lab, time-locked to the patient’s virtual interaction with both
neutral and obsessive items. Primary analyses focused on the
time-domain area-based feature (area under the curve [AUC]
of recordings) and spectral power so that the findings could be
more easily translated to a detector triggering rDBS. We then im-
plemented rDBS triggered by NAc-VeP electrophysiology identi-
fied from ambulatory and in-lab tasks and report here the clinical
results suggesting the potential efficacy of this treatment for
trOCD. Finally, we investigated signals driving rDBS detections
as a validation of the spectral properties underlying AUC
fluctuations.

RESULTS

Two leads were implanted 7 months prior to OCD stimulation,
and the patient received stimulation to treat epilepsy following
surgery. As derived from this patient’s epilepsy surgical case
conference, there was consensus that a neuromodulatory strat-
egy was her safest option, having had a prior anterior temporal
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lobectomy. Seizure monitoring revealed rapid spread to the in-
sula, and this was corroborated by prior peri-insular activation
on single-photon emission computed tomography. Therefore,
consensus was to offer rDBS with depth leads placed in right su-
perior temporal lobe/Heschl’s gyrus and the right peri-insular
area (depths were preferred over strips by the surgical team for
safety). Thus, an off-label electrode utilized for rDBS in this pa-
tient with epilepsy and comorbid severe OCD followed a novel
trajectory (see STAR Methods), traversing the peri-insula region
and implicating two critical, deep adjacent nodes within the right
ventral striatum, with one electrode contact in the posterior
border of the VeP and the most distal electrode contact in the
ventral anterior border of the NAc (Figures 1A and S1). The pa-
tient described significant impairment of her daily functioning
due to her OCD symptoms (e.g., doors and windows checking
for safety or being afraid of eating with other people), had under-
gone a number of psychological and pharmacological treat-
ments for OCD with limited to no benefit, and was taking stable
doses of sertraline and several anticonvulsant medications with
limited benefit.

As true detections (resulting in stimulation) are only captured
within the long-episode iEEG data, we will use the term “peaks”
to refer to above-threshold peaks identified via peak analyses
within our manuscript, “detections” to more specifically refer
to true detections captured in the long-episode iEEG data, and
“detection count” to refer to the daily number of detections,
including single- and long-episode detections. Our analyses first
quantified the OCD-related signal by analyzing NAc-VeP iEEG
data acquired during OCD-related distress in three experimental
conditions: (1) ambulatory, patient-initiated magnet-swipe stor-
age of data during moments of obsessive thoughts; (2) lab-
based, naturalistic provocation of OCD-related distress (natural-
istic provocation task); and (3) lab-based, VR provocation of
OCD-related distress (VR provocation task). The rDBS system
is able to trigger stimulation based on elevations in AUC. There-
fore, AUC trends were extracted from time-locked OCD distress
trials, quantified, and then compared with control periods for
each assessment (Video S1). We then extracted peaks in AUC
to determine the number and amplitude of AUC peaks. Finally,
we extracted frequency power specific to the AUC peaks to
identify any frequency-specific contributions to the AUC esti-
mates. The above analyses were also applied to OCD-detection
shapshots of data that triggered bouts of stimulation.

Nac-VeP electrophysiology

An off-label electrode utilized for rDBS in a patient with comorbid
OCD and epilepsy followed a novel trajectory (see STAR
Methods), implicating two critical, adjacent nodes within the
right ventral striatum, with one electrode contact in the posterior
border of the VeP and the most distal electrode contact in the
ventral anterior border of the NAc (Figure 1A). The goal of the an-
alyses hereby described was to identify electrophysiologic sig-
nals in this region that correlated with moments of obsession
and use these signals to trigger rDBS via an AUC detection algo-
rithm (see STAR Methods for more details). We performed these
analyses on samples of iIEEG recorded during episodes associ-
ated with obsessions (and control periods) and their resulting
compulsions. We then extracted spectral information from this
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Figure 1. NAc-VeP electrophysiology derived from ambulatory task

(A) Postoperative computed tomography (CT) and preoperative magnetic resonance imaging (MRI) were co-registered to localize the rDBS electrode contacts:
one electrode contact was located in the posterior border of the right VeP, and the other electrode contact was in the ventral anterior border of the right NAc. This
lead was off-label in an attempt to treat OCD in a patient with comorbid partial-onset epilepsy. Another lead targeting the right temporal lobe is not depicted in this
figure but delivered stimulation when a seizure was detected.

(B) Top: iEEG trace from bipolar re-referencing between NAc and VeP. Bottom: 2 s-AUC short-term trend (black line) was extracted from iEEG, and relative
change (red line) of AUC from the average (black dotted line) and peaks (blue circle). The peaks were detected and extracted using the MATLAB function to find
local maxima (blue circle). The relative changes at these peaks were quantified in our analyses. The blue vertical lines are instances when the threshold detection
settings, % change in AUC, detected a peak in the AUC, i.e., when responsive stimulation would be triggered.

(C) Pearson correlation between 2 s-AUC short-term trend across the spectral power. Low-frequency ranges had a significant correlation with 2 s-AUC in 1/f
corrected power (<15 Hz) (one-sample two-sided sign test, and FDR-adjusted *p < 0.001).

(D) Sensitivity and specificity for various threshold settings from ambulatory task. We can examine how accurate the rDBS is with the threshold changes.

(E) The number of peaks when relative changes exceed threshold derived from ambulatory task (mean + SEM). Only the obsessive state iEEG snapshots had
peaks over the 75% increase in AUC.

(F) Comparison of spectral power at AUC peaks with amplitude below vs. exceeding 75% of the long-term trend in both obsessive state and control (left), and
below vs. exceeding 75% in the obsessive states (right). Peaks exceeding the 75% threshold (only observed in obsessive iIEEG snapshots) had greater low-
frequency power (<15 Hz) compared with peaks below the 75% threshold observed in both obsessive and control iEEG snapshots (FDR-adjusted *p < 0.001,
one-sided Student’s t test).
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signal to better understand the frequency contributions to the
AUC. We applied the same analyses to lab-based provocation
procedures to examine the signal in a more controlled setting.
Finally, we confirmed the relevance of this signal to rDBS clinical
outcomes by applying these AUC and spectral analyses to the
iEEG signal triggering rDBS.

Tasks

Obsession-related distress, captured both in naturalistic ambu-
latory settings as well as in experimental task-based provoca-
tions, was associated with peaks in AUC. The magnitude of
these peaks in AUC correlated with the low-frequency power.
Ambulatory task

The ambulatory analyses used data acquired from the patient at
home, both while asymptomatic and time-locked to moments of
obsession. The first analyses focused on characterizing ambula-
tory data before enabling the rDBS strategy. The ambulatory
iEEG snapshots were patient-initiated by a magnet swipe over
the neurostimulator, and the patient was instructed to initiate
such recordings during two states: (1) “obsessive” iEEG snhap-
shots (n = 35): when the patient experienced obsessive thoughts
around her safety prior to beginning her compulsion (e.g., check-
ing doors, windows, and appliances), and (2) “control” iEEG
snapshots (n = 10): when the patient was asymptomatic.

