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Abstract

Obsessive-compulsive and related disorders (OCRDs) are characterized by obsessions, compulsive
or repetitive behaviors, hoarding and saving, or recurrent body-focused repetitive behaviors.
Although pharmacological, cognitive-behavioral, or behavioral therapies provide relief for many
for these conditions, a substantial proportion respond insufficiently or experience relapses.
Neurofeedback (NF) enables individuals to self-modulate neural activity in real time and has been
explored as a non-invasive neuromodulation strategy in obsessive-compulsive disorder (OCD), the
only OCRD in which NF has been empirically tested to date. Conventional electroencephalogram-
based (EEG-NF) and functional magnetic resonance imaging-based (fMRI-NF) protocols have
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demonstrated that patients can learn to regulate oscillatory activity or region-specific blood-
oxygen-level-dependent signals, with some studies reporting symptom improvements. However,
heterogeneity in targets, limited personalization, and modest clinical effects constrain conclusions
regarding efficacy and scalability. This narrative review synthesizes the existing empirical
evidence of NF studies to-date. In addition, it highlights the potential for decoded neurofeedback
(DecNef) as a next-generation NF method. Unlike conventional NF, DecNef leverages multivoxel
pattern analysis to reinforce distributed neural representations, in some cases without explicit
awareness or symptom exposure, and may allow greater precision and personalization of circuit-
level interventions. We discuss how DecNef can address limitations of traditional NF and outline
its potential translational applications across the OCRD spectrum. By integrating current empirical
findings with a forward-looking precision psychiatry framework, this review offers ideas for
conceptual and methodological advances for targeting dysfunctional neural systems underlying
OCRDs.
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1. Introduction

Obsessive compulsive disorder (OCD) is a chronic and frequently disabling psychiatric
disorder with a 2-3% lifetime prevalence (Rasmussen and Eisen, 1990; Ruscio et al., 2010;
Sasson et al., 1997; Stein et al., 2019). OCD is characterized by the existence of obsessions,
compulsions, or both (Association, 2013; Goodman, 1989). Obsessions are recurrent and
persistent thoughts, images, or urges that are intrusive, unwanted, and typically cause
marked anxiety or other distress. Compulsions are repetitive behaviors or mental acts that
individuals feel compelled to perform in response to an obsession or in accordance with
rigidly applied rules, often aimed at reducing distress or achieving a sense of “completeness”
(Association, 2013; Phillips et al., 2010). OCD is associated with substantial impairments in
quality of life, including occupational, social, and family functioning, as well as significant
emotional distress (Lochner et al., 2014; Stein et al., 2019).

Currently, treatment options for OCD include pharmacotherapy, primarily with serotonin
reuptake inhibitors (SRIs), or psychotherapy approaches, including cognitive-behavioral
therapy (CBT, which typically involves exposure and response prevention (ERP) techniques)
(Mao et al., 2022). Although first-line treatments can lead to symptom improvement in

up to 50% of OCD patients during the acute phase (Skapinakis et al., 2016; Stein et al.,
2019), relapses are common following treatment discontinuation (Gongalves et al., 2017),
and even in some cases when continuing treatment (Erzegovesi et al., 2001; Ivarsson et al.,
2024). As a result, there is growing interest in developing novel interventions, including,

but not limited to, novel pharmacological agents and both invasive and noninvasive
neuromodulation techniques.
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In OCD, dysregulation has been described in multiple neural circuits and systems, including
the cortico-striato-thalamo-cortical (CSTC) circuits, fronto-limbic circuits, fronto-parietal
networks, the default mode network, the salience network, sensorimotor networks, and
cerebellar networks (Pauls et al., 2014). CSTC circuits have been associated with symptom
severity, intrusive thoughts, and compulsive behaviors in OCD (Shephard et al., 2021).
Neuroimaging studies suggest that CBT, particularly exposure and response prevention
(ERP), is associated with increased activation in cognitive control regions such as the
dorsolateral prefrontal cortex and parietal cortex in individuals with OCD and decreased
reactivity in salience and limbic regions, consistent with the modulation of frontoparietal
and salience networks involved in emotion regulation and attentional control (Becker et

al., 2024; Machado-Sousa et al., 2025). However, the circuit-level specificity remains
limited and variable across individuals (Bennett et al., 2023; Moody et al., 2017; Nakao

et al., 2005). While some task-based fMRI studies in OCD have reported altered brain
activation following ERP interventions, such as in circuits implicated in inhibitory control
(Stephenson et al., 2024), the extent to which these neuroplastic changes reliably mediate
symptom reduction remains unclear. Variability in task paradigms, imaging modalities, and
individual differences may partly account for inconsistent findings across neuroimaging
studies (Becker et al., 2024; Figee et al., 2011; Moody et al., 2017; Stephenson et al., 2024).

Noninvasive neuromodulation methods, such as repetitive transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS), induce electric currents and
modulate cortical excitability, respectively (Moshfeghinia et al., 2025; Steuber and McGuire,
2023). These have primarily been studied in OCD (Fitzsimmons et al., 2022; Rapinesi et

al., 2019). Repetitive TMS has demonstrated clinical efficacy with significant symptom
reduction compared to sham controls (Carmi et al., 2019), leading to the FDA clearance

of deep TMS systems for OCD treatment, and the CE Mark approval in Europe enables
clinical use across multiple member countries (Cotovio, Ventura, Rodrigues da Silva, Pereira
and Oliveira-Maia, 2023). Response rates are estimated at approximately 38-55% with
protocols typically targeting the dorsomedial prefrontal cortex or ACC using high-frequency
stimulation (Roth et al., 2021). Additional targets such as the supplementary motor area
(SMA) and dorsolateral prefrontal cortex (DLPFC) (Dehghani-Arani et al., 2024; Rehn et
al., 2018; Zhou et al., 2017) have also shown promising results in reducing OCD symptoms,
likely through modulation of fronto-striatal circuits (Mantovani et al., 2010). However, their
spatial precision and individual tailoring for OCD patients at this point are limited. Invasive
neuromodulation like deep brain stimulation targets specific neural sites (most within, or
connected to, CSTC circuits) to alleviate OCD symptoms. It is typically reserved for severe,
treatment-refractory cases due to potential surgical and hardware-related complications,
stimulation-induced side effects, and other adverse outcomes (Mar-Barrutia et al., 2021).

