bm.genomicpress.com

Brain Medicine

MINI-REVIEW

,” Genomic Press

From neurons to behavior and better health

Neuromodulation techniques in obsessive-compulsive disorder:

Current state of the art

© The Author(s), 2025. This article is under exclusive and permanent license to Genomic Press

Brain Medicine September 2025;1(5):34-41; doi: https://doi.org/10.61373/bm025y.0125

Keywords: DBS, neuromodulation, OCD, rTMS, tDCS

Obsessive-compulsive disorder (OCD) is a chronic neuropsychiatric
condition often resistant to conventional treatments such as
cognitive behavioral therapy and pharmacotherapy. For
treatment-refractory cases, neuromodulation techniques offer
promising alternatives. This review provides an overview of recent
advances in three major neuromodulation strategies: transcranial
direct current stimulation (tDCS), repetitive transcranial magnetic
stimulation (rTMS), and deep brain stimulation (DBS). DBS has
demonstrated robust efficacy across several brain targets, though
clinical outcomes are influenced by interindividual variability in fiber
anatomy, lead positioning, correct parameter adjustments, and
symptomatology. Recent efforts focus on connectivity-based
targeting, patient-specific imaging, and the development of
closed-loop systems guided by electrophysiological and
neuroimaging biomarkers. rTMS, a noninvasive neuromodulation
technique, shows therapeutic potential but lacks consensus on
optimal parameters and cortical targets, despite FDA approval of
certain stimulation protocols. tDCS, while the most accessible
modality, presents inconclusive evidence due to small sample sizes
and heterogeneity in electrode montages. Overall, these
neuromodulation techniques are rapidly evolving and hold
considerable promise, but further high-quality studies are needed to
standardize stimulation protocols, validate reliable biomarkers and
tailor interventions to individual patient profiles. Personalized
neuromodulation may represent the future of therapeutic strategies
in OCD.

Introduction

Obsessive-compulsive disorder (OCD) is a neuropsychiatric condition
characterized by persistent, intrusive thoughts and dysfunctional, repet-
itive, and ritualized behaviors (1). It typically manifests in childhood or
adolescence and is frequently accompanied by comorbid anxiety and de-
pressive symptoms (2, 3). The lifetime prevalence of OCD in the gen-
eral population is approximately 2%-3% and symptoms are commonly
managed with cognitive behavioral therapy and pharmacotherapy (3-
5). Although serotonin reuptake inhibitors are first-line treatments with
demonstrated efficacy in OCD, up to 40%-60% of patients exhibit an in-
adequate response (6).

For these cases, neuromodulation techniques such as transcranial di-
rect current stimulation (tDCS), repetitive transcranial magnetic stim-
ulation (rTMS), and deep brain stimulation (DBS) represent potential
alternatives. These techniques may modulate the orbitofronto-striato-
pallido-thalamic circuitry, encompassing the orbitofrontal cortex (OFC),
dorsolateral prefrontal cortex (DLPFC), medial prefrontal cortex (mPFC),
and thalamus, that is dysfunctional in OCD (7, 8).

The aim of this invited review is to provide a summary of recent ad-
vances in these three major neuromodulation techniques and their effec-
tiveness in treating patients with OCD.

Transcranial direct current stimulation

tDCS is a noninvasive brain stimulation procedure that may alleviate
0CD symptoms by delivering low-intensity electrical current to specific
brain areas via two scalp electrodes: an anode (excitatory) and a cathode
(inhibitory) (9).

tDCS offers advantages over other neurostimulation approaches, in-
cluding portability and relatively low cost, supporting the feasibility of
home-based use (10, 11).

Anodal or cathodal tDCS modulates cortical excitability by depolar-
izing or hyperpolarizing neuronal resting membrane potentials, respec-
tively, influencing synaptic transmission (9) and regional cerebral blood
flow (12). In OCD, hyperactivity of cortico-striato-thalamo-cortical cir-
cuits, including the caudate nucleus, the OFC, the anterior cingulate cor-
tex (ACC) (13) and the subthalamic nucleus (STN) (14, 15), has been impli-
cated in symptomatology. Through cortical neuromodulation, tDCS may
attenuate this hyperactivity, contributing to symptom improvement.