Our primary analysis extracted the AUC of the iEEG signal,
quantified as the area between the raw iEEG signal and “0”
on the x axis (which reflects amplitude of the raw signal). This
metric was extracted because the rDBS detection algorithm re-
lies on above-threshold elevations in AUC (Figure 1B). Specif-
ically, the intracalvarial neurostimulator calculates the relative
change between a moving short-term trend (e.g., 2-s window)
AUC average compared with a moving long-term trend (e.g.,
2-min window) AUC average and then delivers stimulation
when the short-term trend exceeds the long-term trend by
designated threshold criteria. To characterize spectral contri-
butions driving fluctuations in the AUC, we analyzed the corre-
lations with spectral power across the available spectrum
(1-120 Hz). We found that the power in the low-frequency
signal (<15 Hz for 1/f corrected power) was the most highly
correlated with AUC, whereas higher frequencies were weakly
correlated with AUC, converging to a correlation coefficient of
zero at more than 15 Hz with false discovery rate (FDR)
adjusted *p < 0.001; sign test (Figure 1C).

We then extracted control and obsessive IEEG snapshots
(8 min in duration) and simulated detection parameters to isolate
properties of the iEEG contributing to the detections. First, at a
detection threshold of 75%, we found obsessions were detected
at 31.4% sensitivity (the proportion of detected obsessive states
out of all obsessive states) and 100% specificity (the proportion
of detected controls out of all controls) (Figure 1D). As the rDBS
detections were triggered by the relative change in AUC (short-
term vs. long-term trend), we then extracted the local maxima
(peaks) in the relative change, grouping them into two clas-
ses—those above the 75% (P.;s) vs. below the 75% (P.;s) rela-
tive change threshold. P.75 were only found within obsessive,
and not control, snapshots (Figure 1E) (mean + SEM). Finally,
we extracted spectral power at each peak. The power in P.;5
(only observed in obsessive snapshots) had a significant eleva-
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tion in low-frequency power (<15 Hz) compared with P_75
(FDR-adjusted *p < 0.001, Student’s t test) (Figure 1F). Fre-
quencies above 15 Hz did not significantly differ in power be-
tween P.;5 and P_;5 (FDR-adjusted *p < 0.001, Student’s t test).

In summary, our analyses of the ambulatory snapshots of iEEG
data that corresponded to moments of obsession validated that
(1) low-frequency signal <15 Hz was the strongest spectral
contributor to AUC estimates driving rDBS detections in this pa-
tient, (2) peaks in relative change exceeding the 75% relative
change threshold (modeled after therapeutic detector settings)
were only found during obsessive snapshots, and (3) low-fre-
quency power (<15 Hz) was significantly more prominent in
P.75 compared with P_zs.

Provocation tasks

To validate our ambulatory results with more experimentally
controlled tasks, we applied our analyses to both naturalistic
and VR provocation tasks. Examples of naturalistic and VR prov-
ocation tasks are visualized in Figure 2A. Both provocation tasks
quantified iEEG during the patient’s interaction with (1) neutral
items (items that did not provoke OCD-related distress) and (2)
obsessive items (items that did provoke OCD-related distress).
Obsessive items are items that, when encountered by the patient,
provoke obsessions and triggered an urge to compulse. Subjec-
tive unit of distress (SUDS) ratings were recorded, which
confirmed an increase in distress only with items known to pro-
voke the patient’s obsessions (see STAR Methods for SUDS
ratings).

Similar to the ambulatory analyses, we extracted “neutral” and
obsessive trials and simulated detection parameters to isolate
properties of the iEEG contributing to the detections. Our first an-
alyses aimed to identify the detection threshold (AUC short-term/
long-term trend ratio) that would maximize specificity for obses-
sive trials. Maximal specificity—no false positive detections of
control trials—was achieved with a detection threshold of 35%
for the naturalistic provocation task. At 35% detection threshold,
sensitivity to obsessive trials was 28.6% (Figure 2B, top). In other
words, only obsessive trials had P.3zs, but only 28.6% of the
obsessive trials had a P.3s, resulting in a 0% false positive rate
but a 71.4% false negative rate. Maximal specificity was achieved
with a detection threshold of 50% for the VR provocation task. At
a 50% detection threshold, sensitivity to obsessive trials was
27.27% (Figure 2B, bottom). Again, in other words, P.5, was
only present in obsessive snapshots, but only 27.27% of those
obsessive trials contained P. 5.

As opposed to the naturalistic provocation task, the VR prov-
ocation task included items with distinct levels of reported
distress. Therefore, we analyzed peaks as they related to distinct
ratings to account for the impact of different levels of elicited
distress on the observed peaks. The VR provocation task was
rated on a —3 (very distressful) to +3 (very comfortable) Likert
scale. The patient only reported a distress level of —3 (n = 3)
and —2 (n = 8). This analysis found that P.gs was only observed
during high distress levels (—3) compared with low distress
(i.e., —2) (Figure S2A). For the receiver operator characteristic
(ROC) curve that plots the true positive rate vs. the false positive
rate, the area under the ROC curve was 0.89 for high distress rat-
ings (—3) but just 0.62 for low distress ratings (—2), indicating that
the diagnostic accuracy (area under the ROC curve) was related
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(A) Top row: naturalistic provocation task; bottom row: items in VR provocation task.

(B) Sensitivity and specificity for various threshold settings from the naturalistic provocation task (top) and the VR provocation task (bottom).

(C) The number of peaks when relative changes exceed the designated threshold (mean + SEM) from the naturalistic provocation task (top) and the VR prov-
ocation task (bottom). Only obsessive trials were observed with higher thresholds.

to the level of distress associated with the obsession-provoking
trials (Figures S2B and S2C).

We then sought to identify any spectral power differences be-
tween neutral and obsessive trials. The greatest power differ-
ence during interaction with obsessive compared with neutral
items was found for the low-frequency range visualized with
red (Figure 3A), ~1 s following the beginning of the stimulus
presentation for both provocation tasks. Baseline normalized
band-averaged spectral power (1-4 Hz frequencies; delta) was
significantly elevated during interaction with obsessive items
compared with neutral items (Figure 3B, cluster-based permuta-
tion test, *p < 0.05). We did not observe any significant changes
in the other frequency bands. The absolute power (not normal-
ized to a baseline time period) was also elevated (1-4 Hz for natu-
ralistic, 1-2 Hz for VR) during interactions with obsessive items
(Figure 3C, one-sided Student’s t test, FDR-adjusted *p < 0.01).

rDBS therapeutic outcomes

Obsession/compulsion severity

The patient’s baseline Yale-Brown Obsessive-Compulsive Scale
(Y-BOCS)**?" score was 32 (obsessions, 17; compulsions, 15)
and decreased to 20 (obsessions, 8; compulsions, 12) 24 h
post-NAc-VeP-rDBS activation, a 37.5% reduction. Serial self-re-
ported Y-BOCS (Y-BOCS-SR??) were completed over the next 2
years 22 weeks, and a progressive and durable decrease was
noted (biweekly, first month, intermittently afterward) (Figure 4A).
The patient’s Y-BOCS score at 1 year 18 weeks post-Nac-VeP-
rDBS activation (obsessions, 8; compulsions, 8) provided a
percent change from baseline of 50.0%, which exceeds the
>35% reduction threshold typically used to define treatment
response in OCD.?*** The maximum Y-BOCS-SR score improve-
ment occurred at 1 year 45 weeks and then again at 2 years
16 weeks, at which time the percent Y-BOCS-SR change from
24 h post-Nac-VeP-rDBS activation was 50.0 % (from 18 to 9).