Neurofeedback (NF) is also a neuromodulation technique, as its goal is to alter neuronal
activity directly, although this process is achieved endogenously rather than exogenously
through electrical or magnetic stimulation (L. R. Trambaiolli et al., 2021). NF enables
individuals to modulate specific neural patterns in real-time feedback. This method can
directly target dysregulated circuits and can be personalized (Stoeckel et al., 2014). This
possibility for precision, combined with its noninvasiveness, positions NF as a promising
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next-generation intervention to address circuit- or systems-level dysfunctions in psychiatric
disorders in a more individualized and dynamic manner (Pindi et al., 2022).

NF is a non-invasive, closed-loop brain training technique that most likely involves learning
mechanisms (Sitaram et al., 2017). As a form of biofeedback, it relies on the real-time
measurement and representation of neural activity, typically through visual, auditory, or
other sensory modalities, to enable individuals to self-regulate neural processes presumed to
underlie specific behaviors or neuropathological conditions (Shibata et al., 2019).

Conventional NF typically relies on training individuals to modulate activity within
predefined brain regions or frequency bands, most often using electroencephalogram (EEG)
or fMRI signals such as BOLD signal change in specific regions or functional connectivity
(Taschereau-Dumouchel et al., 2022) (Fig. 1). Participants receive real-time feedback about
their ongoing signal amplitude-based or functional connectivity-based brain activity and are
encouraged to voluntarily regulate it to achieve a desired mental or neural state (Taschereau-
Dumouchel et al., 2022). This approach has been used to target broad neural patterns
associated with symptom relief across various psychiatric conditions (Heunis et al., 2020;
Pindi et al., 2022). Notably, even when NF targets specific regions, its effects often extend to
broader neural circuits, likely through modulation of anatomically interconnected structures
(L. Trambaiolli et al., 2024). More recently, decoded neurofeedback (DecNef), a multivariate
representational approach, has been proposed as a potential next-generation extension of the
conventional NF (Taschereau-Dumouchel et al., 2022).

As neuroimaging studies have identified characteristic neural activity patterns, such as
hyperactivity in CSTC circuits, that correlate with specific clinical features of OCD (with a
sparser but growing knowledge base in other OCRDs), this concept has provided a rationale
for exploring NF as a therapeutic strategy targeting dysfunctional circuits. For these reasons,
research has explored neuroimaging-based NF as a therapeutic strategy for OCD (Shephard
etal., 2021; Zafarmand et al., 2022).

The goal of this narrative review is to assess the existing evidence for the efficacy of

EEG- and fMRI-based NF studies and synthesize the current state of NF interventions

for treating OCD. Further, it discusses whether multivariate approaches, such as DecNef,
may address the identified mechanistic limitations. Discussion of DecNef and of OCRDs

is therefore explicitly conceptual and prospective, with the goal of outlining mechanistic
considerations and future research directions rather than evaluating established clinical
efficacy. Throughout, we emphasize the importance of causal target identification and
mechanistic specificity in advancing neurofeedback as a viable intervention for OCD and
related conditions. While prior systematic reviews and meta-analyses have evaluated the
clinical efficacy of neurofeedback in OCD (e.g., Ferreira et al. (2019); Zafarmand et al.
(2022)), these have primarily focused on quantitative symptom outcomes and study quality.
The present review differs in several important respects. First, we extend the discussion
beyond OCD to consider potential translational targets across the broader OCRD spectrum.
Second, we introduce and conceptually evaluate DecNef as a next-generation approach that
may overcome limitations of conventional protocols. By situating neurofeedback within a
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precision psychiatry perspective, this review aims to provide a forward-looking synthesis
rather than solely a summary of existing trials.

2. Method

This narrative review was conducted in accordance with the SANRA (Scale for the
Assessment of Narrative Review Articles) guidelines (Baethge et al., 2019). To ensure a
structured approach, the PICO framework was employed: (i) Population (P): individuals
diagnosed with OCD based on DSM-5 or ICD criteria; (ii) Intervention (l): the focus

was on both EEG-NF and fMRI-NF techniques; (iii) Comparison (C): where applicable,
interventions were compared against sham procedures, standard care, or alternative
treatments; (iv) Outcome (O): primary outcomes of interest included symptom improvement,
remission rates, cognitive performance, global functioning, and quality of life.

A comprehensive literature search was conducted across major databases including Embase,
PubMed/MEDLINE, Google Scholar, and APA PsycINFO, to May 1, 2025. Search terms
combined “OCD” OR “obsessive compulsive disorder” OR “obsessive-compulsive disorder”
combined by AND with “neurofeedback” OR “neuro feedback” OR “EEG biofeedback”

OR “fMRI biofeedback” OR “neurotherapy” OR “EEG neurofeedback” OR “EEG neuro
feedback” OR “fMRI neurofeedback” OR “fMRI neuro feedback”. Only English-language
studies published in peer-reviewed journals were considered. In addition to database
searches, the reference lists of relevant studies and reviews were also screened to identify
additional eligible citations. Original empirical studies and case reports examining NF
interventions in OCD were eligible for inclusion. Reviews and meta-analyses were consulted
for contextual interpretation and citation tracking, but were not included as primary data
sources. Following screening and eligibility assessment, nine original research studies met
the inclusion criteria and were included in the narrative synthesis. Extracted data included
study design, sample characteristics, neurofeedback modality, neural targets, outcome
measures, and follow-up duration. Findings are summarized narratively and presented in
Table 1.

3. Results

3.1. Overview of included studies

A total of nine empirical studies met the inclusion criteria, including EEG-based and
fMRI-based NF studies (see Table 2). All studies examined individuals with OCD or
elevated obsessive-compulsive symptoms. Sample sizes were generally small, ranging from
single-case reports to small clinical cohorts, and study designs varied substantially across
investigations. Control conditions were heterogeneous and included waiting-list controls,
sham or minimal-feedback conditions, or uncontrolled pre—post designs.

