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Abstract: Functional neurological disorder (FND) is a complex condition that involves a disruption in the
brain’s ability to properly integrate sensory input and prior expectations, leading to motor dysfunction in
functional motor disorders (FMD). This study investigates the role of sensory attenuation and the sense of
agency in FMD, focusing on how these mechanisms can be leveraged for therapeutic interventions. Sensory
attenuation, the brain’s ability to predict and reduce the intensity of self-generated sensory inputs, is impaired
in FMD, leading to a reduced sense of agency. This impairment disrupts motor control and contributes to the
perception of involuntary movements. We propose using a bipedal reaching virtual reality (VR) task combined
with a haptic ankle device to explore and potentially rehabilitate these impairments. In this task, foot positions
are represented by VR objects, with initial weighting favoring the unaffected limb. This weighting gradually
shifts to the affected limb as its involvement increases under operant conditioning. The task occasionally
introduces perturbations to probe motor-related processing and feedback correction, providing a sensitive
measure of visuomotor control. Additionally, we incorporate neuroimaging techniques, specifically functional
near-infrared spectroscopy (fNIRS) and electroencephalography (EEG), to monitor brain activity and assess
the effectiveness of these interventions. This approach aims to enhance understanding of the neural
mechanisms underlying FND and develop targeted therapies that improve motor control by leveraging the
interplay between sensory attenuation and amplification. Our findings could provide valuable insights into
the treatment of FND, emphasizing the importance of feedback modulation and the integration of modern
technologies like VR and haptic feedback in therapeutic interventions. This research has the potential to
significantly improve the prognosis and quality of life for individuals with FND.

Keywords: functional neurological disorder; functional motor disorder; operant conditioning; sensory
attenuation and amplification; functional near-infrared spectroscopy; electroencephalography

1. Introduction

Functional neurological disorder (FND) is a complex condition at the intersection of neurology
and psychiatry, involving a dynamic interplay between body and mind (Hallett et al., 2022). A key
explanation is the Bayesian model (Edwards et al., 2012), which describes perception as a process of
combining prior expectations and sensory input to minimize prediction errors. FND symptoms arise
when these prediction errors are not properly updated, leading to dysfunction. Abnormal, highly
weighted prior expectations, influenced by attention, are central to this process. Empirical evidence
supports this model, such as studies on predictive processing abnormalities in functional gait
disorder. Functional movement disorders (FMD) are movement abnormalities altered by distraction
or non-physiologic maneuvers, distinct from neurologic disease-related movement disorders. They
are a subset of functional neurologic disorders, which are common in neurology, accounting for 15%
of new referrals, second only to headaches. Despite their prevalence, FMDs have a poor prognosis,
with 39% of patients remaining the same or worsening over time, often experiencing high physical
disability and psychological issues (Pringsheim and Edwards, 2017). These disorders present a
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clinical paradox: while the movements appear voluntary, patients experience them as involuntary
and uncontrollable. The prevalence of FMD in neurology clinics underscores the need for effective
therapeutic interventions to address the significant disability associated with these disorders. Recent
research has highlighted the role of sensory attenuation and the sense of agency in the
pathophysiology of FMD (Pringsheim and Edwards, 2017). Sensory attenuation refers to the brain’s
ability to predict the sensory consequences of voluntary movement, i.e., efference copy, that suppress
the actual sensory feedback, i.e., reafference, a process that is crucial for distinguishing self-produced
sensations from external stimuli. This predictive mechanism (Wolpert and Ghahramani, 2000) is
where a duplicate of the motor command, known as an efference copy, is sent to a forward model
that integrates the efference copy with an estimate of the body’s state to predict the sensory
consequences of the movement. This predictive mechanism is impaired in FMD patients (Pareés et
al., 2014) leading to a reduced ability to predict the sensory consequences thereby leading to a
reduced sense of agency over their self-generated movement. This reduced sense of agency could
explain why these patients perceive their movements as involuntary despite their voluntary
appearance (Brown et al., 2013). Sensory attenuation process is primarily mediated by forward
models within the motor control system (Wolpert and Ghahramani, 2000), which predict the sensory
consequences of an action and modulate the sensory response accordingly (Hughes et al., 2013).
When an action is self-generated, the forward model predicts the resulting sensory input and
attenuates the sensory experience to prevent self-caused sensations from interfering with the
processing of external stimuli. Sensory attenuation can be measured using the force matching task,
where participants match a force applied to their finger either directly using their opposite hand
(direct condition) or indirectly using a potentiometer and a torque motor (slider condition)
(McNaughton et al.,, 2023). Healthy individuals typically overestimate the force in the direct
condition, producing greater matched force due to sensory attenuation. This phenomenon is reduced
in individuals with schizophrenia and FMD, potentially due to altered predictive mechanisms
affecting their sense of agency (McNaughton et al., 2023).