As part of an exploratory analysis, we correlated the Y-BOCS-
SR scores (capturing self-reported symptoms over last 7 days)
with two ambulatory metrics (averaged across the 7 days pre-
ceding each Y-BOCS-SR report): (1) detection count (number
of daily detections, >500/day; Figures S3A and S3B) and (2)
low-frequency power (extracted from stored long-episode
iEEG snhapshots, on average 3/day; Figures S3C and S3D).
These analyses found that although detection count did not
correlate with Y-BOCS-SR (p = 0.749), low-frequency power
(1-15 Hz) correlated with Y-BOCS-SR (p = 0.0017), holding for
both the obsession subscore (p = 0.0019) and compulsion sub-
score (p = 0.0005). Although these exploratory analyses have
limitations that impact interpretability of these results (detailed
in the discussion section), these findings do suggest that low-fre-
quency power may scale with symptom severity, supporting our
main findings showing the relevance of low-frequency power
to OCD.

Subjective self-report

Prior to Nac-VeP-rDBS activation, the patient was living with her
parents. She suffered from safety- and contamination-related
obsessions, which could only be relieved by compulsive safety
checking and handwashing. She referred to her OCD symptoms
as more debilitating than her epilepsy, despite having had life-
threatening seizures (though these had stabilized prior to initi-
ating this intervention for her OCD and remained stable
throughout this treatment). She reported spending 3 h/day per-
forming her compulsions and had documented multiple unsuc-
cessful therapeutic trials of medication and cognitive-behavioral
therapy. At the 24-week follow-up, the patient reported that she
was no longer experiencing some of her obsessions and, conse-
quently, was not feeling the urge to engage in compulsive behav-
iors, including several of her safety-related checking routines.
The therapeutic effect has remained durable over the past
year. At her most recent follow-up (2 years and 22 weeks after
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Figure 3. In-lab provocation tasks and symptom-locked ambulatory electrophysiologic data all found low-frequency oscillations to be

elevated during obsessive states

(A) Spectrograms after touch interaction (t = 0). Top row: naturalistic provocation task; bottom row: VR provocation task.
(B) Baseline normalized delta-frequency range (1-4 Hz) power in each condition (top: naturalistic; bottom: VR provocation tasks). There were significant power

changes after touch interaction (*p < 0.05).

(C) Absolute powers in the dash lines of (A). 1-4 Hz (naturalistic) and 1-2 Hz (VR) absolute power of interaction with obsessive food are significantly higher than

interaction with neutral items (FDR-adjusted *p < 0.01).

(D) We quantified the power from 1-120 Hz for ambulatory (magnet-swipe stored) snapshots of data (60 to 2 s preceding the magnet-swipe), comparing self-
reported control and obsessive states. We did not find a significant difference in power between these two conditions for the ambulatory stored data at any

specific frequency (FDR-adjusted p > 0.6553).

(E) As 2 s-AUC was found to specifically correlate with power <15 Hz, we averaged ambulatory power from 1-15 Hz and compared between conditions. Average
ambulatory power from 1-15 Hz in obsessive state was significantly higher than the power of control (*p < 0.05, one-sided Student’s t test).

surgery), the patient reported that she has had a life-changing
improvement in her OCD symptoms. She estimated that she
now spends 30 min/day performing compulsions (down from
more than 8 h/day) and is able to do things that she had previ-
ously deemed impossible, such as being able to sit next to
someone eating something that previously would have triggered
her contamination obsessions (e.g., seafood) and to leave the
house without engaging in much of her previous checking
routine, such that she is no longer late for work. She has also
resumed living independently for the first time in many years.
Detections

The rDBS therapy was delivered based on AUC detection (a
charge density of 7.1 uC/cm?, a current of 7.0 mA, a frequency
of 125 Hz, a pulse width per phase of 80 us, and a burst duration
of 1,000 ms), and we investigated the relative changes in power
underlying AUC detections for 2 years 4 months after stimulation
was enabled (Figure 4B). Note that Figures 4B and 4C were
based on long-episode detections data that resulted from
more than five consecutive detections within a 20-s interval
(see STAR Methods). Stimulation was delivered at two different
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thresholds (75% from 2019 to 2020, and 87.5% from 2021 to
now). After stimulation was enabled, relative power preceding
AUC detections decreased for the first 5 months (November
2019 to March 2020), most prominently in the delta (1-4 Hz),
theta (5-8 Hz), and alpha (9-12 Hz) bands. After 5 months, the
detection power stabilized. Following stabilization of detection-
related power, which was most prominent after adjusting the
detection threshold to 87.5% in 2021, detection-locked power
was elevated in the 1-4 Hz delta-frequency range (Figure 4B).
We found the power above 11 Hz was not significantly different
compared with zero. In other words, the low-frequency (<11 Hz)
power was significantly greater than zero in both detection
thresholds (one-sample two-sided sign test and FDR-adjusted
*p < 0.000001) (Figure 4C, 75%, top; 87.5%, bottom). As
we adjusted the OCD-detection threshold from 75% to
87.5%, rDBS detection count per day significantly decreased
(*p < 0.00001, two-sample one-sided Wilcoxon rank sum test;
Figure S4). Assuming a minimum 1 s stimulation duration for
each stimulation, rDBS at 75% detection threshold delivers a
minimum of 814 s (median daily detection count = 814/day x
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Figure 4. rDBS therapeutic outcomes

Frequency (Hz)

(A) Y-BOCS, obsessive, and compulsive scores over time. Y-BOCS scores of the baseline, and 24 h and 1 year 18 weeks post-NAc-VeP-rDBS activation were
assessed by the clinician. Y-BOCS-SR was reported over the 2 years 22 weeks after surgery (biweekly, first month, intermittently afterward). Y-BOCS decreased

rapidly and durably after rDBS was enabled.

(B) Relative changes of the absolute power at long-episode detections (AUC peaks) from the average across the month (mean + SEM). The relative change is
calculated for each detection as short-term trend/long-term trend of absolute power. Two different detection settings are depicted by yellow and purple; blanks

are no data with those detection settings. The frequency band with the most inci

reased power was delta in 2021-2022 (purple).

(C) Relative changes at long-episode detections in (B) across the frequency. All the relative power as gray dots across the frequency when rDBS detection was
activated. The median of the relative power within the same frequency is depicted with a black solid line. The median of the low-frequency (<11 Hz) power is

significantly greater than zero in both detection settings depicted with a blue solid
rDBS detection is enabled by AUC detector, the median of delta-frequency pow:

1 s stimulation) of stimulation daily. Assuming 24-h bursting for
conventional continuous DBS, rDBS delivers 99.06% less stim-
ulation than conventional continuous DBS. Calculated at 87.5%
threshold, rDBS delivers a minimum of 530 s of stimulation (me-
dian daily detection count = 530/day X 1 s stimulation), which is
99.39% less than the continuous DBS. Each OCD detection

line (one-sample two-sided sign test, and FDR-adjusted *p < 0.000001). When
er was the highest compared with its average.

could result in up to 4 subsequent detections at both sides, re-
sulting in @ maximum of 5 OCD stimulations (stimulation from
the initial detection + 4 subsequent detections) and 4 epilepsy
stimulations. As such, a maximum duration of stimulation could
be calculated. Epilepsy stimulation was delivered for a median of
251 s/day (75% threshold) and 394 s/day (87.5% threshold). At
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75% detection threshold, a maximum of 5,074 s of Nac-VeP
stimulation (814 s/day from OCD detection*5 + 251 s/day from
epilepsy detection*4) is delivered per day—still 94.13% less
than the continuous DBS. For 87.5% threshold, a maximum of
4,226 s of stimulation (530 s/day from OCD detection*5 + 394
s/day from epilepsy detection*4) is delivered per day—95.11%
less than the continuous DBS (Figure S4). To examine the degree
of temporal co-occurrence between OCD and seizure-triggered
stimulation, we quantified how often detection-triggered OCD
stimulation and epilepsy stimulation occurred within 20 s of
each other. Our analyses suggested the total percent of co-
occurrence between OCD and seizure-triggered stimulation is
1.66%. For the threshold of 75%, it is 0.32%. For 87.5%, it is
2.49%. These findings suggest minimal co-occurrence in the de-
livery of the two stimulations for this patient.