Across studies, NF protocols targeted neural activity or connectivity patterns implicated
in OCD-related circuits, with EEG-based approaches focusing on oscillatory features and
gEEG-guided abnormalities, and fMRI-based protocols primarily targeting orbitofrontal
and related fronto-striatal regions. Clinical outcomes were most commonly assessed using
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standardized measures such as the Yale-Brown Obsessive Compulsive Scale (Y-BOCS),
although outcome definitions and reporting practices varied.

Several studies reported reductions in OCD symptom severity following NF training;
however, heterogeneity in methodology, limited sample sizes, and inconsistent follow-
up assessments preclude quantitative synthesis. Accordingly, findings are presented
descriptively in the following sections, organized by NF modality.

Electroencephalogram (EEG)-Based neurofeedback

EEG-based neurofeedback (EEG-NF) has been explored as an intervention for OCD,

with advantages including accessibility, noninvasiveness, and high temporal resolution.
EEG-NF approaches in OCD can be broadly categorized into (1) standardized
frequency-band protocols (e.g., alpha-theta or sensorimotor rhythm training), which target
predefined oscillatory bands, and (2) individualized protocols guided by quantitative EEG
(QEEG) assessments, in which training targets are selected based on patient-specific
electrophysiological abnormalities. Across included studies, both standardized and qEEG-
guided approaches were represented, with modulation of alpha, theta, beta, or sensorimotor
rhythms using scalp-EEG recordings. Clinical outcomes were commonly assessed using
standardized symptom measures such as the Y-BOCS.

Several studies reported reductions in obsessive and compulsive symptoms following EEG-
based NF. In a small randomized study, gEEG-guided NF was associated with greater
symptom reduction than a waiting-list control condition (Barzegary et al., 2011), while
additional pre— and post- and case-series designs described symptom reductions after
training (Hammond, 2003; Strmeli and Ertem, 2011). However, sample sizes were small,
and the magnitude and consistency of clinical effects varied across studies.

Neural outcomes were reported less consistently. Some studies observed changes in targeted
oscillatory features or coherence patterns following training, including trends toward
normalization of baseline abnormalities (Hawley et al., 2021; Kopfivova et al., 2013). In
other cases, clinical symptom improvement occurred without statistically significant changes
in EEG metrics (Barzegary et al., 2011), and associations between neural modulation and
symptom change were not consistently demonstrated.

Methodological limitations were common. Protocols varied substantially in target
selection, session structure, and feedback parameters, limiting comparability across studies
(Hammond, 2003; Kopfivova et al., 2013). Control conditions ranged from sham or
minimal-feedback paradigms to uncontrolled pre—post designs, and blinding procedures
were often absent. In addition, follow-up assessments were inconsistently reported,
precluding firm conclusions about the durability of the effects.

Taken together, current EEG-NF evidence in OCD suggests preliminary feasibility and
possible symptom benefit, but small samples, heterogeneity in design, and limited
mechanistic clarity restrict conclusions regarding efficacy and neural specificity.

J Psychiatr Res. Author manuscript; available in PMC 2026 June 29.
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3.3. Functional magnetic resonance imaging-based neurofeedback

FMRI-NF studies in OCD have targeted regions within CSTC circuits, including the OFC,
and anterior prefrontal cortex (aPFC; BA10), as well as the anterior insula, a region
implicated in salience and affective processing (Buyukturkoglu et al., 2015; Gongalves et al.,
2017; Rance et al., 2023; Dustin Scheinost et al., 2014). Early work in subclinical samples
with high levels of contamination-related anxiety demonstrated that participants could

learn to modulate OFC activity, accompanied by changes in functional connectivity and
reductions in anxiety-related measures (Hampson et al., 2012). Using individually localized
OFC as the regulation training target, results suggested alterations in widespread global
connectivity (including OFC) and reduced contamination anxiety (D Scheinost et al., 2013).
These findings were later discussed in the context of OCD neurofeedback applications by
Gongalves et al. (2017).

In a small-sample pilot study involving individuals with OCD, participants demonstrated the
ability to modulate OFC activity during neurofeedback training, with associated reductions
in Y-BOCS scores (Dustin Scheinost et al., 2014). A later double-blind randomized

study using a yoked-feedback control condition found modest but statistically significant
reductions in Y-BOCS scores over time in the active neurofeedback group compared to
controls, although improvements in OFC regulation did not differ significantly between
groups (Rance et al., 2023).

In addition to OFC-focused protocols, anterior insula modulation has been explored in a
small pilot study. Participants demonstrated variable ability to down-regulate insula activity,
with preliminary improvements in distress and emotion regulation (Buyukturkoglu et al.,
2015).

Across studies, sample sizes were small in clinical OCD cohorts, and control conditions
were limited (Dustin Scheinost et al., 2014) or absent (Buyukturkoglu et al., 2015) in several
investigations. Outcome measures varied, and follow-up assessments were inconsistently
reported. While neural modulation within targeted regions was generally demonstrated,

the casual relationships between neural regulation and clinical improvement remain
incompletely characterized. Overall, current fMRI-NF evidence in OCD suggests feasibility
and possible symptom benefit, but methodological constraints and limited replication
preclude firm conclusions regarding efficacy and mechanistic specificity.

3.4. Meta-analyses of fMRI-based NF studies in OCD studies

Two meta-analyses have synthesized evidence regarding the efficacy of NF for OCD.
Zafarmand et al. (2022) reported a significant advantage of NF over control conditions

in 9 studies, with a large effect size on Y-BOCS scores (MD = -6.82, 95% CI [-9.03,
-4.60]), although substantial heterogeneity (12 = 92.7%) and methodological limitations
were noted. Similarly, Ferreira et al. (2019) found medium-to-large within-group effect sizes
(ES = 2.47) favoring NF interventions but highlighted critical design flaws, including small
samples, high risk of bias, and inconsistent control conditions (e.g., only 1/5 trials used
sham-NF). Both meta-analyses concluded that further high-quality RCTs are essential to
establish efficacy and optimize protocols.
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3.5. Summary of existing studies in OCD

Despite the relatively small body of evidence, studies described in this section have shown
promise in reducing OCD symptom severity, including contamination-related anxiety and
the effects appear to normalize activities in the underlying neural circuits. Compared to
EEG-NF training protocols, fMRI studies also demonstrated greater flexibility in identifying
and targeting individualized brain activity patterns by combining anatomical reference with
individualized functional localizers to define the training regions. The efficacy of fMRI-NF
in treating other OCD and OCRD symptoms remains to be evaluated.