The force-matching task needs a well-designed haptics device following transparent
methodological considerations (McNaughton et al., 2023) that can be combined with brain imaging
for brain-behavior analysis. Primary motor cortex (M1) is involved in the execution of voluntary
movements as well as plays a critical role in sensory attenuation process (Voss et al., 2007). Using
theta-burst stimulation (TBS) approach, Voss et. al. (Voss et al., 2007) applied continuous TBS (cTBS)
and intermittent TBS (iTBS) over M1 to alter its excitability. They found that cTBS, which decreases
cortical excitability, reduced sensory attenuation and improved performance in a force-matching
task, suggesting a disruption in the predictive process using efference copy signals. In contrast, iTBS
had no effect on sensory attenuation. Then, the cerebellum is crucial for fine-tuning motor actions
and predicting their sensory consequences (Blakemore et al., 2001). The study by Blakemore et al.
(Blakemore et al., 2001) demonstrated that the cerebellum predicts sensory outcomes of motor actions
and signal discrepancies between expected and actual (reafferent) sensory feedback. PET scans of
participants performing a delayed tactile task showed increased cerebellar activity with longer
delays, confirming its role in fine-tuning motor actions and motor learning by comparing intended
and achieved movements. The thalamus is a subcortical structure that acts as a relay station for
sensory and motor signals (Sherman and Guillery, 2006). Thalamus exhibits reduced activity during
self-generated sensations, indicating its involvement in sensory attenuation process (Hua et al., 2023).
Hua et al. applied dynamic causal modelling (DCM) analysis that indicated top-down modulation
from the right inferior parietal lobe during sensory attenuation of auditory stimulus. Here, sensory
attenuation is evident not only in somatosensory domains but also in auditory and visual modalities.
For instance, self-generated sounds and visual stimuli are perceived as less intense compared to
externally generated ones, highlighting the broad applicability of sensory attenuation mechanisms
across different sensory modalities. In FMDs, there is a notable disruption in sensory attenuation,
leading to a diminished sense of agency and control over self-generated movements (Maurer et al.,
2016). The comparator model posits that self-agency depends on monitoring if an action’s outcomes
match predictions. The right temporo-parietal junction (rTPJ) acts as a mismatch detector, comparing
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predicted movements with actual feedback. The coordinates of the mean peak of activity in the TP]J
have varied across studies (Zito et al.,, 2020), showing activation in the angular gyrus, middle
temporal gyrus, parietal operculum, and supramarginal gyrus. This variation reflects the
multidimensional processes contributing to the sense of agency, such as mismatch detection, action
awareness, and sensory-motor conflicts. The angular gyrus is involved in inter-sensory mismatch
detection, action awareness, and multisensory integration, while the supramarginal gyrus processes
sensory-motor conflicts. Changes in perspective, mentalizing, and deception specifically activate the
TPJ and posterior superior temporal sulcus, highlighting the role of perspective in assigning motor
actions to oneself or others. Overall, different neural mechanisms and specific brain areas within the
TPJ contribute to the formation of agency when motor control is disrupted. Functional neuroimaging
has shown reduced activity and impaired connectivity of the rTP] during functional tremor,
indicating that altered rTP] connectivity may contribute to impaired self-agency to be tested via
intentional binding (motor intention is temporally matched with sensory feedback (Kiihn et al., 2013))
and sensory attenuation paradigms (Maurer et al., 2016). Maurer et. al. (Maurer et al., 2016) found
decreased functional connectivity in patients with FMD between the rTP], crucial for self-agency, and
bilateral sensorimotor regions, including the right sensorimotor cortex, bilateral cerebellum, bilateral
supplementary motor area (SMA), and right insula.