DISCUSSION

Our study identified an association between Nac-VeP low-fre-
quency oscillatory power and obsessions characteristic of
OCD. We used the detection of above-threshold AUC in the
iEEG found to be driven by low-frequency power to trigger stim-
ulation of these specific ventral striatal regions in a single subject
with trOCD. Clinically, the patient’s symptom severity reported
both subjectively and obijectively (Y-BOCS) was substantially
improved (37.5% acute decrease post-stimulation) with rDBS.
This highlights that disrupting the Nac-VeP, specifically during
the presence of a signal found to be related to obsessions, blunt-
ed the urge to compulse. Symptom-locked ambulatory electro-
physiologic data, as well as in-lab provocation tasks, all found
AUC for low-frequency oscillations to be elevated during obses-
sive states. To validate the ambulatory and lab-based findings,
signals locked to the detections themselves were analyzed,
and low-frequency power was again found to be the most prom-
inent frequency contributing to above-threshold AUC elevations
triggering a detection. It is important to note that the peaks
above a 65% threshold in the VR provocation task analyses
were only found in the high distress trials, further evidencing
the relevance of this metric to OCD-related distress. The patient
only reported the distress level with a few sample sizes of —3
(n = 3) and —2 (n = 8); hence, the comparison of high vs. low
distress should be interpreted with caution. A powerful analysis
would have been to correlate obsessive symptom severity with
spectral power during ambulatory obsessive snapshots. Stu-
dent’s t test for each frequency revealed a non-significant differ-
ence between high or low SUDS vs. control and high vs. low
SUDS. However, due to the limited sample size of patient-re-
ported symptom ratings (n = 7), inferences from this statistical
result should be made with caution.

There were some analytic and experimental challenges
encountered in this study. First, as it relates to our findings, there
were inconsistencies between ambulatory and in-lab provoca-
tion task-related findings. Specifically, the ambulatory findings
suggested <15 Hz power to associate with obsessions, whereas
in-lab provocation task-related data evidenced relevance for
only <4 Hz power. Although there is an overlap in the delta range
between the ambulatory and in-lab provocation tasks, there
were some key discrepancies between them that could
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contribute to a broader low-frequency range in ambulatory
data. Most critically, the ambulatory recordings were: (1)
capturing iEEG during spontaneous, naturalistic obsessions
(although provocation tasks were provoking obsessions using
distressing items); (2) capturing data over a greater duration of
time; and (3) specifically time-locked to moments of obsessions,
whereas the provocation task data was confounded by simulta-
neous interaction with those items. There were also discrep-
ancies in the thresholds maximizing specificity between the
real world (P.3s) and VR (P.sg) that could be explained by the
higher amplitude peaks in the VR neutral trials. The naturalistic
provocation task did acquire more time after interaction
(>5 min) with obsessive trials. As the VR provocation task pro-
vided less time between ftrials for patients to return to baseline,
it is possible that neutral trials were confounded by the height-
ened obsessive state induced by prior trials. It is worth noting
that almost every obsessive episode in ambulatory task was
followed by a compulsion, making it difficult to disentangle the
relevance of our results to obsessive- vs. compulsive-related
behaviors. However, as the ambulatory signal was captured dur-
ing obsessive thoughts, preceding the onset of compulsive
behavior, we hypothesize that this signal found in our results is
likely indexing obsessive thought or the urge to compulse. This
generalizes to the provocation task signals as well, as it specif-
ically reflects signal during active obsessive thought, in the
absence of subsequent compulsion. Importantly, both task
and ambulatory data demonstrate the relevance of low-fre-
quency power, suggesting an overlap in the underlying symp-
toms driving these signals in both settings. It is an important
observation that in an exploratory analysis, Y-BOCS scores
(symptom severity in the last 7 days) positively correlated with
low-frequency power (averaged across 7 days preceding
Y-BOCS completion) (Figure S3C). This low-frequency power
was specific and limited to long-episode detections. The find-
ings of this analysis are further limited as the saved iEEG data
from which we generated the dataset accounts for a very
small percentage of daily detections (~3/day vs. >500/day),
necessitating caution in its interpretation.

There were also some analytic inconsistencies between prov-
ocation tasks and AUC detection algorithm in the rDBS system.
The first relates to how short- and long-term trends were calcu-
lated between provocation tasks. In calculating the spectral con-
tributions to AUC detections, we used a 90-s average instead of
the 120-s (rDBS) detection long-term trend. For the ambulatory
iEEG data, we calculated the long-term trend using the 60 s prior
to swipe, as we did not have the full 120-s long-term data used
in the AUC detention algorithm. Importantly, at a detection
threshold of 75%, although specificity was maximal, sensitivity
was not. In our analytic investigation, we can retrospectively
identify that a detection threshold of 30% would have maximized
the sum of sensitivity and specificity for this patient. Future work
should run similar analytic interrogations of an optimized detec-
tion threshold to inform individualized stimulation settings. The
responsive DBS strategy is delivered based on the time-domain
feature (AUC) that is intrinsic to the device. Finally, it is important
to note that the detection threshold for this patient was changed
from 75% in 2019 to 87.5% in 2021. The clinicians made this
adjustment as an attempt to balance the number of seizure



Neuron

snapshots from the temporal lobe and obsessive detection
snapshots from the NAc-VeP being recorded due to storage lim-
itations of the NeuroPace device. This was driven by an initial
imbalance favoring large numbers of obsessive detections, re-
sulting in seizure iEEG events being overwritten. Detection algo-
rithms for the rDBS device could be better optimized for OCD, for
example, through the implementation of online machine learning
algorithms. However, the current device is limited in computing
capacity, which prohibits the incorporation of more advanced
online analytics.