4. Limitations and conceptual challenges

Although preliminary findings suggest that both EEG- and fMRI-based neurofeedback (NF)
is feasible in OCD and may be associated with symptom improvement in some individuals,
the current evidence base is constrained by several methodological limitations that restrict
interpretability and generalizability.

Firstly, most studies have involved small samples (Ferreira et al., 2019; Zafarmand et al.,
2022), ranging from single cases to modest cohorts. Such designs reduce statistical power,
inflate effect size estimates, and limit generalizability. Secondly, control conditions have
been heterogeneous or frequently absent (Ferreira et al., 2019); many studies rely on pre—
post comparisons or waiting-list controls rather than active sham paradigms. Even when
sham conditions are used, implementation varies, complicating cross-study comparisons.
Blinding procedures are inconsistently reported. Fourthly, follow-up assessments are often
limited or absent, limiting conclusions regarding durability and the generalizability of effects
in the real world. Furthermore, protocols differ substantially in target selection, training
duration, feedback modality, and outcome measures. This heterogeneity prevents clear
identification of the components most critical for clinical benefit.

Beyond methodological concerns, a central conceptual challenge relates to target
validity and causal relevance. Conventional NF protocols typically select neural targets
based on abnormalities identified in correlational or case-control neuroimaging or
electrophysiological studies. However, neural patterns that differ between individuals
with OCD and controls or that correlate with symptom severity do not necessarily
represent causal drivers of symptom maintenance. Such signals may reflect downstream
consequences, compensatory processes, state-dependent effects (e.g., heightened arousal
or attentional engagement), or even epiphenomena rather than mechanisms that, when
modified, produce sustained symptom change.

Consistent with this concern, the relationship between neural modulation and clinical
improvement remains unclear across many studies. In some EEG-based investigations,
symptom reduction has occurred without statistically robust normalization of the targeted
oscillatory feature (Barzegary et al., 2011; Kopfivova et al., 2013; Rance et al.,

2023). In fMRI-based protocols, participants may successfully modulate regional activity
(e.g., orbitofrontal or insular signals), yet the extent to which such modulation alters

the cognitive or affective computations underlying obsessions and compulsions is not
clearly demonstrated. This neural—clinical dissociation raises the possibility that observed
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improvements may partly reflect nonspecific factors such as structured engagement,
expectancy effects, or broad regulatory strategies rather than targeted modification of causal
circuitry. Such off-target effects may nevertheless prove beneficial, yet establishing the
mechanisms underlying them would be important for optimizing their clinical impact.

A related issue concerns the level of neural representation at which conventional NF
operates. Many NF protocols tested to date, in general, reinforce coarse proxies, such

as mean regional activation, spectral power within a frequency band, or connectivity
strength between regions. While informative, these measures may only indirectly index

the psychological constructs most relevant to OCD, including threat valuation, uncertainty
intolerance, maladaptive habit formation, or dysfunctional error monitoring. Moreover,
given the heterogeneity of OCD symptom dimensions, a single regional or frequency-based
target may not correspond to the same underlying process across individuals. Further,
multiple systems may need to be modulated for more complete symptom reduction.

Taking together, these limitations suggest that advancing NF for OCD will require improved
methodological rigor and more precise frameworks for target selection. In particular,
approaches that engage symptom-relevant neural representations more directly and clarify
the mechanistic link between neural modulation and behavioral change may offer a
promising direction for future development.

5. Conceptual extensions and future directions

5.1.

5.2.

Potential targets for OCD

Future research in conventional NF for OCD should prioritize refining target selection and
improving experimental design.

Rather than reinforcing broadly defined regional abnormalities, protocols may benefit
from aligning training targets more closely with specific symptom dimensions, such as
threat overestimation, uncertainty intolerance, or maladaptive habit formation. Integrating
task-based paradigms that isolate these processes during target identification may improve
specificity.

In addition, future trials should incorporate adequately powered randomized controlled
designs with active sham conditions and longitudinal follow-up. Mechanistic analyses
assessing whether changes in targeted neural signals mediate symptom improvement will be
critical for clarifying causal relevance. Since these may not always be evident, exploratory
analyses can play a role in uncovering unexpected yet potentially informative effects.
Multimodal tracking approaches, including behavioral tasks and ecological momentary
assessment, may further help link neural modulation to real-world symptom change.

Potential targets for OCD related disorders

To date, NF has only been tested in OCD. Emerging neuroimaging findings in obsessive-
compulsive related disorders (OCRDs) suggest potential avenues for hypothesis-driven
extension.
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In body dysmorphic disorder (BDD), altered activity has been observed in visual processing
regions implicated in distorted perceptual representations (Feusner et al., 2011; Wang et al.,
2010; Wong et al., 2022), as well as in fronto-striatal and default mode network circuits
associated with compulsive behaviors and maladaptive self-referential evaluation (Fang et
al., 2022).

In hoarding disorder, abnormal activation has been observed in both visual and decision-
making networks (Levy et al., 2021; Woody, Kellman-McFarlane and Welsted, 2014;
Zakrzewski et al., 2020). Trichotillomania and excoriation disorder have been associated
with dysregulation in motor control and striatal circuits(Huggins et al., 2020; Odlaug et al.,
2016; Wabnegger and Schienle, 2019; Chamberlain et al., 2005).

While these findings suggest candidate neural systems that could, in principle, be targeted
using neurofeedback, such applications remain speculative. No neurofeedback trials have
yet been conducted in these populations. Direct translation from correlational neuroimaging
findings to intervention targets should be approached cautiously.

Accordingly, extension of neurofeedback to OCRDs should proceed incrementally,
beginning, e.g., by targeting neural circuits whose disruption has been robustly demonstrated
across studies, or, alternatively, by targeting neural circuits to enhance neural function and
achieve compensatory effects with mechanistic plausibility. Rigorous, controlled testing of
NF procedures, along with mechanistic validation, is warranted before they are ready for
broader clinical testing.