In contrast to sensory attenuation, sensory amplification occurs when the perceived intensity of
a sensory stimulus is enhanced due to the influence of selective attention (Hillyard et al., 1998) e.g.,
following error commission (Maier et al, 2011). This effect is particularly noticeable when an
individual directs their visual attention to a specific touch event, thereby increasing the perceived
intensity of the touch. This phenomenon is related to the visual enhancement of touch effect, where
simply viewing a body part can improve tactile acuity for that part. Frontal and parietal cortices are
involved in the modulation of sensory precision by attention that involves neural hierarchies
(Hillyard et al., 1998). Increased activity in the posterior parietal cortex is associated with enhanced
sensory perception when visual attention is directed towards a stimulus, supporting the idea of
optimizing sensory precision through attention. Empirical studies have shown that visual attention
to a touch event, whether active or passive, amplifies the perceived intensity of the touch. This
sensory amplification effect is significantly larger than the sensory attenuation effect, underscoring
the powerful influence of attention on sensory perception. Overall, the interplay between sensory
attenuation and amplification highlights the complex nature of sensory processing, where the brain
dynamically adjusts the perceived intensity of stimuli based on predictive models and attentional
focus (Hillyard et al., 1998),(Hughes et al., 2013). Understanding these mechanisms provides valuable
insights into how sensory experiences are modulated in various contexts, including during the
observation of others’ actions and in conditions involving altered sensory processing, such as FMD
(Pareés et al., 2014). We aim to utilize the interplay between sensory attenuation and amplification
through an operant conditioning approach, which has demonstrated potential as a therapeutic
method for addressing learned non-use, believed to result from a maladaptive forward model, in
individuals with chronic stroke (Kumar et al., 2019). This behavioral technique involves reinforcing
desired motor behaviors through visual feedback, thereby encouraging patients to regain control
over their movements by visual attention and sensory amplification. Kumar et al. (Kumar et al., 2019)
showed the feasibility of the virtual reality (VR)-based balance training system that used operant
conditioning by re-weighting feedback (Dutta et al., 2014) of the center of pressure from each limb to
encourage hemiplegic stroke patients to use their paretic leg more during weight-shifting tasks. The
system adjusted the weight given to the paretic leg during normal trials, rewarding increased use
with better performance scores and motivational feedback. Intermediate catch trials provided
unbiased measures of standing balance capability. Our approach incorporated individualized weight
distribution, VR tasks, and subtle reinforcement mechanisms, including suggestions as an operant
factor that influences behavior (Turner and Chapman, 1982). This method effectively promoted the
use of the paretic leg, addressing learned nonuse and improving overall balance in the stroke patients
(Kumar et al., 2019).
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2. Hypothesis for Operant Conditioning Sense of Agency in FMD

Sensory attenuation refers to the brain’s ability to reduce the perceived intensity of sensory
inputs resulting from self-generated actions compared to externally generated ones. This mechanism
is critical for differentiating between self and non-self-actions, thereby contributing to the sense of
agency and control during motor tasks. Following Maurer et al. (Maurer et al., 2016) study on
impaired self-agency, we propose portable functional near-infrared spectroscopy (fNIRS) brain
imaging (Kamat et al., 2022) of intentional binding and sensory attenuation paradigms of task-specific
functional connectivity (FC) between the rTP] and the sensorimotor cortex to test any disrupted
sensory feedback signaling in FMD. Additionally, any decreased FC between the rTP] and the SMA,
which contributes to intentional binding, may also impair the sense of agency in these patients. Then,
the postulated information flow model for sense of agency (Nahab et al., 2011) involves a leading
network for mismatch detection, including the right supramarginal gyrus, left anterior inferior
parietal lobule (IPL), anterior insula, and rTPJ. Mismatch information is relayed through intermediate
areas before reaching the lagging network, which includes bilateral prefrontal cortex (PFC), cingulate,
and bilateral posterior IPL. The PFC’s role in the lagging network suggests its later involvement in
sense of agency processing. Our hypothesis for operant conditioning sense of agency processing in
FMD is based on our prior brain-behavior research on motor learning (Walia et al., 2022) where
successful skill acquisition involves creating an internal forward model that predicts the perceptual
outcomes of motor commands, relying heavily on the cerebellum for error-based learning. Other
brain areas involved include the parietal cortex, striatum, and anterior cingulate cortex. Skill learning
progresses along the frontal lobe’s rostro caudal axis, with the dorsolateral PFC aiding visual
guidance in novices and the ventrolateral PFC assisting recognition in experts. The SMA and
premotor cortex are key for coordinating complex movements, while the medial frontal cortex,
including the anterior portions of the cingulate gyrus, is central to performance monitoring and
cognitive flexibility. Error-related cortical activation and corrective action, crucial for operant
conditioning, can be enhanced with non-invasive brain stimulation (NIBS) and explicit error
feedback, aiding skill learning and rehabilitation. For example, subjects may lack error perception in
the lagging network (Nahab et al., 2011) leading to low medial frontal cortex activation disrupting
skill learning (Walia et al., 2022). Here, electroencephalogram (EEG) topography in conjunction with
fNIRS can guide subject-specific motor control interventions to improve perception and action
integration via intentional binding in virtual reality (Kumar et al., 2019) that is postulated to be
feasible for FMD rehabilitation.