Synaptic plasticity—particularly long-term potentiation (LTP) and
long-term depression—is central to learning and memory and its dys-
regulation has been associated with OCD (16, 17). The rationale for tDCS
in OCD involves LTP-like mechanisms thought to modulate dysfunctional
circuits (18, 19).

However, findings from meta-analyses evaluating tDCS in OCD remain
inconclusive, due to small sample sizes, clinical heterogeneity of OCD
and methodological inconsistencies, including unstandardized stimula-
tion protocols and lack of neuronavigation (20).

Ibrahim et al., in their systematic review, reviewed randomized con-
trolled trials (RCTs) involving 147 patients with OCD and found no signif-
icant difference between active and sham tDCS; surprisingly, sham tDCS
was associated with greater symptom reduction, questioning the clinical
value of tDCS for OCD (21).

Similarly, Pinto et al. reported no significant differences between ac-
tive and sham stimulation (22). However, montages placing the primary
electrode over the pre-supplementary motor area (pre-SMA) and an ex-
tracephalic reference generated stronger electric fields in OCD-relevant
brain regions (22). These findings align with prior evidence showing that
cathodal pre-SMA stimulation reduced symptoms, likely by downregulat-
ing pathological hyperactivity in this area (23).

Potential symptom reduction with tDCS without increased adverse ef-
fects was also observed in one study; however, the small sample sizes and
methodological variability limit interpretability, underscoring the need
for further high-quality trials (24).

Regarding stimulation targets, Silva et al. found modest improve-
ments with SMA (25), whereas Fineberg et al. proposed the OFC as a
potentially more effective target (26).

Given the limited evidence regarding the efficacy of tDCS in OCD,
largely attributable to the considerable heterogeneity of stimulation pro-
tocols, which has led to divergent results across clinical trials (20), tDCS
is not yet employed in clinical practice for the treatment of OCD. At this
stage of evidence, reflection on the optimal protocol and target remains
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premature from a clinical standpoint. Future studies should focus on stan-
dardizing stimulation parameters, including electrode placement, as well
as session duration and frequency, in order to generate more robust find-
ings and clarify whether this neuromodulation technique is truly effective
in this disorder. The favorable feasibility and tolerability profile of tDCS
makes it a promising technique for further investigation; although it can-
not yet be recommended for routine clinical use, patient inclusion in clin-
ical trials may be encouraged.

tDCS is generally safe, with adverse effects typically mild and tran-
sient. In a retrospective analysis of 171 subjects undergoing 2005 tDCS
sessions, the most common adverse events were burning sensations
(16.2%), skin redness (12.3%), and scalp pain (10.1%), followed by itching
(6.7%) and tingling (6.3%), all rated as mild and transient, further sup-
porting the overall safety of tDCS in clinical psychiatric settings (27).

Repetitive transcranial magnetic stimulation

rTMS is a noninvasive neuromodulation technique that alters brain activ-
ity using a magnetic coil generating a field through the scalp (28). Brain
activity changes with stimulation frequency: low-frequency (<1 Hz) is
generally inhibitory, whereas high-frequency (>5 Hz) is typically excita-
tory (29).

The therapeutic effect of rTMS in OCD is presumed to involve modula-
tion of dysfunctional cortico-striato-thalamo-cortical circuits, aiming to
normalize hyperactive areas like the OFC and SMA through inhibitory pro-
tocols or enhance hypoactive areas via excitatory stimulation, thus restor-
ing network functional balance (30).

In 2018, the FDA approved rTMS for resistant OCD using a high-
frequency deep stimulation protocol targeting the prefrontal cortex (PFC)
and ACC (31, 32). In this pivotal multicenter RCT involving 100 partici-
pants, significantly more patients responded to active treatment (45.2%)
compared to sham (17.8%), with response defined as a > 30% reduction
in yale-brown obsessive compulsive scale (Y-BOCS) scores (32). Interest-
ingly, although high-frequency stimulation is typically excitatory, its ap-
plication to the hyperactive mPFC/ACC did not appear to further worsen
hyperactivity.