Regarding the DBS target, the electrode contacts are 10-mm
spaced from center to center, which makes definitively attributing
results to either the VeP or NAc difficult. This limitation is inherent
to most human DBS studies of this region, which do not attempt
to delineate subregions within the ventral striatum. The most
ventral contact is in the ventral border of the NAc, which is prox-
imal (about 3 mm) to the ventral prefrontal regions broadly impli-
cated in psychiatric disorders, such as OCD and depression.”®
As it is difficult to know the boundary of our bipolar stimulation
field, this ventral frontal region may indeed have received charge
density from nearby stimulation bouts, which may in part have
been therapeutic as this NAc-mPFC circuit relates to impulse
control as found in our prior work.?® This limitation, however,
may be common to all ventral striatal DBS outcomes given the
proximity of the NAc to this cortical node. Furthermore, we re-
corded from and stimulated only the right NAc-VeP. Unilateral
NAc region DBS has been found to be efficacious in trOCD,
and although it is likely that bilateral implants are more effica-
cious, the surgeon appropriately decided to prioritize safety,
confirm feasibility, and assess initial efficacy of this off-label
case. Finally, treatment was delivered open-label and without
control conditions, although the durable, long-term therapeutic
effect reported here in a severe OCD patient is notable, particu-
larly given the smaller placebo effects observed in this popula-
tion.> 2 Finally, after 5 months, detection power stabilized, but
symptoms continued to improve. Therefore, it is worth noting
that there are contributions to longer-term clinical improvement
outside of detections that were not captured or controlled for
this patient. Another important observation is that the frequency
of detections (detection count) and, therefore, the frequency of
stimulation were relatively stable over time and did not correlate
with the Y-BOCS clinical outcome This is despite a decrease in
power of low-frequency rhythms. We hypothesize that signal trig-
gering a detection is the neurophysiological signal of interest
capturing a neural state related to OCD symptoms. However, im-
mediate intervention in response to detections (i.e., responsive
stimulation or rDBS) is intended to reduce symptoms associated
with that neurophysiological signal of interest—not to prevent the
occurrence of that signal per se. Itis thus not surprising that in the
setting of active rDBS, the frequency of this neurophysiological
signal of interest (detection count) does not correlate with symp-
tom severity over time, as measured by the Y-BOCS. Importantly,
the decrease in the low-frequency power associated with long-
episode detections indicates that although AUC increases were
still robust enough to exceed the detection threshold, the
lower-frequency contributions to these detections did decrease
over time and are perhaps a more sensitive metric for symptom
severity than AUC increases alone.
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It is important to mention that although this work may pave the
way to a new line of research into OCD and closed-loop neurosti-
mulation techniques, the generalizability is limited by a number of
factors, including that this is a single patient, this patient had co-
morbid epilepsy, and the DBS trajectory was novel with additional
active electrodes outside the NAc-VeP zone. Additionally, the
novel parietal DBS trajectory traversed the external segment of
the globus pallidus, which theoretically could have affected
OCD symptoms, particularly if GPi was inadvertently modu-
lated.*° However, the patient’s implant surgery was 7 months prior
to initiating stimulation to her OCD electrode, and the OCD
Y-BOCS was stable during her epilepsy treatment (which included
external globus pallidus stimulation due to peri-insular lead loca-
tion). Her OCD only began to decrease after responsive NAc-VeP
stimulation was enabled following the epilepsy treatment (at no
time was NAc-VeP stimulated prior to the patient’s OCD treatment
initiation). Therefore, it is unlikely that seizure-targeted neurosti-
mulation, nor the impact of this trajectory, accounts for the
DBS-related improvement reported in this manuscript. However,
it is impossible to rule out the chance that the OCD therapy
contributed to the patient’s epilepsy improvement or the chance
that the epilepsy therapy contributed to the patient’'s OCD
improvement. Although the trajectory conveys a potential limita-
tion in generalizability, we do want to note that this novel trajectory
allows for the NAc and VeP to be modulated, as it still remains un-
clear which part of the ventral striatum is mediated in therapeutic
DBS cases. It is important to re-emphasize that only the elec-
trodes detecting the biomarker activation (above-threshold AUC
peaks) delivered stimulation. Furthermore, there was no therapeu-
tic comparison of our responsive DBS against conventional or
adaptive DBS, as this would not be possible with the implanted
device. Finally, as the patient was being treated simultaneously
for comorbid OCD and epilepsy, detection settings had to be
adjusted to balance the number of seizure and obsession-related
detection snapshots being recorded due to storage limitations of
the device. Specifically, the threshold for detections was deter-
mined with consideration of both epilepsy and OCD-related phys-
iology. The detection threshold was changed from 75% OCD
threshold to 87.5% OCD threshold to account for the shared stor-
age space between epilepsy and OCD long-episode detection
iEEG data and better equilibrate OCD vs. epilepsy iEEG data stor-
age. At 75% detection threshold (7/30/2020-1/14/2021), 960
long-episode detection iIEEG OCD snapshots were stored
compared with 64 long-episode detection IEEG epilepsy snap-
shots (0.067 epilepsy/OCD ratio). At 87.5% detection threshold
(1/15/2021-7/03/2022), 790 long-episode detection iIEEG OCD
shapshots were stored compared with 920 long-episode detec-
tion iEEG epilepsy snapshots (1.168 epilepsy/OCD ratio). Psychi-
atric comorbidities are very common in epilepsy (up to 22%°"),
and therefore, it is important to evaluate efficacy in patient popu-
lations with comorbidities while also being a critical step forward
to the translation of this potential treatment to primary psychiatric
conditions.®>*® All these points are important considerations
affecting the generalizability of the current manuscript’s findings.
This case presents evidence that these issues can be treated in
parallel and relevant physiology can be dissociated. Whether
the findings of this case can generalize to OCD in the absence
of epilepsy remains unknown but subject to future testing.

Neuron 712, 73-83, January 3, 2024 81




¢? CellPress

OPEN ACCESS

In conclusion, we present the first-in-human trial of a closed-
loop DBS approach to treat obsessive symptoms in OCD.
Furthermore, we validate the relevance of AUC measurements
on a low-frequency spectral basis to OCD symptoms via signals
recorded during ambulatory symptom presentation, in-lab prov-
ocation tasks, and rDBS detections. This study suggests ventral
striatal rDBS may be a promising and novel intervention for OCD.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB R2021b The MathWorks https://www.mathworks.com/products/matlab.html
Unity 2018.4.14f1 Unity Technologies https://unity.com/releases/editor/archive

FieldTrip 2021.10.20 FieldTrip toolbox https://www.fieldtriptoolbox.org/

Other

RNS-320 NeuroPace https://www.neuropace.com/providers/rns-system-

neuromodulation/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and results should be directed to the lead contact Casey H. Halpern (casey.halpern@
pennmedicine.upenn.edu).

Materials availability

Raw data, including electrophysiology and CT/MRI images, that are newly collected in this study are not publicly available due to
them containing information that could compromise research participant privacy/consent, but they can be shared privately upon
request.

Data and code availability
Any additional information and codes required to reanalyze the data reported in this paper are available from the lead contact upon
request.