Prior studies on intentional binding (Moore et al., 2012) suggest that repeated operant experience
can strengthen associations automatically, linking it to lower-level implicit aspects of the sense of
agency through automatic associative learning. This finding also highlighted a distinction between
implicit and explicit aspects of the sense of agency. Here, the conscious expectancy in an explicit sense
of agency can be developed by showing patients with functional motor symptoms their physical signs
such as Hoover sign or tremor entrainment (Stone and Edwards, 2012). Then, automatic link
formation in associative learning in an implicit sense of agency can be developed via repeated operant
experience (Kumar et al., 2019). While implicit and explicit aspects of the sense of agency are
separable, they interact through top-down and bottom-up mechanisms (Moore et al., 2012) that can
be artificially modulated in the virtual reality (VR) through exafference — see Figure 1. Therefore, VR
with exafference in an augmented reality setting holds significant potential for advancing the
understanding, diagnosis, and treatment of FMD. The recent review by Brouwer et al. (Brouwer et
al., 2024) highlighted how VR can be utilized to explore neurocognitive mechanisms, such as sense
of agency, attention, and suggestibility, and proposed VR-based interventions that could offer novel
therapeutic avenues. The premise is that VR can manipulate and study predictive coding
abnormalities to uncover the mechanisms of FMD where the key concepts include attention, sense of
agency, and suggestibility.
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Figure 1. Sensory afference can arise from external events (exafference) and our own actions
(reafference). The comparator model posits that disparity between sensory afference, and the
predicted sensory input (efference copy) forms a sensory prediction error. In this context, implicit
recalibration under repeated operant experience can build a subjective sense of control. The ventral
stream, encompassing areas such as the ventrolateral prefrontal cortex (VLPFC) and posterior
association cortex (Supramarginal Gyrus), processes sensory perception, including visual,
proprioceptive, and tactile information. Concurrently, the dorsal stream, which includes regions like
the supplementary motor area (SMA) and the prefrontal cortex (PFC), is involved in action selection
and sequencing. Efference copies, or internal copies of motor commands, are sent to sensory regions
to predict the sensory consequences of actions. Any mismatch between predicted and actual sensory
feedback can disrupt the sense of agency, particularly implicating the angular gyrus in the TP] region.

3. Human Machine Interface for Testing and Operant Conditioning Sense of Agency in FMD

To better understand the neural mechanisms underlying the sense of control during motor tasks,
analyzing directed information flow using fNIRS-EEG can provide insights (Kamat et al.,
2022),(Walia et al., 2022). Directed information flow analysis can reveal how different brain regions
communicate and how this communication is altered in FMDs. This technique can help identify
specific disruptions in the sensory-motor integration processes e.g., disrupted sensory feedback
signaling (rTPJ] and sensorimotor cortex) and intentional binding (rTP] and SMA). The force-
matching task utilizes a specialized haptic ankle device (HRX-1, Humanrobotix Ltd., London,
UK)(Otaran and Farkhatdinov, 2022) that includes a high-precision torque sensor and a motor system
to deliver controlled torques. Participants are required to match a target force applied to their affected
leg under two conditions: Direct and Indirect. Perceptual noise distorts the participant’s tactile
perception of both the target force and the matching force. Furthermore, once the participant feels
the target force, they need to remember that sensation for comparison with the matching force. This
memory process can introduce variability and bias. In the Direct condition, an efference copy from
the active leg predicts the tactile sensation resulting in an attenuated sensation in neurotypical
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controls. In the Indirect condition, where the relationship is unnatural, the sensation is not attenuated
in neurotypical controls.

Condition Direct: Participants use their leg to apply directly on the haptic ankle device to match
the target torque — see Figure 1. This condition involves self-generated force, which typically leads to
sensory attenuation, resulting in an overestimation of the required torque in neurotypical controls.

Condition Indirect: Participants use an ankle goniometer on one leg to control the motor in the
haptic ankle device that applies the ankle torque to their other leg. This condition removes direct
tactile feedback, leading to a more accurate torque estimation as it reduces sensory attenuation.