Beyond the mPFC/ACC, alternative targets have been investigated: bi-
lateral and right DLPFC (34-36), as well as left DLPFC, SMA and OFC (34,
37, 38).

Despite numerous meta-analyses, consensus is lacking regarding op-
timal rTMS parameters for OCD, including frequency, target site, and du-
ration (33). As summarized in Table 1, clinical outcomes vary consider-
ably across stimulation targets and protocols. In practical terms, bilateral
DLPFC and SMA protocols appear to yield the largest and most consistent
improvements, whereas mPFC/ACC and OFC stimulations show more vari-
able or time-limited effects, suggesting that clinicians should prioritize
dorsolateral and motor network targets when selecting rTMS strategies
for OCD (Table 1).

Liang et al. demonstrated the efficacy of low-frequency stimulation
(LF-rTMS) over the SMA and DLPFC, while high-frequency rTMS (HF-rTMS)
of the mPFC/ACC, despite being FDA-approved, did not show significant
benefit (34). Conversely, Perera et al. found bilateral DLPFC stimulation,
both LF or HF, more efficacious than other protocols (35).

Subsequent meta-analyses confirmed comparable efficacy across sev-
eral protocols, including bilateral HF-rTMS of the DLPFC, bilateral LF-
rTMS of the pre-SMA, right DLPFC LF-rTMS, and bilateral mPFC/ACC stim-
ulation with both HF and LF frequencies (33, 36, 39). The OFC has also
emerged as a potential target. LF-rTMS applied to the left OFC for 3 weeks
led to significantly improved Y-BOCS scores at weeks 3 and 10 compared
to control (40).

Regarding treatment duration, extending sessions beyond 4 weeks
has not consistently added benefit (33). Other meta-analyses indicate
that 10-20 sessions may suffice for therapeutic effect, with no clear gain
from longer protocols (41, 42).

In terms of stimulation type, although theta burst stimulation (TBS)
is time-efficient and theoretically potent, current clinical evidence does
not support its efficacy in OCD. Harika-Germaneau et al. applied contin-
uous TBS, an inhibitory protocol, over the SMA, but found no significant
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improvement relative to sham, possibly due to the low number of pulses
(600) and subtherapeutic intensity (70% resting motor threshold [RMT])
relative to effective rTMS studies (43). Liu et al. delivered intermittent
TBS, an excitatory protocol, to the DLPFC and compared it to 1 Hz rTMS
over the SMA; again, no significant difference emerged. The authors noted
limitations such as nonindividualized targeting and low session count
(44). Furthermore, interindividual variability in neuroplastic response,
potentially influenced by genetic factors such as the brain-derived neu-
rotrophic factor (BDNF) Vale6Met polymorphism, may partly explain out-
come heterogeneity, as proposed by Harika-Germaneau et al. and mech-
anistically supported in Chung et al. (2016), who demonstrated that
BDNF genotype influences the direction and magnitude of TBS-induced
plasticity (45).

On the other hand, the commonly held dichotomy of HF as excitatory
and LF as inhibitory does not consistently predict changes in the activ-
ity of the targeted brain region. HF-rTMS may instead work by disrupting
maladaptive circuit activity (31), as seen in other neuropsychiatric disor-
ders, such as epilepsy (46). This variability underscores the complexity of
brain dynamics, with outcomes influenced by baseline excitability, indi-
vidual differences and circuit state during stimulation.

Furthermore, the accelerated rTMS protocol, involving multiple HF
stimulation sessions per day over a condensed period (e.g., 5 days), aims
for faster and stronger clinical effects. The Stanford SAINT protocol,
which applies ten sessions of intermittent TBS daily, guided by individual-
ized functional magnetic resonance imaging targeting, has demonstrated
rapid efficacy in treatment-resistant depression (47). To date, no acceler-
ated rTMS protocols with comparable intensity, frequency or proven ef-
ficacy have been established for OCD. This may reflect inconsistent TBS
outcomes in OCD, potentially due to subtherapeutic stimulation parame-
ters and lack of individualized targeting.