6. Ethical considerations of NF

Ethical issues in conventional neurofeedback primarily concern informed consent,
participant autonomy, and appropriate clinical use. These considerations are particularly
important when working with vulnerable populations, such as children or individuals

with severe psychiatric symptoms (Chaudhary, 2025). Participants and guardians should

be clearly informed about the experimental status of many NF applications in OCD,
potential benefits, and possible risks. Concerns also extend to non-therapeutic enhancement
uses, which raise broader questions regarding fairness, privacy, and the nature of personal
achievement. Although conventional EEG- and fMRI-based NF are generally considered
low-risk and non-invasive, mild transient side effects such as fatigue, headache, emotional
discomfort, or temporary symptom exacerbation have been reported (Rahmani et al., 2023).
Systematic monitoring and transparent reporting of adverse events remain essential to ensure
ethical and responsible implementation.

7. A potential next-step for NF for OCD: DecNef, and its practical

considerations

The limitations outlined above highlight the need for NF approaches that engage symptom-
relevant neural processes, with greater capacity to capture the multivariate complexity of
distributed neural responses and clearer mechanistic grounding. DecNef represents one such
next-generation framework. Rather than reinforcing coarse regional signals or frequency
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bands, DecNef operates at the level of distributed multivoxel patterns associated with
specific cognitive or affective representations (Shibata et al., 2019).

DecNef includes two core steps: offline decoder construction and an online induction-
feedback loop. In the first step, machine learning algorithms are trained, typically on fMRI
data collected during specific tasks, to identify multivoxel patterns that reliably represent

a cognitive or emotional state. In the second step, the induction phase, participants receive
real-time feedback based on the activation likelihood of the machine learning algorithm
trained in the decoder construction phase. It indicates the likelihood that the current brain
activity corresponds to the target pattern. This information is thought to facilitate a form of
reinforcement learning through implicit reward mechanisms (Fig. 2) (Shibata et al., 2019)
(see Fig. 3).

Decoder construction in DecNef can be implemented using either whole-brain (Berman
et al., 2024; Debettencourt et al., 2015) or region-of-interest (ROI)-based approaches.
Evidence from perceptual learning (Cortese et al., 2017; Li et al., 2024; Margolles et al.,
2024; Shibata et al., 2011; Taschereau-Dumouchel et al., 2021; Wang et al., 2021) and
fear-conditioning (Koizumi et al., 2016; Taschereau-Dumouchel et al., 2018) paradigms
demonstrates that DecNef can modify neural representations and associated physiological
responses without explicit exposure to aversive stimuli. DecNef has been shown to reduce
conditioned fear responses and amygdala reactivity in subclinical populations (Koizumi
et al., 2016; Taschereau-Dumouchel et al., 2018), including in double-blind randomized
designs (Cushing et al., 2024; Koizumi et al., 2016; Taschereau-Dumouchel et al., 2018).
These findings suggest that representationally targeted neurofeedback can alter affective
processing even in the absence of conscious strategy use or direct symptom confrontation.

Conceptually, DecNef addresses several limitations identified in conventional
neurofeedback. By targeting distributed representations rather than mean regional activation
(Shibata et al., 2011; Taschereau-Dumouchel et al., 2021), it may more directly engage

the neural patterns underlying specific cognitive or affective processes. The reliance on
implicit learning may reduce nonspecific cognitive strategy effects and minimize distress
associated with symptom-provocation paradigms. In this way, it could hypothetically have a
role for individuals with OCD or OCRDs who cannot tolerate exposure-based treatments. In
addition, the use of individualized or functionally aligned decoders offers a potential route
toward greater personalization while maintaining mechanistic specificity.

However, DecNef has not yet been empirically tested in OCD. Its proposed advantages
remain theoretical within this context and require rigorous experimental evaluation.
Determining whether multivariate neurofeedback yields superior clinical or mechanistic
outcomes compared to conventional approaches will require carefully controlled trials
incorporating mediation analyses and long-term follow-up.

8. Conclusions

Neurofeedback has emerged as a promising, although still preliminary, interventional
approach for treating OCD. Existing EEG- and fMRI-based neurofeedback studies in OCD
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suggest that neural activity modulation is feasible and may be associated with symptom
improvement in some individual (Barzegary et al., 2011; Ferreira et al., 2019; Rance et

al., 2023). However, the current evidence base remains limited by small sample sizes,
heterogeneous protocols, variable control conditions, and inconsistent relationships between
neural modulation and clinical outcomes. As such, the clinical efficacy and durability of
conventional neurofeedback interventions in OCD have yet to be firmly established.

A central challenge highlighted by the present review concerns target selection and

causal relevance. Many neural abnormalities identified in OCD derived from correlational
neuroimaging studies and may reflect downstream or state-dependent processes rather
than primary mechanisms sustaining symptoms (Pauls et al., 2014; Stein et al., 2019).
Neurofeedback interventions that reinforce such correlates may therefore yield limited,
transient, or no effects. Advancing neurofeedback as a mechanistically grounded treatment
will require frameworks that directly engage symptom-relevant neural representations and
incorporate designs that support causal inference.

DecNef offers a conceptually distinct, future-oriented framework that may help address
some of these challenges by operating at the level of distributed neural representations and
supporting implicit learning. Although DecNef has not yet been empirically applied to OCD,
evidence from related domains demonstrates the feasibility of representationally targeted
neurofeedback and provides a rationale for its investigation in this context (Shibata et al.,
2011; Taschereau-Dumouchel et al., 2018). Importantly, the potential advantages of DecNef
remain hypothetical at this point and require rigorous empirical testing.

In conclusion, the current state of neurofeedback research in OCD reflects both promise
and substantial uncertainty. Future progress will depend on integrating neurofeedback
with mechanistic models of symptom generation, prioritizing causal target validation, and
implementing well-controlled experimental and clinical studies. Through such efforts, NF,
whether conventional or decoded, may ultimately contribute to more precise and effective
interventions for OCD.