A human-machine interface using a haptic ankle device (HRX-1, Humanrobotix Ltd., London,
UK)(Otaran and Farkhatdinov, 2022) is proposed in this paper for operant conditioning in FMD
leveraging the force-matching task paradigm (McNaughton et al., 2023). In this task, individuals are
asked to match a force applied to their effector, either directly using their own effector or indirectly
using a device. Healthy individuals typically overestimate the force in the direct condition due to
sensory attenuation, whereas this effect is diminished or absent in FMD patients (Pareés et al., 2014).
This finding indicates a fundamental disruption in the predictive mechanisms that underpin motor
control in FMD. Here, motor learning is proposed (Sugiyama et al., 2023) that involves the continuous
updating and refining of these internal models. As individuals perform motor tasks, they generate
motor commands and compare the predicted sensory outcomes with the actual sensory feedback
received (reafferent feedback). Discrepancies between the predicted and actual feedback are used to
update the internal models, improving the accuracy of future predictions. Therefore, combining
operant conditioning with modern technologies such as virtual reality (VR) and haptic feedback
offers a novel and potentially more effective intervention (Dutta et al., 2014). Based on our prior
works (Kumar et al., 2019),(Dutta et al., 2014), we will use a bipedal reaching VR task where foot
position on a haptic ankle device is represented by a VR object (see Figure 1). Initially, higher gain
will be given to the unaffected limb, shifting to the affected limb as its involvement increases. To
investigate motor-related processing, we will occasionally perturb the VR object introducing errors
during a rewarding biped reaching task against haptic virtual spring by changing either the visual
feedback of the position or the virtual spring stiffness i.e., the exafference in the VR haptic ankle
device. Motor responses to such perturbations are postulated to be automatic and cannot be
voluntarily suppressed (Franklin and Wolpert, 2008). The strength of feedback correction thus will
serve as a sensitive measure of visuomotor control (Franklin and Wolpert, 2011). The primary motor
cortex is involved in both fast feedback responses and feedforward control (Franklin and Wolpert,
2011) and the same neural circuitry handles both processes, highlighting the importance of feedback
modulation in sensorimotor control. Operant conditioning in VR (Kumar et al., 2019) aims to recruit
neural structures responsible for motor control without conscious interaction; however, it remains
unclear whether the sensory information originates from local pathways within the motor cortex or
from other structures like the cerebellum or somatosensory areas since we did not perform brain
imaging in our prior work (Kumar et al., 2019).

Neuroimaging techniques, particularly functional near-infrared spectroscopy (f{NIRS) and
electroencephalography (EEG), can be employed to monitor brain activity and assess the
effectiveness of these interventions. Macerollo et al. (Macerollo et al.,, 2015) examined sensory
attenuation in patients with FMD by comparing sensory evoked potentials (SEPs) at rest and during
self-paced movement. Seventeen patients with FMD and seventeen healthy controls participated. The
results showed that healthy controls exhibited significant sensory attenuation, marked by reduced
SEPs amplitude (N30 at frontal electrode and N20 at central and parietal electrodes) during
movement, whereas FMD patients did not, indicating impaired sensory attenuation. This lack of
sensory attenuation in FMD patients suggests a disrupted sense of agency for movement. A
neuroimaging meta-analysis study (Zito et al., 2020) explored the neural mechanisms underlying the
sense of agency during motor control. Through a comprehensive meta-analysis of neuroimaging
studies, the paper identifies key brain regions that included the SMA, premotor cortex (PMC),
parietal lobes, and insula. The study highlights that the integration of motor and sensory information
is crucial for predicting the sensory consequences of actions, which contributes to the sense of agency
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with the rTP] confirmed to play a crucial role in detecting sensory-motor discrepancies. The analysis
also underscored the importance of the motor system areas (ventral premotor cortex, supplementary
motor areas, and cerebellum) and cognitive regions (dorsolateral prefrontal cortex, posterior parietal
cortex, and insula) in sense of agency processing. Here, fNIRS measures changes in cortical
oxygenation and can provide insights into the neural mechanisms underlying sense of agency in
motor control (Kamat et al., 2022). Fusing fNIRS with EEG provides a comprehensive wearable
approach to studying brain function by combining the high temporal resolution of EEG with the
better spatial resolution of fNIRS (Li et al., 2022). This multi-modal integration (Walia et al., 2022)
enhances the monitoring of neural and hemodynamic responses, improves signal interpretation, and
reduces artifacts. It also enables detailed functional connectivity analysis and is versatile for point of
care applications (Kamat et al., 2022).