Due to difficulties in predicting clinical outcomes based solely on stim-
ulation frequency or target region, there is increasing support for person-
alizing rTMS protocols based on individual neurophysiological profiles.
rTMS may benefit from personalized target selection and stimulation
parameters (48, 49).

The level of evidence supporting the efficacy of rTMS in OCD is mod-
erate to high, making it a viable clinical option for treatment-refractory
cases before considering more invasive techniques, namely DBS, particu-
larly when balancing the risks and benefits of each intervention (50).

rTMS is generally safe and well-tolerated. The most serious adverse
effect, seizure, is rare and usually associated with HF stimulation or pre-
disposing neurological conditions (51). More commonly, side effects are
mild and transient, including scalp discomfort, tension-type headaches,
tingling or auditory sensitivity from the clicking noise, all usually resolv-
ing without the need to discontinue treatment (51).

Deep brain stimulation

DBS has supplanted ablative neurosurgical procedures and is indicated
for patients with treatment-resistant OCD (52). The technique entails the
implantation of electrodes in a specific deep brain target, connected to a
pulse generator that delivers electrical stimulation (52). In 2009, the FDA
granted DBS for OCD a Humanitarian Device Exemption.

The most common targets for OCD are: the anterior limb of the internal
capsule, (ALIC), ventral capsule/ventral striatum (VC/VS), nucleus accum-
bens (NAc)—noting that these three regions often refer to anatomically
overlapping regions, caudate nucleus and the bed nucleus of the stria ter-
minalis (BNST) (53), a component of the extended amygdala that is heav-
ily interconnected with the ventral striatum and involved in anxiety and
compulsive behavior regulation. These structures constitute components
of cognitive-affective circuits involved in reward processing, motivational
regulation and compulsive behavior (53).

Clinical trials have demonstrated the efficacy of DBS targeting these
structures. In 2010, Denys et al. conducted an RCT of ALIC-NAc stimu-
lation, achieving full response in 9 of 16 patients with a mean reduc-
tion of 46% in Y-BOCS scores (54). Subsequently, Luyten et al. carried
out a double-blind crossover study in 17 patients implanted with a sin-
gle electrode per hemisphere targeting the ALIC-BNST region. Although
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Table 1. Summary of rTMS targets, protocols, and clinical outcomes in OCD treatment

Target Stimulation Type Outcome Study Study Type

Bilateral DLPFC? LFP- or HFS-rTMS  Both significantly superior to sham; larger
effect size than other protocols (left DLPFC,
right DLPFC, SMAY, OFC® or mPFCf) with
Hedge's g of 1.04

Superior to sham; DLPFC and mPFC/ACC
protocols more likely to be among the
highest-ranked interventions

More efficacious than sham with Hedge's g of  Fitzsimmons et al., 2022 Meta-analysis (21 RCTs)
0.90; similar efficacy to LF-rTMS of right
DLPFC and LF-rTMS of bilateral pre-SMA

Superior to sham Vinod et al., 2024 Meta-analysis (33 RCTs)

More efficacious than sham with Hedge's g of  Fitzsimmons et al., 2022 Meta-analysis (21 RCTs)
1.03; similar efficacy to HF-rTMS of bilateral
DLPFC and LF-rTMS of bilateral pre-SMA

More efficacious than sham; Y-BOCS weighted Liang et al., 2021
mean difference of 6.34 compared to sham;
might be the most effective intervention
among all rTMS strategies for
OCD treatment

More efficacious than sham; Y-BOCS weighted Liang et al., 2021
mean difference of 3.77 compared to sham

More efficacious than sham; reduction of 6
pointsin Y-BOCS in the active group vs 3.3
points in the sham group

Superior to sham; DLPFC and mPFC/ACC
protocols more likely to be among the
highest-ranked interventions

