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Abstract
Advances in brain–computer interfaces (BCIs) have enabled increasingly accurate detection of neural activity, including 
electroencephalography (EEG)‑based identification of pathological events such as seizures. At the same time, emerging 
two‑way, closed‑loop BCIs capable of both reading from and responding to neural states introduce new ethical challenges, 
particularly when systems interact with affective and pre‑conscious activity. Neurological patients frequently experience 
fluctuations in emotional and cognitive states—such as anxiety, depression, anger, confusion, and reduced self‑esteem—
that can compress the reflective space between thought and action.

This paper argues that ethically designed two‑way BCIs should not automate decisions or encourage rapid action, 
but instead support wiser choices by discouraging hasty decisions and fostering reflective judgment. Drawing on a 
Time–Place–Circumstances (TPC) model, we propose that neural intent is inherently situated and context‑dependent. 
Recurrent emotionally charged neural patterns should therefore be interpreted as contextual states rather than actionable 
directives.

We introduce a UX‑oriented ethical framework in which two‑way BCIs function as cognitive stabilizers—introducing 
pauses, grounding cues, and supportive guidance that benefits both the user and the user’s relationships with others. 
This approach positions neural integration as a means of preserving agency, dignity, and relational responsibility rather 
than directing outcomes.

Introduction
Human agency depends on the ability to move from thought to action through reflection, emotional regulation, and 
contextual awareness. For individuals with neurological conditions, this process is often disrupted. Emotional volatility, 
cognitive fatigue, and situational stress can lead to hasty decisions that may not reflect the individual’s deeper values 
or long‑term well‑being.

As BCIs evolve from one‑way signal decoding to two‑way neural interaction, ethical responsibility shifts from data 
handling alone to moment‑to‑moment interaction design. When systems respond directly to neural signals associated 
with distress or instability, the risk of accelerating harmful decisions increases. Ethical BCIs must therefore be designed 
to slow, not hasten, the thought‑to‑action pathway.

Background: Bcis, Emotional Variability, And Ethical Gaps
EEG‑based BCIs have demonstrated strong clinical value in detecting seizures and other neurological events. These 
applications are ethically accepted because they are preventive rather than directive. However, emerging BCIs increasingly 
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infer affective and cognitive states such as stress, fear, or agitation.

In neurological populations, such states are often transient and context‑dependent. Treating them as intent risks 
misguides user behavior. Current ethical discussions in BCI research focus primarily on privacy, consent, and safety, 
leaving a gap in how systems should ethically respond during moments of emotional or cognitive vulnerability.

The Time–Place–Circumstances (TPC) Model
We propose a Time–Place–Circumstances (TPC) model for ethical interpretation of neural signals:
• Time: Cognitive and emotional states fluctuate due to fatigue, medication cycles, and circadian rhythms.

• Place: Environmental context (clinical, home, public) shapes perception and regulation.

• Circumstances: Pain, fear, uncertainty, and social stress can temporarily distort judgment.

Under this model, neural signals are understood as situated expressions, not fixed intentions. Ethical BCIs must therefore 
interpret signals within context and respond with restraint.

Ethical Risks in Two‑Way BCIs
Two‑way BCIs introduce specific ethical risks when interacting with affective neural signals:
• Acceleration of hasty decisions
• Reduction of reflective agency
• Implicit behavioral steering
• Misattribution of responsibility
• Potential harm to social and relational well‑being
These risks emphasize the need for ethics to be embedded directly into UX and system behavior.

Supporting Wiser Choice: an Ethical Ux Framework
Wiser Choice as an Ethical Goal
In this framework, wiser choices are those that emerge from pause, grounding, and reflection rather than urgency 
or emotional reactivity. Ethical BCIs should therefore discourage hasty decisions and support conditions that allow 
judgment to stabilize.

Importantly, guidance should be favorable not only to the user but also to the user’s relationships with others. Decisions 
influenced by BCIs can affect caregivers, family members, clinicians, and broader social trust. Ethical design must 
therefore consider relational impact, not solely individual outcomes.

Design Principles
Ethical two‑way BCIs should:
● Introduce pause and reset mechanisms during detected instability
● Encourage reconnection with present reality
● Support gradual elevation of clarity, not immediate action
● Avoid prescriptive or coercive responses
● Promote outcomes beneficial to both personal well‑being and social relationships

The system does not define what is “right”. It supports the user in avoiding rushed decisions that could cause harm.

Two‑Way Communication as Cognitive Stabilization
Two‑way communication should function as cognitive stabilization, not control. By slowing the thought‑to‑action loop 
and offering grounding feedback, BCIs help users regain balance before acting. This preserves agency while reducing 
risk during emotionally charged moments.

Implications for Neural Integration and UX Design
Designing BCIs to support wiser choice has implications for:

● Clinical Care: Safer decision‑making during vulnerability

● Neurorehabilitation: Autonomy without dependency

● Human–AI Interaction: Ethical precedents for systems that interact directly with cognition

● Human Dignity: Preserving authorship of action

In such systems, UX decisions are inseparable from ethical responsibility.

https://www.primeopenaccess.com/international-journals/advances-in-braincomputer-interfaces-and-neural-integration-aims.asp


3Adv Brain-Computer Interfaces Neural Integr, 2026

● Human–AI interaction: ethical precedents for systems that interact directly with 
cognition 

● Human dignity: preserving authorship of action 
 
In such systems, UX decisions are inseparable from ethical responsibility. 
 