Figure 2 shows the fNIRS-EEG montage from our related study on error-related brain state
analysis (Walia et al., 2022). A customized setup consisting of EEG electrodes and f{NIRS optodes was
employed to record synchronized multimodal brain activation signals. 32-channel EEG signals were
recorded using a wireless LiveAmp system (Brain Vision, USA) at 500 Hz with active gel-electrodes.
Simultaneously, 32-channel fNIRS signals and 8-channel short-separation channels were recorded at
a 5 Hz sampling rate using NIRSPORT2 (NIRx, USA). A 1 Hz hardware trigger synchronized the
fNIRS and EEG data, which were aligned and segmented into 1-second epochs. The optical probes
and electrodes were positioned according to the standard 10-5 montage — see Figure 1. Probes were
placed carefully to avoid hair interference and not restrict the subject’s mobility during the study.
The simultaneously recorded EEG and fNIRS signals were preprocessed and analyzed offline. EEG
signals were processed using the open-source EEGlab toolbox (Delorme and Makeig, 2004) for
microstate analysis (Poulsen et al., 2018). Data were down sampled to 250 Hz, high pass filtered at 1
Hz, and cleaned of line noise using the “cleanline’ function. Bad channels were rejected with the
‘clean_rawdata’ function and interpolated using spherical splines, followed by re-referencing to the
global average. Artifact Subspace Reconstruction (ASR) was performed to remove transient EEG
artifacts, using a default parameter value of 20 for optimal balance between removing non-brain
signals and retaining brain activities. Preprocessed EEG data were used for microstate analysis. A
Laplacian spatial filter removed volume conduction from subcortical sources while preserving
cortical sources postulated to correspond with the hemodynamic response measured with fNIRS.
fNIRS data were processed using the HOMER3 package (Huppert et al., 2009), involving conversion
to optical density, motion artifact detection and filtering with the Savitzky-Golay method, bandpass
filtering (0.01-0.1 Hz), and conversion to HbO concentration. Microstate analysis performed using
the EEGlab toolbox, aggregated EEG data from the motor task. EEG microstate prototypes were
identified using modified K-means clustering based on the global field power (GFP). The prototypes
were extracted with a high signal-to-noise ratio and clustered topographically. Hierarchical
clustering methods delivered similar performance, but modified K-means was chosen based on the
goodness of fit determined by global explained variance (GEV) and cross-validation (CV) criteria.
Microstate labels were applied to EEG samples based on topographical similarity (‘backfitting’) to
quantify dynamic brain states during task initiation and error epochs. Error epochs, defined as the 10
seconds following error commission, captured the hemodynamic response corresponding to EEG
band power changes. Statistical properties of EEG microstates, including GFP, GEV, spatial
correlation, occurrence, duration, and coverage, were computed to compare error-related cortical
activations. Correspondence between fNIRS HbO changes and EEG band power changes was
determined using the General Linear Model (GLM) and regularized Canonical Correlation Analysis
with temporal embedding in HOMERS3. The design matrix included all regressors for GLM, solved
with least-squares for each regressor’s contribution. Short separation fNIRS channels served as
nuisance regressors for systemic artifacts. The HbO response was reconstructed from multi-channel
EEG band power signals using selected regressors with high canonical correlation. The hemodynamic
response (HbO) during the motor task and error epochs (due to perturbations here) analyzed using
t-tests for each fNIRS channel controlling for false discovery rate (FDR). Visualization of HbO
responses performed using AtlasViewer (Aasted et al., 2015). The duration of backfitted microstates
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during task and error epochs can be analyzed with a two-way ANOVA, considering microstate types,
after testing for normality with the Shapiro-Wilk Test.

Figure 2. Proposed fNIRS optode montage consisted of 16 long-separation (~3.5cm) sources, 15 long-
separation (~3.5cm) detectors, and 8 short-separation (<lcm) detectors that covered the prefrontal and
M1 region as shown above. fNIRS sources and detectors were placed in combination with the EEG
electrodes. Red circles show the locations of different sources and light green circles show the location
of the different detectors. Channels are shown with the purple connecting lines between sources and
detectors. All the rest of the dark green circles shows the EEG electrodes locations. Short separation
channels can be seen as small blue circles attached to the sources with short separation channels.
Ground and reference of EEG are in the middle at AFz and FCz positions.