Perera et al., 2021 Meta-analysis (26 RCTs9)

HF-rTMS Vinod et al., 2024 Meta-analysis (33 RCTs)

HF-rTMS

LF-rTMS
LF-rTMS

Right DLPFC

Left DLPFC LF-rTMS Meta-analysis (22 RCTs)

HF-rTMS Meta-analysis (22 RCTs)

Bilateral mPFC/ACC"  HF-dTMS Carmi et al., 2019 RCT (99 subjects)

HF or LF-rTMS Vinod et al., 2024 Meta-analysis (33 RCTs)

mPFC/ACC HF-rTMS Not more efficacious than sham, despite FDA  Liang et al., 2021 Meta-analysis (22 RCTs)
approval
Bilateral pre-SMA LF-rTMS More efficacious than sham with Hedge's g of  Fitzsimmons et al., 2022 Meta-analysis (21 RCTs)
0.56; similar efficacy to LF-rTMS of right
DLPFC and HF-rTMS of bilateral DLPFC
Bilateral SMA LF-rTMS Superior to sham Vinod et al., 2024 Meta-analysis (33 RCTs)
SMA LF-rTMS More efficacious than sham; Y-BOCS weighted Liang et al., 2021 Meta-analysis (22 RCTs)
mean difference of 4.33 compared to sham
LF-rTMS More efficacious than rTMS over DLPFC or OFC  Rehn et al., 2018 Meta-analysis (18 RCTs)
with Hedge's g of 1.68 for SMA and 0.97 for
LF-rTMS
LF-rTMS More efficacious than sham with Hedge's g of  Berlim et al., 2013 Meta-analysis (10 RCTs)
1.37 for SMA and OFC and 0.8 for LF-rTMS
OFC LF-rTMS Not more efficacious than sham Liang et al., 2021 Meta-analysis (22 RCTs)
LF-rTMS Significant but time-limited improvement Ruffini et al., 2009 RCT (23 subjects)
compared to sham; Y-BOCS reduction of
>25% for 50% of the subjects and >35% for
25% of the subjects
LF-rTMS More efficacious than sham with Hedge's g of  Berlim et al., 2013 Meta-analysis (10 RCTs)

1.37 for SMA and OFC and 0.8 for LF-rTMS

Hedge's g values were recoded so that positive values indicate superiority of active treatment over sham.
aDLPFC: dorsolateral prefrontal cortex.

bLF: low frequency.

“HF: high frequency.

dSMA: supplementary motor area.

€0FC: orbitofrontal cortex.

fmPFC: medial prefrontal cortex

9RCT: randomized controlled trial.

PACC: anterior cingulate cortex.

the electrode trajectory allowed anatomical coverage of both areas, stim-
ulation was delivered either to ALIC or to BNST depending on the acti-
vated contact. The study reported a 53% response rate and a 37% me-
dianimprovement during the blinded phase; during the open-label phase,
67% of patients were full responders, with a 58% median reduction in
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Y-BOCS scores. Notably, patients with active contactsin BNST showed sig-
nificantly greater improvement than those stimulated in ALIC (55). More
recently, Mosley et al. replicated these results in a randomized, double-
blind, sham-controlled trial involving 9 patients using ALIC-BNST stimu-
lation, finding a statistically significant difference from sham (p = 0.025),
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Table 2. Summary table has been adapted from Raviv et al. (2020), integrating data from RCTs and high-quality case series investigating various
DBS targets for treatment-resistant OCD. Evidence levels and GRADE categories reflect the quality and strength of the findings across studies.
Anatomical overlap and variability in target nomenclature are noted where relevant

Target Main Findings

Level of Evidence

GRADE Notes

BNST2/ALICP Significantly reduced OCD¢, anxiety
and depressive symptoms; improved
global functioning. Long-term safety
up to 14 years.

STNd Reduced Y-BOCS by ~41%; increased
positive emotional ratings; improved
global functioning. Effects on
depression/anxiety variable.

NAc® Median 50% symptom reduction in
responders. Often overlaps with
caudate/VC/VSf regions.