Abbreviation Table

Abbreviation  Full Term

ACC Anterior Cingulate Cortex

BDD Body Dysmorphic Disorder

BOLD Blood Oxygen Level-Dependent

CBT Cognitive-Behavioral Therapy

CSTC Cortico-Striato-Thalamo-Cortical

DecNef Decoded Neurofeedback

DLPFC Dorsolateral Prefrontal Cortex

DVS Dorsal Visual Stream

EEG Electroencephalogram

EEG-NF Electroencephalogram-based Neurofeedback
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Abbreviation  Full Term
ERP Exposure and Response Prevention
fMRI Functional Magnetic Resonance Imaging
fMRI-NF fMRI-based Neurofeedback
fNIRS Functional Near-Infrared Spectroscopy
ICD-11 International Classification of Diseases, 11th Revision
NF Neurofeedback
OCRDs Obsessive-Compulsive and Related Disorders
OCD Obsessive-Compulsive Disorder
OFC Orbitofrontal Cortex
gEEG Quantitative Electroencephalogram
ROI Region of Interest
RDoC Research Domain Criteria
SRI Serotonin Reuptake Inhibitor
SMA Supplementary Motor Area
SRIs Serotonin Reuptake Inhibitors
tDCS Transcranial Direct Current Stimulation
TMS Transcranial Magnetic Stimulation
vmPFC Ventromedial Prefrontal Cortex
Y-BOCS Yale-Brown Obsessive-Compulsive Scale
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Fig. 1.
Overview of EEG-based and fMRI-based NF procedures and processing workflow. (a)

Participants undergo either EEG recording (left) or fMRI scanning (right) to capture real-
time brain signals. Real-time processing is performed on the acquired data. For EEG-NF,
this typically involves steps such as band-pass filtering, re-referencing, downsampling,
feature extraction and metric computation. For fMRI-NF, preprocessing typically includes
motion correction, slice timing correction, spatial smoothing, signal filtering, and extraction
of region-specific BOLD signals. (Specific preprocessing pipelines may vary across studies.)
Processed signals are translated into feedback displays (e.g., visual indicators such as arrows
or thermometers), which are presented to participants in real time to guide self-regulation

of brain activity. Three common EEG-based NF protocols include slow cortical potential

NF, frequency/power NF and coherence NF (Marzbani et al., 2016; Omejc et al., 2019).

The common fMRI-based NF protocols, which vary by the feedback signal used, are

signal amplitude-based, functional connectivity-based, and decoded NF. Additionally, hybrid
approaches such as EEG-fMRI fingerprint decoding may be used to train a machine learning
classifier of brain activity pattern, sometimes called as ‘decoder,” that maps EEG features

to corresponding fMRI activity. Processed signals are translated into feedback displays (e.g.,
visual indicators such as arrows or thermometers), which are presented to participants in real
time to guide self-regulation of brain activity.
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Fig. 2.

PRISMA flow diagram
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Duplicate records removed
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Review articles

PRISMA-based flow diagram of study selection for the narrative review.
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Fig. 3.

W%rkflow of Decoded Neurofeedback (DecNef) incorporating decoder construction and
surrogate alignment in the participant’s native space. a) Two representative DecNef trial
structures are shown. Both have some similar design features: during the “Induction” period,
participants are instructed to modulate or change their brain activity in order to maximize the
feedback received later in the trials. Activation likelihood refers to the probability that the
participant’s current brain activity during the induction period represents the target category,
as estimated by the decoder using, e.g., logistic regression. The likelihood is then fed back to
participants in the form of a disc; the larger the disc is, the larger the obtained reward. (1) In
studies targeting “simpler” brain states such as early visual areas, for example (Amano et al.,
2016; Cortese et al., 2017) the induction period typically uses simple geometric stimuli, such
as colored disks or colored vertical grating patterns, to facilitate pattern-specific activation
without complex perceptual processing. (2) For applying DecNef on more complex brain
states (and in situations for example, to minimize participant exposure to aversive stimuli),
brief image or video stimuli, for example, could be presented prior to the induction period
(Shibata et al., 2016). This approach aims to prime activation in target brain patterns

during induction. b) Data projection from surrogates to the target participant’s native space.
Functional hyperalignment is first applied to a set of surrogate participants who undergo

the same task (e.g., images viewing, movie viewing), during the calibration phase. Their
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voxel-wise activation patterns are mapped into a shared common representational space.
After performing functional hyperalignment, the functional data can be projected back

from the common space into the native voxel space of the target participant, and the
decoder is then trained within that native space. This enables individualized real-time NF
without necessarily requiring the target participant to undergo the stimuli viewing procedure
themselves. (Taschereau-Dumouchel et al., 2022).

J Psychiatr Res. Author manuscript; available in PMC 2026 June 29.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zhang et al.

Page 23

Table 1
SANRA (Scale for the Assessment of Narrative Review Articles) quality assessment of the present narrative
review.
SANRA Item How Addressed Location Score

Justification of importance

Aims

Literature search
Referencing
Scientific reasoning

Data presentation

Highlighted treatment resistance in OCRDs and lack of circuit-specific NF
reviews

Clearly defined aims to synthesize EEG-NF, fMRI-NF, and DecNef
Described database search and keywords

Included recent reviews and empirical trials

Critically evaluated sample sizes, heterogeneity, sham controls

Included summary tables and conceptual model figure

Introduction

End of Introduction
Methods

Methods
Discussion

Table, Figure

J Psychiatr Res. Author manuscript; available in PMC 2026 June 29.



Page 24

Zhang et al.