4. Discussion

Our proposed model integrates concepts from cognitive neuroscience regarding how actions are
controlled and monitored by the brain, including the role of expectations and feedback in shaping
behavior. The model illustrates the closed-loop control system of motor function, emphasizing the
role of corollary discharge and efferent copy mechanisms, potentially observable through fNIRS
(Kamat et al., 2022) during such therapeutic interventions. Our hypothesis suggests that in cases of
FMD, while the brain’s controller functions (Brain as Controller) remain operational, the issue may
lie within its observational capabilities (Brain as Observer) that can lead to ‘feedback decoupling’
(Boven et al., 2023). Bayesian state estimation is a crucial methodology for predicting hidden dynamic
states, which can be used to model the Brain as Observer. The process sequentially constructs a
posterior probability density function (PDF) of the state, considering all sensor observations. It
predicts a state from the state transition model and refines it using the sensor observation model. The
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Kalman filter (Kalman, 1960), introduced by R.E. Kalman in 1960, is a prominent Bayesian filtering
strategy that analytically estimates the state to minimize the estimation error, making it theoretically
optimal for linear Gaussian models. Despite its limitation to linear Gaussian models, the Kalman filter
remains prevalent in state estimation applications, including physiological model (Paulin, 1989).
Here, Bayesian models are heralded as normative constructs that articulate the optimal actions an
agent should take considering specific observations and objectives. Concurrently, they are recognized
as process models that elucidate the internal representations and procedural pathways an observer
might undertake in response to sensory input (Bayesian Models of Perception and Action, n.d.). In
the book (Bayesian Models of Perception and Action, n.d.), Ma, Kording, and Goldreich explore the
intricate ways in which our brain harnesses noisy and ambiguous sensory data, apply probabilistic
reasoning, and generate interpretations of our environment that inform our decisions. The book
(Bayesian Models of Perception and Action, n.d.) delves into perception as a multifaceted problem of
inference. It posits that the brain’s interpretive function in deciphering sensory inputs is not a
straightforward task but one fraught with uncertainty and multiple possible outcomes that may go
awry, e.g., in FND (Edwards et al., 2012). Even with high-quality sensory feedback, ambiguity
remains, prompting the necessity for a probabilistic framework—namely Bayesian inference—to
navigate the labyrinth of potential world states. This framework is not merely an abstract concept; it
is grounded in empirical evidence, underpinning many observed behaviors in experimental settings
(Kording and Wolpert, 2006).

Multiple mathematical interpretations of the Kalman filter exist, ranging from least square
estimation to minimum variance estimation under Gaussian assumptions to minimize mean square
error (MSE) in estimations. Its foundational principles are based on least squares estimation and have
been adapted for sequential estimation problems (Kalman, 1960), e.g., in recursive application of
Bayesian prediction and correction that optimizes the estimated error covariance during trial-by-trial
error correction (Dutta et al.,, 2014),(Porrill et al., 2013). Here, we formulate the theoretical
underpinnings for a discrete-time state-space model based upon the methodology of Bayesian state
estimation. The evolving state of a system at any discrete time point (t), symbolized by (x;), is
indicative of the system’s dynamic properties such as position and velocity in case of center of
pressure (Dutta et al., 2014). This state is a function of a Markovian process:

xe = f(xe—1,ae) (1)

Here, f(-) represents a Markov function detailing the state’s progression from time (t —1) to
(t),and a; is the noise associated with this transition. The observation of this state, (y,), arises from
an observation model and is formulated as:

ye = h(x;, e) (2)
where h(-) denotes the observation function, and e, is the observational noise.

The objective of Bayesian state estimation is to sequentially deduce the probability density
function (PDF) of the hidden state conditioned upon all sensor data up to that point:

p(xo) = p(x1ly,) = - = plxrlyrr) (3)
At any discrete timestep ('t ), the goal is to compute the posterior PDF (p(x¢|y;.¢)).

Bayesian filtering posits that if the PDF at time (t —1), (p(x;-1|¥1.¢-1)), is known, the PDF at
time (t), (p(x¢|y1.t)), can be determined through the equation:

p(xe|y1:e) P(Yt|xt)f p(xelxe— )P (-1 |y1:e-1)dxe—1 (4)