35% to 60% Y-BOCS reduction in small
studies; improvements associated
with decreased caudate
hyperactivity.

Reduced Y-BOCS and improved
functioning. Effects similar to STN in
some trials.

ITP9Y ~50% Y-BOCS decrease; promising but

limited evidence.

GpiP Dramatic improvement in vocal tics
and OCD in all 4 patients in small
series.

Caudate nucleus

VC/VS

1=l High-Moderate

-1 High-Moderate

1111 Moderate-Low

Il High One electrode can anatomically cover
both targets; clinical effects differ by

contact site.

Potential for motor/limbic symptom
targeting; cognitive flexibility may
improve.

Target for reward-related symptoms,
but anatomical boundaries often
overlap with VC/VS.

Targeted in small series; often
combined with NAc stimulation.

1 Low

Overlaps with ALIC and NAc;
inconsistent nomenclature across
studies.

Uncommon target; potential role in
emotion regulation.

Rarely used; explored for overlap
between OCD and Tourette.

1] Moderate-Low

1] Moderate

@BNST: bed nucleus of the stria terminalis.
bALIC: anterior limb of the internal capsule.
€0CD: obsessive-compulsive disorder.
dSTN: subthalamic nucleus.

€NAc: nucleus accumbens.

fVC/VS: ventral capsule/ventral striatum
9ITP: inferior thalamic peduncle.

hGPi: globus pallidus internus

along with a 50% mean Y-BOCS reduction and 78% response rate dur-
ing the open phase (56). Provenza et al. further confirmed these effects
in an open-label phase followed by cognitive behavioral therapy and a
double-blind withdrawal: all 5 participants responded fully with a 55%
mean Y-BOCS reduction; symptoms recurred upon DBS cessation and re-
mitted upon reactivation, affirming the causal role of stimulation (57)
(Table 2).

The STN is a well-established DBS target in treatment-refractory OCD,
with reported Y-BOCS reductions from 33 to 21.8 with a 67% response
rate in one study (15) and from 28 (sham) to 19 with 75% response in an-
other study (14), using > 35% Y-BOCS reduction as the response criterion
(Table 2).

Other investigated targets include the anteromedial globus pallidus
internus (amGPi), currently a DBS target for Tourette syndrome with en-
couraging findings for OCD symptoms (58), the inferior thalamic pedun-
cle (53), the lateral habenula, the superolateral medial forebrain bundle
(59) and the zonaincerta (60). However, for these targets, evidence is still
limited and further studies are needed to evaluate the efficacy in treating
OCD (Table 2).

Itisincreasingly recognized that DBS targets overlap anatomically and
stimulation effects may depend on activated tissue volume (53). These
targets are embedded in interrelated networks governing behavior, dys-
function of which may underlie OCD symptoms (61). Tractography and
connectivity analysis have been proposed to define optimal DBS pathways
(62), though no consensus exists on a specific white matter tract. Pro-
posed white matter targets include the medial forebrain bundle (63), the
fronto-thalamic tract (64) and the hyperdirect pathway between the PFC
and the STN (65).
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Given substantial interindividual variability in fiber anatomy, ad-
vanced patient-specificimaging is imperative (66). Symptom dimensions,
such as checking or contamination, appear to activate distinct prefrontal
regions (67). Barcia et al. found that optimal stimulation contacts exhib-
ited stronger connectivity with prefrontal areas activated by symptom
provocation (68). On the other hand, Tyagi et al. observed that STN-DBS
preferentially improved cognitive symptoms whereas VC/VS-DBS allevi-
ated depressive features (15). Finally, Li et al. proposed a common thera-
peutic pathway originating in the ALIC, connecting to the dorsal ACC and
ventrolateral PFC and culminating in the anteromedial STN, potentially
underlying core OCD symptom relief, with additional pathways necessary
for specific symptom clusters (65).