 
 
 

8. Statistical Modeling as Contextual Interpretation Through A Hidden 
Markov Approach 

In our framework, statistical modeling exists to interpret context rather than enforce 
behavior. Instead of treating raw EEG or affective signals as direct commands, we propose 
using a Hidden Markov Model (HMM) to infer latent cognitive–emotional states over time and 
to trigger stabilizing, autonomy-preserving UX responses. 

An HMM is well-suited to this setting because it: 

● Models unobserved internal states (e.g., Calm, Mild Distress, High Distress, Post-
Episode Recovery) 

Figure

Statistical Modeling as Contextual Interpretation Through A Hidden Markov Approach
In our framework, statistical modeling exists to interpret context rather than enforce behavior. Instead of treating raw 
EEG or affective signals as direct commands, we propose using a Hidden Markov Model (HMM) to infer latent cognitive–
emotional states over time and to trigger stabilizing, autonomy-preserving UX responses.

An HMM is well-suited to this setting because it:
● Models unobserved internal states (e.g., Calm, Mild Distress, High Distress, Post-Episode Recovery)
● Captures temporal dependence in how states evolve
● Incorporates uncertainty, which is ethically crucial when interacting with vulnerable users.

The sections below describe the model, how it embeds Time–Place–Circumstances (TPC), how it is trained and 
personalized, and how its outputs inform UX without becoming paternalistic control.

Latent States and Observations
We distinguish between:
Latent states (St): unobserved cognitive–emotional conditions at time t:
Calm, Reflective, Mild Distress, High Distress, Post-Episode Recovery.
Observations (Yt): measurable signals at time t, including:
● EEG features (band power, entropy, event-related potentials)
● Physiological markers (HRV, skin conductance)
● Interaction behavior (errors, response delays, aborted actions)
● Optional self-report or caregiver annotations

The key assumption is that St evolves as a Markov chain and each state emits characteristic observation patterns 
through a state-specific probability distribution.

Model Structure
An HMM is defined by:
Initial state distribution → πi = P(S0 = i)
Transition matrix → aij = P(St = j | St-1 = i)
Emission model → P(Yt | St = i; θi)
The model is summarized as: λ = (π, A, B)
Design principle → We infer posterior state probabilities such as P(St = High Distress | Y1:t) and pass these 
probabilities, not binary decisions, to the UX layer
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Incorporating Time–Place–Circumstances (TPC)
TPC enters the model in two ways:
• Context-conditioned transitions
          aij(t, place, circumstance) = P(St = j | St-1 = i, Timet, Placet, Circumstancet)
• Context-conditioned emissions
                                     P(Yt | St = i, TPCt)

This prevents the system from interpreting neural signals as absolute, embedding the ethical claim that mind states are 
context-dependent.

Training, Personalization, and Adaptation
Initial training: Baum–Welch (EM) using labeled or semi-labeled sequences.
Personalization: Hierarchical (multilevel) HMMs let global patterns coexist with user-specific adjustments.

Adaptation
Sliding-window retraining or online Bayesian updating so the model evolves with the patient.

This avoids one-size-fits-all ethical assumptions.

From State Inference to UX Support
Given observations Y1:t, we compute:
● State posteriors (forward algorithm)
● Optional state sequences (Viterbi) for clinician review

UX reacts to probability trends, not deterministic classifications:
● rising High Distress → reflective pause, calming cues
● Post-Episode Recovery → reduced interruptions and optional review tools

The model never executes real-world actions without explicit user confirmation. It only shapes interaction to protect 
reflection.

Encoding Ethical Safeguards
● Uncertainty defaults to restraint (low confidence → minimal intervention)
● Asymmetric transitions detect mounting risk gradually
● Intervention caps prevent over-prompting
● Separation of clinical vs UX uses avoids covert risk scoring
● User-tunable sensitivity respects preference and consent

Limitations and Ethical Reflection
Misclassification is inevitable because the model cannot fully capture lived experience. Therefore:
● uncertainty is surfaced, not hidden
● The model supports discerning judgment rather than deciding
● HMM outputs remain tools, never authorities over the user’s intent

Conclusion
As BCIs move toward deeper neural integration, ethics must be enacted through moment-to-moment interaction design. 
Our framework proposes that two-way BCIs should not accelerate decisions or attempt to read intentions, but instead 
slow the thought-to-action pathway, encourage reflection, and protect user agency. By grounding interpretation in the 
Time–Place–Circumstances (TPC) model, neural signals are understood as context-dependent expressions rather than 
definitive commands. 

The statistical layer operationalizes that ethical stance. The Hidden Markov Model interprets probabilistic evidence of 
underlying cognitive–emotional states over time, incorporates uncertainty, and prevents single moments of distress 
from being mistaken for intent. Because the model produces probabilities rather than directives, UX responses remain 
supportive and autonomy-preserving: pauses, grounding cues, optional reviews, and relationally sensitive guidance. 
When uncertainty is high, the system defaults to restraint, demonstrating ethical humility rather than algorithmic 
confidence.

By integrating ethics, UX design, and probabilistic modeling into a unified structure, we show that statistical inference 
can function not as a mechanism of control, but as a mediator of context, caution, and respect for lived experience. Two-
way BCIs built on this principle can enhance agency, stabilize decision-making during vulnerability, and support choices 
that reflect both long-term well-being and relational responsibility. Supporting wiser choices, rather than faster actions, 
offers a principled and humane trajectory for the future of neural interfaces [1-4].
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