METHOD DETAILS

Pre-study procedures
At the time of this task, the patient was a 31-year-old female with a history of OCD and comorbid temporal lobe epilepsy. The patient
described significant impairment of her daily functioning due to her OCD symptoms, especially those concerned with safety (both for
herself and those close to her) and food contamination. She underwent a number of psychological and pharmacological treatments
for OCD with limited to no benefit, including six months of cognitive behavioral therapy, exposure response prevention, and multiple
antidepressants. The patient had had a prior anterior temporal lobectomy. At the time of this study, she was taking stable doses of
sertraline and several anticonvulsant medications with limited benefit. The patient underwent placement of the two leads of rDBS
System targeting the right NAc-VeP region and right temporal lobe, the latter was based on her invasive seizure monitoring data
(Figures 1A and S1). The patient’s implant surgery to treat a seizure was 7 months prior to initiating stimulation for OCD, and
rDBS for a seizure was enabled after the surgery. Using standard stereotactic surgery procedures, and co-registration of MRI and
CT images, the right NAc-VeP ventral striatal lead’s most distal contact was placed targeting contact 1 to the NAc at its depth
(most anteriorly) and contact 2 up to the posterior border of the VeP (border of the Anterior Commissure) (Figure 1A). Since a burr
hole was already created to target the temporal lobe to treat epilepsy, a novel surgical trajectory traversing the ventral striatal terri-
tories implicated in OCD was chosen to minimize invasiveness of the procedure as previously reported using the existing burr hole.**
This right NAc-VeP lead was placed off-label in an attempt to treat OCD (comorbid to her epilepsy), given how refractory both her
epilepsy and OCD were, and the severe disability caused by both conditions. Moreover, psychopathology involving OCD has
been reported to worsen following epilepsy surgery, thus advancing this depth electrode to the NAc-VeP was intended to better pre-
pare this patient’s treatment team and spare her another intracranial procedure (i.e., conventional DBS).***° Electrode location was
confirmed after lead reconstruction using the postoperative CT scan co-registered to preoperative MRI. NAc-VeP masks are
included for illustrative purposes only using previously described methods.?®

At the time of initiating physiologic biomarker discovery for personalized obsessions, the patient was taking stable doses of ser-
traline and was 6-months status post implantation when stimulation was activated on the temporal lead alone. This patient’s comor-
bid epilepsy was thus treated (for 7 months following implant surgery) and stabilized prior to initiating the OCD-specific intervention
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here, and this effect was sustained and managed as standard of care in parallel to the effort reported in more detail here. Briefly, she
exhibited ~60% improvement in seizure frequency (data is not shown but is customary for this standard treatment) aligned to prior
publications of responsive neurostimulation outcomes for epilepsy,®”**® and her trOCD was reported to have been unchanged up
until the time of initiating rDBS targeted to her obsessions. All study procedures described below were reviewed and approved
by the Institutional Review Board at Stanford University (IRB #33146). This study was conducted prospectively during the implemen-
tation of this off-label, first-in-human treatment for trOCD.

rDBS signal identification

Ambulatory task

The patient was given a home data-collection triggering magnet (NeuroPace Magnet, Model M-02), allowing the patient to initiate
iEEG snapshot recordings in the ambulatory setting for a pre-specified duration (3 min) by swiping the magnet over her neurostimu-
lator. She was instructed to initiate such recordings when she experienced obsessive thoughts around her safety, prior to beginning
her compulsion (e.g., checking doors, windows, and appliances), or if she was feeling especially asymptomatic (control). She was
also instructed to maintain a log on how she felt during each recording, detailing any symptoms, noting the time, level of distress,
and what she was doing. There were 35 obsessions and 10 control snapshots.

In-lab naturalistic provocation task

Using novel tools to synchronize and to allow patients to freely move with the implanted system,>® we provoked contamination ob-
sessions via exposure to personalized distressing foods and measured the associated levels of distress. There were four distinct
phases of this provocation task: Anticipation, Viewing, Interaction, and Rating. The subject awaited a door knock to signal the delivery
of the next item (Anticipation). A researcher then delivered the item to the tray directly in front of the subject (Viewing). The subject
then has the option of interacting with that item (Interaction), the duration of which was 16-78 s (Figure 2A, top). Finally, the subject
rated the current SUDS, from 0 to 100 (Rating). Two categories of trials were administered - 1) “neutral” trials: delivery of neutral items
(e.g., newspaper), and 2) “obsessive trials”: delivery of provocative items (e.g., shrimp). There was a total of 18 trials, 7 of which were
provocative; 11 of which were neutral. The experiment was performed for 3 days, and the order of each item was randomly shuffled.
Neutral items (items that did not provoke OCD-related distress) were contrasted against obsessive items (items that did provoke
OCD-related distress). SUDS during this task were rated on a distress level of 0-100, in real-time, during item presentation. Neutral
trials had SUDS ratings of 10.18 + 0.18, and obsessive trials had SUDS ratings of 32.86 + 2.86 (mean + SEM) which is a significant
elevation from neutral trials (*p < 0.0000001, two-sample two-sided Student’s t test). For obsessive trials, items used were previously
mentioned by the patient that provoke obsessive thoughts and/or an urge to compulse. SUDS ratings were recorded, and, not sur-
prisingly, were associated with the highest experience of distress specific to interaction with the obsessive items compared to neutral
items (SUDS: 57.86 + 4.06, mean + SEM). The interaction resulted in a significant increase in SUDS in interaction compared to the
presentation (*p = 0.00029, two-sample two-sided Student’s t test).

In-lab VR provocation task

Using novel tools to synchronize and to allow the participant to freely move with the implanted system,*° the patient completed lab-
oratory tasks to identify changes in electrophysiology associated with her contamination obsessions surrounding seafood (Figure 2A,
bottom). There were four distinct phases of this provocation task: Anticipation, Viewing, Interaction, and Rating. During anticipation a
green light signaled the category of item that was to be presented. The item then proceeded towards the center of the screen over the
course of 8-14 s. The subject then has the option of interacting with that item, the duration of which was 2-3 s. Finally, the subject rated
her discomfort level, from -3 (very distressful) to 3 (very comfortable). Two categories of trials were compared - 1) “neutral” trials: de-
livery of neutral items, and 2) “obsessive trials”: delivery of provocative items (e.g., seafood). There was a total of 22 trials, 11 of which
were provocative, and 11 of which were neutral. Neutral items (items that did not provoke OCD-related distress, and were recorded 0 +
0) were contrasted against obsessive items (items that were associated with OCD-related distress). For obsessive items, these are
items that, when encountered by the patient, provoke obsessive thoughts and/or an urge to compulse. Distress level ratings were re-
corded, and corroborated highest experiences of distress specific to interaction with the obsessive items (Distress: -2.27 + 0.14,
mean + SEM) which was significantly different from the neutral item (*p < 0.0000001, two-sample two-sided Student’s t test).

Analyses

The below analyses were conducted on iEEG data from 3 data streams: 1) Ambulatory data snapshots (obsessions, control snap-
shots) 2) Provocation tasks: naturalistic provocation task, VR provocation task (Obsessive, neutral trials), and 3) Detection data
snapshots.

AUC

The rDBS system triggers stimulation based on elevations in AUC, specifically triggering when the short-term window (2s) exceeds a
long-term window (2m) by a set detection threshold. For all data streams, AUC was extracted by quantifying the area under the x-axis

t+2
for 1) 2s short-term window (short-term trend) (2s — AUC(t) = w where f is sampling rate) and 2) a long-term window (long-

term trend) (ambulatory: -60 to -2 s preceding magnet swiping to avoid swiping artifact/ in-lab: -90 to 0 s) (Figure 1B for ambulatory).
Because the AUC detector works by the relative change in the short-term trend and the long-term trend, the power increase of the
slow wave during sleep barely affects detection.