juswanoldwi woldwAs pamoys (9/€€) %/ 16 .
:$3L02IN0 [e2IUD
(too>d
{,T=Uu) suiod T#'ST1 (86T ‘WeyesD) a[eas eluayiseyaAsd
Aiojuanu| Alljeuosiad odiseydnjniA e10Ssuuln €
(T0°0> d .11 8UIIBPIOY, |11 A]913A3s,,) siut0d 6T i
(9267 ‘An9) ajeas Aianas-uoissaiduwl| [egolo [ealuld Z
(10°0> d ‘swordwAs )
Pliw 0 818A8s) slulod £G°Tg1 84025 [e10) SOOG-A T 90U318402 D UqIyu| -HINS
premay ‘ssa0xe g/o/e 1qiyu] sjuaiyed
pazijeuosiad :S9|e3S pazipJepuels Uo paseq (vdivd-vD) redodwa)-jeratied ano weisisal (TT02) WaLg
-UON aoo 01 j020304d S d/A8Ixue Bulpusixa ssaaans Aleulwijald -01ud) ‘(y4/z4/€4) 1ewolH -uoledIpaw 9g 4N 6-P Sa119s-958D) pue IjpwInNs
(zH
9T—£T 9oueyus
‘D ZH TT-L
uaun) 84-/4 .
(zH 51T
doueyus ‘g zH
Sz-6T uaiyur)
¥0-22/20-74 .
1z 9seD
(zH
8T—GT 9oueyus
‘DZHTT
-G'9 UqIyuI) £d
dn-mojjoy -G1 :eseyd 00 .
YIUOW-ET PUe -GT 18 S10a44d 9]qels :SIJauaq paureisnsg . @H
(2 8s8D) 9%/ '88/(T 8sBD) 87-¢T SouByud
956'88 (886 T ‘0lABUERS) JusWwanoIdwi AIOJUSAU| enped . /@ Nq1yu1)
€4/1d4 :aseyd
(2 8s8D) %2L/(T 858D) %9'¥8 usWaAoIdW! SDOT-A . anIssaldeq .
3N papinb (€002)
pazijeuosiad 1510949 onnadesay) Juedliubis 1T 9se) syuaned D0 2 -933b Sa119S-958D) puowiweH
saIpnIs AN-933
(oytoads
-adAigns
Jo/pue
pazijeuosad)
Auoy0ads (1eap)
|020104d Arewwns sBuipuiq Aoy Aouanbaa4/uoibay 196.ae] azIS ajdwes Ajepoy adAl Apms Joyiny 1sd14

(@o0) JapJosip anisindwoo-anIssasqo Bunabiel saipnis (4N) Yoeqpaasoinau paseq-1y Al pue -933 paysijgnd Jo Arewwns
¢ d|qelL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Psychiatr Res. Author manuscript; available in PMC 2026 June 29.



Page 25

Zhang et al.

(zHos—€1) 9 ‘(ZHET-5 )

pazifeuosied (zH (0TdL '6dL 9€/3snIAl 9€) (esnin) (Tz02)
-UON  0€-€T) Jamod de pasaye ‘ssaujnypuiw panoduwi ‘Aj1anas o0 paonpay ‘Zdd 'Tdd) [esodwal/eioid  siusied 00 TL 4N-933 10y ‘Ie 18 As|meH
(x£00'0 = d '€7°0 = 1x) dn0J6 3T Ul Ajuo |SNVEY
0] payjul] 4S209-A :UoIe[31109 Uoiubod-woldwAS v
(50°0> d) surewop
G [1e ul sureb SN'gy Jouadng :juswadueyus anniubod €
(x800°0 = dx) 9389 Aq
Juswanoidwi SOOG-A urdHUBIS :Jo11al wordwAs Jsise 2z
uononpal SO09-A %05
UUM (xT20°0 = dx ]013U0D %6°29 SA) a1ed asuodsal 94G'98 T (14s
+ 19D GE/IdS
pazijeuosiad pey dnoib +192 +4N 28) 4N (¥702)
-UoN 14S + 190 + dN ‘(6002 “[e 12 Buem r) SNVEY ® SOOS-A Uo paseg spueq g "HINS ‘' siuaned D0 2L pueqRIniN 10y ‘e 18 Busg
Aanes Juswieasod
UHM pare[a110d 940 ul (zH Tz-5'8T) d | Juswieanald .
awo91No
as1om pajIpald DOV Ul (zH 9-T) 9 | Juswiealald .
:s10301paid 933
(+680°0 = dx) SOOG-A
[€303 10 (x£98°0 = d.) SUOISSaSGO Ul dauBIaIp dnoib ON 4
(+GT0°0 = dx '%TZ SA %95
Juswanoldwi 94) suoisindwod paonpas Apuediiubis 4N T (zH ot
—€T 10 ZH 8~¢) pazifenpIAIpu|
(924n0s wOI) :$009-A U0 paseq swoono Jood pejolpaid LAD |euosy  (weys 0T/4N 8) 4N (€102)
pazieuosiad d/e yby (510°0 = d) uononpas uoisindwod Jsyealb pey dnoib 4N ‘e|nsul ‘are|nbuid Jouduy  susnied DO 8T Paseq-wdl 10¥ ‘e 18 eAOALIOM
(x2°0 = dx :aMIS|INdW09 4988°0 = dx
:aM1Ss8s00) Adeiayl Bnup 14S 'SA 8ouaIaylp Juediubis oN €
(+£50°0 = dx)
1S1131eM “SA swoldwAs aAIS|Ndwod ul uoianpas JuedyIubIS 4
(+720°0 = dy)
1S1[11eM “SA SWOIdWAS SAISSaSqO Ul Uo1onpal Juesliubis T (10nu0d
(sadAigns
933b) :AI0JUBAU| BNpRd UO paseq |YS 01 ajqeredwod ‘(500 > salew.ouce y/Bulurel 4N ¥) 4N papinb (T102)
pazijeuosiad  d) 1s1] Bunrem ‘sa suoisjndwod ui uononpas uedubis pamoys dnolb 4N o33b pazijeuosiad  sjusned go0 ZT -933b 104 ‘[e 18 Atebazieg
pasdeyal (9€/S) %6°ET
‘surel paurejurew (9€/6T) %8 2S :dn-moj|oj yluow-9z .
(oy10ads
-adA&igns
Jo/pue
pazijeuosad)
Auoyroads (4esA)
|020104d Arewwns sBuipuiq Aay] Aouanbaa4/uoibay 19b.ae] azIS ajdwes Ajepoy adAl Apms Joyiny 1sd14

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Psychiatr Res. Author manuscript; available in PMC 2026 June 29.



Page 26

Zhang et al.

:8WO09IN0 [e2IUID Arewlid (D4de)
pazijeuosiad  dn-mojjoy Je S}98Y8 pakelap ‘uonanpas SOOG-A Jereald pey dnoib annoy X310D [eIU01J3id JoHBIUY

*T uaned Joy Jsuueds
ur Aja1xue psonpay :(T86T Xne) lelS-1V.LS .

(€€ < 9€ i€ JuaNed 16 < 9 1g JUalled
TT < 2T :T ualed) s)nsal paxilAl :$009-A .

:(3s0d/a4d) safeas [eatunD [

*(s93163p Buikien) syusied (e
u1 Buiures xaegpaajolnau Buunp jeubls 109
©B|NSul JOLI8IUE JO UoNEeINBaI-UMOp [NJSs8aINS .