This follows the Bayesian paradigm where the state estimation is a two-step process of
prediction and update. If posterior PDF at a discrete time point (t—1),i.e, (P(xi—1|Yy1.c-1)), is
accessible, then the predicted PDF at a discrete time point (t),i.e., (p(x¢|y1.t-1)), is computed as an
integral of the joint probability of previous state PDF, p(x;_1|y;.-1), and state transition PDF,
p(x¢|x,—1), with the assumption that (x;) is conditionally independent of (yi.;—1) given (x;_1).
Then, the updated posterior PDF (called the Belief) at a discrete time point (t),i.e., (p(x¢|y1.r)) is
derived using Bayes’ theorem, relating the measurement or observation likelihood PDF at that time
point (t),i.e, (p(¥¢lx)), to the predicted state PDF (called the Prior or Expectation) at that time
point (t),i.e, (p(x¢|y1.4-1)), normalized by the evidence PDF at that time point (t),i.e,
(pWely14-1)) (Kording and Wolpert, 2006),(Kording, 2007).
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The Kalman filter comes into play when assuming Gaussian PDFs in the Bayesian framework
for linear state-space models (Barker et al., 1995). Under these conditions, the filter, recognized as a
minimum mean square error estimator, provides an optimal solution by striking a balance between
the prediction and the measurement, modulated by a factor known as the Kalman gain - see Figure
2. Given the Gaussian assumptions, the Kalman filter iterations project the mean and covariance of
the system’s state forward in time. Specifically, if the covariance S;_;,_; and expectation x;_;;,—; at
a discrete time point (t — 1) are known, one can predict the state’s mean and covariance at next
discrete time point ( t) using the state transition and control matrices, as well as the associated noise
characteristics. Therefore, the Kalman filter presents an optimal estimator for linear Gaussian models,
elegantly solving for the PDFs and offering a practical approach to Bayesian state estimation (Barker
et al., 1995).

In our previous research on an operant approach to post-stroke balance rehabilitation (Kumar
et al., 2019), we modified the visual biofeedback related to the outcomes of actions to motivate
individuals to better utilize their weaker leg while performing weight-shifting activities. This strategy
to modulate the prediction error of the weaker leg using a human machine interface could help tackle
the problem of acquired disuse of the affected leg in stroke survivors. Then, VR environment (Kumar
et al.,, 2019) via suggestions modulated the motivation likely via basal ganglia circuit (Ikemoto et al.,
2015) to facilitate the learning rate (which may not always be optimal Kalman gain (Beers, 2012))(Herz
et al,, 2022). Here, neural regulation of vigor is known to be partially influenced by structures within
the basal ganglia (Yoon et al., 2018) while cerebellum creates predictions about cerebral feedback
based on the activity in the cerebrum, utilizing error signals from the inferior olive for learning, i.e.,
the involvement of the Cortico-Basal Ganglia-Cerebellar Network (Doya, 1999),(Bostan et al., 2010).
However, in case of ‘feedback decoupling’ (Boven et al.,, 2023), which is postulated in case of
functional motor disorders, if the action feedback is not accessible; then, the cerebellum relies on its
own predictions for learning. In such situations, the inferior olive evaluates previous predictions
made by the cerebellum against the latest ones to produce signals that facilitate cerebellar learning
via action imagery (Miall, 2024) without real motor action. Therefore, if the sense of control guiding
the higher-level cerebral executive functions or the anticipated motor states influencing the cerebral
sensorimotor regions are not functioning properly, it is suggested that the suggestion and motor
imagery (Apelian et al.,, 2023) (non-invasive brain stimulation in low suggestibility individuals
(Faerman et al., 2024)) for top-down facilitation be integrated with the bottom-up adjustment of
prediction errors through the use of motor-imagery driven human-machine interfaces.

FMD rehabilitation starting with the action imagery suggests the use of mental practice to
prepare and simulate motor actions, drawing on internal models of action stored in the brain,
potentially within structures like the cerebellum. This imagery may predict states of the body that
can be compared with actual states for error correction, contributing to motor learning. Then, motor
action represents the actual execution of movement. The process begins with a top-down intent from
the prefrontal cortex, which serves as an executive control center, and translates into motor
commands in the sensorimotor cortices. The motor plant, likely the musculoskeletal system, then
carries out the command, with the resulting action being fed back to the ‘Brain as Controller,” possibly
through the parietal cortex as multi-sensory integrator. The influence of operant conditioning
methods, which modulate the consequences of actions to shape future behaviors can be applied
through human-machine interfaces, providing external feedback (exafference) that can enhance the
learning process. A Kalman filter process, a mathematical algorithm of ‘Brain as Observer,” used for
estimating body and environment states over time. In our context, the Kalman filter process might
be used to continuously refine predictions about the state of the motor system by integrating new
sensory information and correcting for any differences between predicted and actual motor output.
The Kalman gain, typically computed in such filtering, optimizes the estimation process, and may
here be related to brain structures like the basal ganglia for setting the learning rate. Overall, this
framework implies a closed-loop system where the brain predicts, executes, and then learns from
actions, adjusting future predictions and actions based on feedback from both internal and external
sources. This kind of model could be useful to understand the effects of operant conditioning where
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VR suggestion is postulated to affect the executive control center while the motor imagery is
postulated to affect the action imagery part at the initial stages of rehabilitation.
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