Neuron 712, 73-83.e1-e4, January 3, 2024 e2




¢ CellPress Neuron

OPEN ACCESS

Peak analyses

For both ambulatory magnet swipe iEEG data, as well as the provocation task data, we extracted iEEG peaks as a secondary analysis
to average AUC. We extracted and quantified peaks because peaks contribute most strongly to AUC averages, and we were inter-
ested in whether there were condition-dependent differences in number and size of peaks. The peaks were extracted using the
MATLAB function to find local maxima (findpeaks.m). The following conditions to find peaks are decided heuristically based on given
iEEG data: The minimum peak prominence was 25 nV, and the minimum peak to peak distance was 1 s.

We calculated the number of peaks per minute for each condition. We designated thresholds for relative changes in 5% intervals,
and summed the number of peaks that exceeded that threshold for each interval (Figures 1E, 2C, and S2A). In Figures 1D, 2B, S2B,
and S2C, sensitivity (the number of peaks exceeds the threshold divided by the total number of obsessive trials) and specificity (the
number of peaks exceeds the threshold divided by the total number of neutral trials) were quantified for those peaks exceeding each
threshold interval.

Power extraction and statistics

To better characterize the contributions of spectral power to the AUC estimates above, we performed time-frequency analysis using
amulti-taper convolution method with discrete prolate spheroidal sequence tapers. The power was extracted by squaring the magni-
tude of the complex Fourier-spectra. The time window length was fixed to 1 s; the time step was 0.1 s and the frequency resolution
was at 1 Hz. For provocation tasks with a pre-trial baseline, the power was transformed by the log function, and then spectrograms
were subtracted by a 2-s baseline period. The statistical significance of between-condition comparisons was determined using a
cluster-based permutation approach; the maximum sum of an independent-sample two-sided t test value with a significance level
of 0.05, 1000 random permutations had been done (Figure 3B). The absolute power in both provocation tasks was extracted at the
moment of 1s (Figure 3A, top: 1.0-1.1s; bottom: 0.9-1.0s). The null hypothesis (Hp) was the power of obsessive trials and the neutral
trials were from the same distribution, and the alternative hypothesis (H,) was the power in obsessive trials was higher than the neutral
trials so one-sided Student’s t test was performed. The significance level was indicated with FDR-adjusted *p < 0.01 (Figure 3C).

The Pearson correlation was estimated (Figure 1C) between the 2s-AUC short-term trend and the power estimates for each fre-
quency ([1:1:120] Hz) for the ambulatory iEEG snapshots. We hypothesized the median of the correlation was zero in each frequency
(Ho) to get the most significantly changed frequencies. The one-sample two-sided sign test was performed to get p values in each
frequency, and FDR-adjusted *p < 0.001 was applied to reject the null hypothesis.

For ambulatory and detection data, we then extracted the spectral power at peaks below compared to exceeding 75% detection
threshold (Figure 1F). For the ambulatory data, there were 11 peaks for obsessive snapshots (over 75%), and 222 peaks for both
obsessive and control snapshots (below 75%). Significance was determined using one-sided Student’s t test with 0.001 of signifi-
cance level and assumed two variables were from normal distributions with unknown but equal variances (Hp).

rDBS programming

Bipolar stimulation for OCD was delivered to contacts 1(+) and 2(-) in the NAc and VeP respectively. The patient went home with the
programmed settings at a charge density of 7.1 uC/cm?, a current of 7.0 mA, a frequency of 125 Hz, a pulse-width-per-phase of
80 us, and a burst duration of 1000 ms. Contacts 3(-) and 4(-) in the external globus pallidus (GPe) and Putamen from the NAc-
VeP lead and contacts 3(+) and 4(+) in the temporal lobe from another lead delivered the stimulation for epilepsy.

We programmed ’detection-specific therapy’ for this patient, which allows the first stimulation burst to be delivered for 1s only to
the electrodes associated with the area where activity was detected. In other words, if a detection is made in the NAc-VeP, only the
two electrode contacts flanking the NAc-VeP would deliver stimulation. If an unrelated detection is made in the right temporal lobe
(e.g., for a seizure), only the temporal depth lead will receive stimulation. If the related detection is still captured after the stimulation,
both related and unrelated contacts are stimulated simultaneously up to 4 more times (only possible after the initiation of OCD treat-
ment, when the OCD electrodes were enabled). The number of following stimulations could not be reported because of the limitation
of the device. The refractory interval for the stimulation is 1.28 s which means the following stimulation can’t be delivered within 1.28 s
after stimulation. The detection algorithm restarted when the refractory interval ends. During the stimulation, we could not analyze
electrophysiology data because of the stimulation artifact.

Following a monopolar stimulation task to identify the appropriate stimulation settings, we activated rDBS for 24 h, and it was well-
tolerated. We performed an acute stimulation task to define settings that induced improvement in mood, anxiety, and energy. Stim-
ulation settings were set at 1 mA below the threshold for a mirth response. Further, we tested these settings with concurrent exposure
to OCD triggers using similar procedures outlined in the “naturalistic provocation task”.

rDBS therapeutic outcomes

Detections

rDBS detects above-threshold increases in AUC, and delivers stimulation in response. A single detection occurs when the increase in
AUC between the short-term and long-term trend windows exceeds a programmed threshold. If rDBS detects above-threshold AUC
increases more than five times following a stimulation delivery within a 20 s interval, called a long episode detection, 90 s of iEEG data
are stored (30 s preceding the first detection, and 60 s following the first detection). The total detection count pools the number of
detections across both single and long episode detections. The detection threshold was initially 75% (November 2019 to December
2020), and was increased to 87.5% beginning January 2021. The clinicians made this adjustment as an attempt to balance the
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number of seizure and obsessive detection snapshots being recorded due to storage limitations of the NeuroPace device. The short-
term window and the long-term window for the relative change in AUC were 2 s and 2 min respectively.

In Figure 4B, we are quantifying the contribution of each power band to the AUC peak triggering a detection, over time. Specifically,
for each peak and power band (delta: 1-4 Hz, theta: 5-8 Hz, alpha: 9-12 Hz, beta: 13-30 Hz, low gamma: 31-60 Hz, and high gamma:
61-120 Hz), we are looking at the power increase associated with the AUC increase underlying the peak. Figure 4B is designed to
represent how we examined the “percent change” in low-frequency delta power for each peak relative to the other power
bands. Relative changes in the power for each frequency band were calculated monthly from November 2019 to June 2022
(mean = SEM) (Figure 4B). Relative change is calculated for each detection as: 2s-AUC short-term trend / 90-s AUC long-term trend
*100, summed across all 2-s AUC intervals in the detection snapshot, averaged over all detections captured in a given month.
Clinical
A clinician administered a Y-BOCS to the patient at baseline, as well as 24 h post NAc-VeP-rDBS activation, and again at 1 year
18 weeks. The patient provided Yale-Brown Obsessive-Compulsive Scale Self-Reported (Y-BOCS-SR) evaluations to assess
OCD symptom severity 24 h post NAc-VeP-rDBS activation, and monthly following this. Logistically we were not able to clinically
administer Y-BOCS at repeated intervals following baseline due to the timing of the COVID-19 pandemic, however Y-BOCS and
Y-BOCS-SR have been found to be comparable.”” Y-BOCS-SR reports were the primary metric by which we measured the severity
of the patient’s OCD symptoms.”®?" The Y-BOCS and Y-BOCS-SR were visualized over 23 times points, from baseline to 2 years
22 weeks post-baseline.
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Figure S1. Treatment target, related to Figure 1. a, Two leads were placed
ipsilaterally, one is targeting the right NAc for OCD (though traversing a predefined peri-
insular seizure network more dorsally) and the other is targeting the right superior
temporal lobe/Heschl’s gyrus for epilepsy. The analysis in this paper is based on NAc-
VeP bipolar re-referenced recordings. Therapeutic stimulation for OCD is delivered to
NAc(+) and VeP(-). b, Coronal and sagittal planes of the brain with rDBS lead for OCD.