:S2INses|/ |ednaN 4

‘(JesnoJe

u1 abueyd ou) syusired g/z ul uonenbal

-umop Buninp saBewi Buronpui-1snbsip 1oy

sbuires uoneasonold wordwAs OO pue adusjen
annebau paonpay ((SWA) 181 Buney ainoid .

‘sjuaired g/z Ul

uonenba-umop Burinp (1aded 18]101 pasn ‘wnb

pamay? “69) s10alqo 1snbsip [eal 0] adurlSIP
90UBPIOAR PadNPay (158 1snbsiq [ed160]003 .

pazijeuosiad :SaInses|N [elolneyag T e|nsu| JoLduy [elale|ig
"(Juawanoidwi uesw %z~) Buluren-1sod 9'0z 01

aulaseq Je 8'9z Wolj pasealdsp SO0g-A uesi\ (g = u) dnoibgns D0
‘Buiuren

>9e(Pa8j0INau Jale swodwAs AJBIXue UoIFeUIIRIU0 Ul JuswaAoldwi
pajoipaid 0T Wg/040 ul (93169p) A1IA1I08ULOD [eUOIIOUNY BUljase]

(0TVvg) XaM09 [ejuolyaid

pazijeuosiad 10LIB)UB/X31I0D [BIUOIONGIO

'9/Q Ui sabueyd Juedny1ubis oN ‘uonINpal

SD09g-A 1uanbasqns pajoipaid AlAnoeay-uoN OINHH pue

Jamod g0 paseasoul pamoys s|apowl 8109S sdualayld

juate] fedodwa) dnouf asnin ul (Buispuem puiw
paonpal Buneaipur) Jamod g/ pasealou] sere|allo) 933 €

"dnoub asnn ul 1904 AlIAIORAY-UON pasealau] :((9002
‘Kauol 7 ‘1akswalaLy ‘sunjdoH ‘ynws ‘sveq) (OIN)
aJ1euuonsand ssaujnypuli 1019e- aAId) ssaunpulin 2z

‘(9215 10848 winipaw) dnoib
151] Bunrem ‘sa dnouf asniy ul Juswanoidw woydwAs
d00 Weaiubls :(S00g-A) uononpay woidwAs 1

(weys 8T/4N
gT)swalred

ddoo0 9 IN-THINS 104

syaned @00 € AN-THNS S31185-9580

syuaied
aoo g/kwixue
uolyeulweIuod el
[eatu11ogns 01 dIN-I4N3 - pajjonuodun

(jomu0d
11| Bunrem

(€202)
‘e 19 aduey

(5702) "2 19
njBoxnpinAng

(¥702)
‘e 18 1soU18YdS

(oy108ds
-adA&igns
Jo/pue
pazijeuosad)
14108ds
10203044

Arewwns sBuipuiq Aay] Aouanbaa4/uoibay 19b.ae]

9z1S ajdwes Aurepony adA1 Apms

(redp)
Joyiny 1sd14

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2026 June 29.

3

J Psychiatr Res. Author manuscript



Page 27

Zhang et al.

"X81109 [ejuolgaid Joudiue = D-de ‘A101uaAu| A1BIXUY 1Rl -918IS = VLS ‘9]eds Bojeue [ensiA = SYA ‘aireuuonsand) ssaujnypuilnl 10104 anl4 = QN4
‘smels [ea1BojoyoAsdoinaN 10 JUBLISSSSY 8yl 104 Alenreq a|qeieaday = SNYEY ‘8]eaS aAIs|ndwoD aAISSasqO UMOIg-8]BA = SDOT-A “101gIyul axe1dnas uluojolss = 14 ‘Adesay [eioineyaq aaniuboo
= 19D ‘WYAYJ J1010WILIosUsS = HIAIS ‘sisAfeur Jusuodwod Juspuadapul = )| ‘AydesBojeydsousoliosle saneluenb = 933b ‘el paj0aud paziwopuel = | DY 0egPaaj0Inau = 4N:SUONRIAIGQY

"(pazijeuosiad-uou) syuedioned ssooe pazipepuels Jo (pazijeuosiad) ABojoisAydoinau juedioed o) pazijenpiAipul a1am sjoa03old 4N Jayiaym sarealpul Auoii0ads 10901014 “(Alojuanu|
enped ‘[SO0g-A] 8189S aAIssasqO umoig-ajeA ““Ba) sajeds parepieA 0} padualajal sawodino woldwAs apnjoul sbulpuly Asy ‘sonsisdeIeyd [030104d pue ‘ubisap ‘Alljepow Aq paziuefio ale saipns

*SUNJ 9BQP33J0INau 1o syse) (Jaysuely)
1023u02 Bunnp uonenBal-jjas D4de ul Juswsaoidwi oN .

:9W021N0 [einaN

*(Bunjoayo/wiiey-Jo-leay
10 Bulysemyuoieuiweiuod :urewop Arewnid uo pasnaoy)
SD09-A d19ads-woydwAs ur abueyd Juedipiubis oN .

‘(sutod g ~ = v xew) dnoub weys
"SA 9AII9€ Ul UORINPaJ J181ealb Yim ‘(x0°0 = dy) 81095
[e101 SDOG-A 40} uonaeIBul swnx dnoib Juediiubis .

(oy10ads
-adA&igns
Jo/pue
pazijeuosad)
Aoyroads (1eap)
|020104d Arewwns sBuipuiq Aay] Aouanbaa4/uoibay 19b.ae] azIS ajdwes Ajepoy adAl Apms Joyiny 1sd14

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Psychiatr Res. Author manuscript; available in PMC 2026 June 29.



	Abstract
	Introduction
	Method
	Results
	Overview of included studies
	Electroencephalogram (EEG)-Based neurofeedback
	Functional magnetic resonance imaging-based neurofeedback
	Meta-analyses of fMRI-based NF studies in OCD studies
	Summary of existing studies in OCD

	Limitations and conceptual challenges
	Conceptual extensions and future directions
	Potential targets for OCD
	Potential targets for OCD related disorders

	Ethical considerations of NF
	A potential next-step for NF for OCD: DecNef, and its practical considerations
	Conclusions
	Appendix
	Table T1
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Table 1
	Table 2