Although normative connectomes derived from healthy populations
facilitate network mapping, they fail to capture individual anatomical
variability or disease-driven alterations (69). For instance, the distinct
tracts traversing the ALIC link the PFC to the thalamus, ventral tegmen-
tal area and STN (70, 71) and display considerable individual anatom-
ical variability (66, 70), possibly explaining heterogeneous ALIC-DBS
outcomes and reinforcing the need for patient-specific imaging be-
fore defining stimulation targets (69, 72). Nonetheless, normative maps
remain useful when individual data is unavailable (62).

Recent work has challenged the concept of fixed anatomical “target,”
proposing instead that DBS acts by modulating a common functional net-
work engaged across multiple stimulation sites. In a large connectomic
analysis, Li et al. demonstrated that effective stimulation sites, regard-
less of anatomical location, converged on a unified network encompass-
ing the ACC, precuneus, mPFC, and insula. This shift from a “valid tar-
get” to a “valid network" paradigm suggests that optimal outcomes may
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Neuromodulation approaches for treatment-resistant OCD
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Figure 1. Pre-SMA: Pre-Supplementary Motor Area; DLPFC: Dorsolateral Prefrontal Cortex; SMA: Supplementary Motor Area; BNST: Bed Nucleus of the Stria
Terminalis; STN: Subthalamic Nucleus; ALIC: Anterior Limb of the Internal Capsule; NAc: Nucleus Accumbens. This figure outlines a proposed sequential algorithm
for neuromodulatory interventions in treatment-resistant obsessive-compulsive disorder. Rather than being organized strictly by evidence level, this framework
prioritizes a gradient of clinical feasibility and invasiveness, moving from the least to the most invasive approches.

depend more on the connectivity profile of the stimulated region than on
its anatomical label (73).

Biomarker-guided personalization of DBS is an emerging framework
with predictive potential (74). A significant challenge in OCD is the tem-
poral dissociation between electrophysiological changes and clinical re-
sponse, unlike Parkinson's disease, for example, where real-time suppres-
sion of STN beta activity correlates with symptom relief (75). Psychiatric
DBS typically requires months for symptom amelioration during parame-
ter optimization (52, 76).

In OCD, electrophysiological biomarkers like local field potentials
(LFPs) remain unclear. Theta and delta frequency bands are most stud-
ied but lack consistent clinical correlation (77). A case report suggested
thatidentifying the contact with the highest beta activity peak could opti-
mize clinical outcomes for DBS in the VC/VS (78). Provenza et al. observed
a negative correlation between delta power and symptom severity (57)
and Nho et al. associated low-frequency intracranial electroencephalo-
gram (EEG) signals (<15 Hz) with obsessive thought episodes (79).

Thereis also interestin STN functioning in OCD, driven by prior Parkin-
son's disease research. Investigations in STN functioning have revealed
burst-like LFP patterns in both groups (80); theta activity during emo-
tional stimuli correlated with OCD severity (81); increased STN oscilla-
tions during symptomatic states and reduced gamma/beta activity in the
right ventral STN have been reported (82) and Fridgeirsson et al. de-
scribed individualized LFP signatures within the NAc, ventral ALIC and
globus pallidus externus (83).

Emerging evidence suggests that STN DBS may exert disease-
modifying effects through modulation of BDNF signaling, potentially sup-
porting neuroplasticity and functional restoration. Although primarily
studied in Parkinson's disease, these mechanisms may inform under-
standing of STN-related circuit modulation in OCD, guide therapeutic
strategies and provide a line of investigation to account, at least partially,
for the heterogeneity of clinical outcomes despite identical stimulation
targets (84).

Furthermore, intraoperative observations of smiling and facial expres-
sion changes elicited by VC/VS stimulation have been linked to favorable
outcomes and may guide electrode placement (85, 86).

A recent preclinical investigation utilizing a closed-loop optoge-
netic approach in Sapap3-knockout mice—a validated OCD model—
demonstrated that real-time detection of low-frequency delta signals in
the OFC triggered activation of striatal parvalbumin-positive interneu-
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rons, effectively interrupting compulsive grooming (87). This result pro-
vides a potential mechanistic foundation for closed-loop DBS in human
OCD.