¢, The coronal plane of the second distal contact with the brain atlas. The second distal
contact was placed to the posterior border of the VeP. d, The coronal plane of the most
distal contact. The first distal contact is in the NAc.
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Figure S2. Dissociating high and low distress using VR-provocation, related to
Figure 2. a, The number of peaks extracted during relative changes in iIEEG exceeding
a range of thresholds per minute during the VR provocation task (meants.e.m.). The
high distress trials are associated with higher relative AUC changes than the low
distress. The number of peaks at -3 (high distress) was significantly higher than those of
-2 (low distress) when a 55% threshold was applied (*p=0.0386, one-tailed t-test), but
non-significant at other threshold levels. b, The area under the receiver operating
characteristic (ROC) curve is 0.894 at the high distress (n=3). The area under the ROC
curve is 0.619 at the low distress (n=8), suggesting the diagnostic accuracy (area under
the ROC curve) was related to the obsession-related distress. ¢, Sensitivity and
specificity trends from low distress (-2, left), and high distress (-3, right). This indicates
that higher AUC peaks were observed in higher distress trials compared to lower
distress trials, suggesting AUC peaks are greater with greater levels of distress.



[N]

a 35- 2000 b

Pre-stim 6 —vBocs Score R=0.008 .
Poststi —e— Y-BOCS-SR Score 15.":0'749
301 I o=t-stimy — @ — Obsession Score = [y=0.087x
Vo —@— Obsession Score (SR) |- 1500
Vi — © — Compulsion Score 1 '\~.\ .
251V i —@®— Compulsion Score (SR) - (T S~ o/'/'
! | Detection count © T e
v Z = 057 1
. = 5
2 3 .
8 c 0 /
c o . .
s g
s Zosp - e
E T
//
A //' 1
y
7
15
2 -
-1 0 1
@ (@ 4@ o A AP A o€ @ A% WD ® A @ & W@ & 9 @
S 28 @ WP @ QF QF oF W P @ W N
S g T N S S e Y-BOCS-SR (2)
€35 SRR P”\\qﬁrv\ 22
Pre-stim
Post-stim —© —Y-BOCS Score
<‘? —@— Y-BOCS-SR Score -20
300 i — © — Obsession Score —
\ | —®— Obsession Score (SR) -18 =2
\ ! — & — Compulsion Score <
25 \\ I ~——&— Compulsion Score (SR) 16 N
\ i Low-frequency power (1-15Hz) (A.U.) a:)
! T
5]
S
o
Q
>
o
[
@
3
o
2
2
<}
3
%\\Q Qs{’ Q\‘k-" &‘t-{’ $‘t—” W CET\@ G‘\‘{f’ b&‘{f) Q\F\\{? ‘BY\‘(-% §\‘¢;§:\ \Y\‘b \V\“— \@-f” Q\\t-(’ \\3&-" \‘\\L:’ Q\‘k?" &‘b G‘i& \‘\‘&?
B be
dzz e 13 \‘\\\\\\ﬁﬁ\\\?\@& 15
R=0.542 R=0.352 ) R=0.619
24 *p=0.0017 b 12 7+5=0.0019 a *p=0.0005
20| y=0.652x 1 | y=0.261x - y=0.391x
ot ° - o
3 10 %
2 =
ke £ 10
& 2
@
8 8
101 5
8 4 55
5 10 15 20 5 10 15 20 5 10 15 20
Low-frequency power (1-15Hz) (A.U.) Low-frequency power (1-15Hz) (A.U.) Low-frequency power (1-15Hz) (A.U.)

Figure S3. Detection count and average low-frequency power with Y-BOCS,
related to Figure 4. a, Average detection count (the number of detection) over the 7-

day period preceding when the patient reported Y-BOCS-SR was indicated by the
orange line. There were 5 Y-BOCS datapoints (8, 24, 28, 36 and 40 weeks) that
coincided in time with a rDBS device settings change (bandpass-based detector was
also applied at these 5 time-points) so there was no detection count with the same
setting. Correlations between the detection count and Y-BOCS-SR were analyzed. b,



Detection count did not correlate with Y-BOCS-SR (p=0.749). Detection count (orange)
and Y-BOCS-SR (black) in S3a were divided into two groups before (n=14) and after
(n=7) 2021 because the threshold was changed in January 2021. The detection count
and Y-BOCS-SR were z-scored within the group, and the correlation for its pairs was

calculated using linear regression (n=21). ¢, Average low-frequency power (1-15Hz)

over the 7-day period preceding when the patient reported Y-BOCS-SR was indicated
by the orange line. The low-frequency power was extracted from long episode iIEEG
data, and correlations between the detection count and Y-BOCS-SR were analyzed. To
derive iIEEG estimates corresponding in time with the Y-BOCS time-scale (self-reported
symptoms over the last 7 days), each IEEG estimate used in the correlation was a 7-
day average (yielding more than 40 iEEG snapshots). However, during the first 24-
hours following stimulation being turned on, only 3 long episode detections occurred
(resulting in the storage of only 3 IEEG snapshots), which was not enough data to
sufficiently power a data-point to coincide with the 24-hours post-stim Y-BOCS (which
captures the symptom severity of the preceding 7-days). Therefore, we were not able to
generate an IEEG data-point for the 24-hour post-stim Y-BOCS. There were Y-BOCS
datapoints (8, 24, 28, 36 and 40 weeks) that coincided in time with a rDBS device
settings change (bandpass-based detector was also applied at these 5 time-points) so
there was no long episode iIEEG data with the same setting. d, Y-BOCS (*p=0.0017),
Obsession score (*p=0.0019), and compulsion score (*p=0.0005) are significantly
correlated with the low-frequency power (1-15Hz).
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Figure S4. rDBS detection counts, related to Figure 4. a, The detection count (OCD)
across time. Every rDBS detection results in a minimum of one stimulation (1s duration).
b, The detection count (epilepsy) across the time. Double monopolar stimulation that
likely modulated GPe (peri-insular target) was enabled from April/2019 (7 months before
OCD stimulation onset). The current detection condition for epilepsy which is contacts
3(-) and 4(-) in the GPe and Putamen/Peri-Insular from the NAc-VeP lead and contacts
3(+) and 4(+) in the temporal lobe from another lead was applied from October/2019 (1
month before OCD stimulation onset). ¢, The median number of OCD detections
(triggering stimulation) in the 75% threshold was 814/day, and that of 87.5% was
530/day. As the threshold of the detection was changed from 75% to 87.5% on
Jan/2021, the number of detections at 87.5% threshold setting is significantly decreased
from 75% threshold (*p<0.00001, two-sample one-sided Wilcoxon rank sum test). The
median number of the epilepsy detections was 251/day in the 75% threshold,
significantly increased to 394/day in the 87.5% threshold (*p<0.00001, two-sample one-
sided Wilcoxon rank sum test). The patient had a ~60% reduction in epilepsy since the
initiation of her epilepsy treatment, and this has remained stable.
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