In conclusion, biomarkers are crucial for optimizing neuromodulation
and implementing closed-loop DBS (52, 65).

Closed-loop neurostimulation systems offer a novel approach by con-
tinuously adjusting stimulation parameters based on real-time biomarker
feedback (88). Contrary to traditional open-loop systems with fixed set-
tings, closed-loop models cater to the fluctuating nature of neuropsychi-
atric disorders by using electrophysiological or neurochemical indicators
to tailor therapy automatically (88).

The efficacy of such systems depends on identifying robust neu-
ropsychiatric biomarkers. EEG and LFPs monitoring enable real-time as-
sessment of brain activity and evaluation of stimulation effects, guid-
ing postimplantation parameter tuning (89). However, no biomarker has
yet been definitively linked to changes in mood (89). Indeed, adapt-
ing DBS parameters in response to symptom fluctuation may improve
outcomes and reduce side effects with lower energy consumption (89).
Closed-loop DBS has been shown to monitor LFPs in real time and mod-
ify stimulation to further reduce obsessive thoughts and compulsive
behaviors while mitigating acute mood-related side effects, including
hypomania (90).

Nonetheless, implementing closed-loop DBS entails significant chal-
lenges, including ensuring biomarker specificity to accurately reflect clin-
ical state, employing rigorous signal filtering to prevent erroneous ad-
justments and achieving high temporal resolution to promptly adjust
stimulation in response to neural dynamics (88).

DBS is associated with adverse effects in approximately 4.8%-7.7% of
cases (91). The most serious complication is intraoperative hemorrhage,
althoughit occursin less than 1% of procedures. Electrode misplacement
and intracranial infections are more common and are among the leading
causes of device removal. Postoperative seizures are rare and typically
linked to edema around the electrode. Stimulation-induced side effects
most notably hypomania, typically resolve with parameter adjustment,
although weight gain, insomnia, memory impairment, and anxiety have
also been reported (92, 93). Other concerns relate to suicidality; the rela-
tionship between DBS and increased suicidality remains debated and may
reflect the baseline severity of illness or unmet expectations (94, 95).

In contrast to movement disorders treated with DBS, neuropsychiatric
illnesses treated with DBS lack immediate symptomatic improvement,
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making it much more complicated and time-consuming to reach opti-
mal parameters. Indeed, improvements in OCD symptoms and anxiety may
take weeks, several months, or even years to be achieved, whereas Parkin-
sonian rigidity or tremor resolves in a few seconds or minutes in front of
the examiner programming the DBS.

In clinical practice, given that DBS is an invasive procedure, it is re-
served for cases of treatment-refractory OCD (50). Nevertheless, the cur-
rent evidence regarding its efficacy is the most consistent and robust
when compared with the other two techniques.

Conclusion

Neuromodulation techniques such as tDCS, rTMS, and DBS hold significant
promise, particularly for patients with treatment-refractory OCD. DBS, al-
though more invasive, has demonstrated clinical efficacy in reducing OCD
symptoms across various brain targets. Nevertheless, clinical responses
remain heterogeneous, largely due to anatomical variability and differ-
ences in symptom dimensions. Moving forward, the field will likely be
shaped by advances in personalized neuromodulation. Critical priorities
include the development of robust electrophysiological biomarkers, indi-
vidualized tractography to optimize target selection and the implementa-
tion of adaptive closed-loop stimulation systems capable of dynamically
tailoring treatment. In contrast, while rTMS and tDCS offer less invasive
alternatives, they face certain limitations. rTMS lacks consensus regard-
ing optimal stimulation parameters and target regions and the efficacy
of tDCS in OCD remains a subject of debate due to methodological short-
comings and variability in electrode montages. In summary, these neuro-
modulation strategies are advancing rapidly, but further high-quality re-
searchis required to optimize protocols. Ultimately, harmonization of trial
design, coupled with biomarker-guided and patient-specific approaches,
will be essential to personalize neuromodulation and to maximize the
therapeutic potential of these techniques in OCD.
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