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Alpha and theta audiovisual interventions
ina reflectivechamberdemonstrateacute
effects on stress and burnout
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Escalating stress prevalence, particularly among essential service personnel whose cognitive
compromise threatens public welfare, necessitates rapid, accessible non-pharmacological
interventions. Individuals who struggle with endogenous cultivation of beneficial neuropsychological
states may benefit from passive exogenous stimulation. This uncontrolled exploratory investigation
(n = 74) evaluated single-session rhythmic audiovisual stimulation protocols delivered within an
immersive reflective chamber (MindGym), wherein employed individuals with self-reported high-
stress received randomized assignment to alpha (9–11 Hz) or theta (4–7 Hz) conditions, the sole
intervention difference being stimulation frequency of synchronized stroboscopic light and binaural
beats during an 11.5-min exposure. Both protocols were well-tolerated and associated with
substantial acute improvements in anxiety, mood disturbance, flow states, and vitality, alongside
moderate enhancements in perceived stress and purpose in life. No between-protocol differences
emerged, though baseline mood disturbance predicted preferential theta-enhancement of existential
purpose. Neurophysiological entrainment evidence was inconclusive given consumer-grade
instrumentation. These findings establish feasibility warranting controlled trials with active
comparisons and follow-up.

Stress prevalence has reached epidemic proportions globally, with well-
documented pathological trajectories1 and escalating prevalence2—evi-
denced by 85% of countries reporting increased emotional distress
between 2008 and 20203 while American stress prevalence escalated from
33% to 49% between 2003 and 20234. The often insidious nature of
chronic stress manifests through multifaceted deterioration spanning
psychological, cognitive, and physiological domains. Stress-related
pathology encompasses heightened suicide risk5, substance abuse
disorders6, and cognitive deterioration, including impaired working
memory and attention7, response inhibition deficits8, and reduced cog-
nitive flexibility9. These manifestations reflect underlying neurobiological
dysregulation involving HPA-axis hyperactivity and cortisol
desensitization10,11, culminating in hippocampal neurotoxicity, dendritic
retraction, and eventual volume loss that precipitates memory deficits
and mood disorders12–16.

This mounting psychological burden transcends individual dis-
comfort to encompass systemic societal vulnerabilities, generating cas-
cading risks that threaten civilian welfare through stress-compromised
decision-making among essential service personnel operating in life-
critical contexts: military personnel experiencing compromised combat

readiness and elevated burnout risk17,18, healthcare providers including
nurses19 and physicians20, and first responders21.

This escalating epidemiological trajectory necessitates targeted ther-
apeutic interventions that can mitigate stress-induced pathophysiology
while preserving operational capacity, as stress-compromised decision-
making among essential service personnel constitutes both a public health
crisis anda strategicnational security vulnerability requiring evidence-based
solutions that enhance cognitive resilience and operational effectiveness
while safeguarding civilian welfare. Contemporary treatment modalities
demonstrate variable efficacy across diverse intervention frameworks.
Pharmacological approaches encompass both conventional anxiolytics and
emerging psychedelic-assisted therapies, the latter demonstrating the
capacity to induce altered states of consciousness that fundamentally
reconfigure experiential patterns and promote updating of maladaptive
beliefs22. However, these interventions carry substantial operational con-
straints: conventional medications risk cognitive impairment and increased
risk of dementia23 and dependency24, while psychedelic interventions often
require extended periods of functional incapacitation, present potential for
false insights and strengthening of maladaptive beliefs25, and systematically
exclude individuals with psychotic predispositions, concurrent
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antidepressant regimens, or cardiovascular complications26. Behavioral
interventions, particularly mindfulness-based approaches, demonstrate
efficacy for burnout prevention27 yet reveal a therapeutic paradox: popula-
tions experiencing the greatest benefit—those with depressive rumination,
cognitive reactivity, or chronic pain28–30—simultaneously exhibit the most
pronounced adherence difficulties, even among highly motivated
practitioners31,32. Implementation barriers manifest as substantial dropout
rates—19.1% weighted average across 114 studies33—particularly proble-
matic for populations experiencing stress-compromised cognitive resources
and demanding operational schedules that systematically undermine sus-
tained contemplative practice requirements.

These clinical and practical limitations highlight the imperative for
rapid-onset, non-pharmacological interventions that circumvent tradi-
tional therapeutic constraints while maintaining operational readiness.
Non-invasive, non-pharmacological induction of beneficial neural oscilla-
tory patterns represents a promising alternative approach. Electro-
encephalography (EEG) studies demonstrate that alpha oscillations
(9–11Hz) reflect relaxed wakefulness and cortical inhibition, while theta
oscillations (4–7Hz) facilitate memory consolidation, internal attention,
and meditative states34,35. Chronic stress systematically dysregulates these
protective neural signatures, manifesting as reduced alpha power and
altered theta activity that compromise resting-state networks and cognitive-
emotional balance36,37. Additionally, restoration of theta and alpha activity
through targeted interventions correlateswith enhanced psychologicalwell-
being, reduced anxiety, and improved emotional regulation38,39.

Audiovisual stimulation (AVS), particularly steady-state visual evoked
potentials (SSVEPs), presents as a promising route to inducing beneficial
brain states that may be more elusive to populations suffering from high
stress and a risk of burnout. SSVEPs represent a well-established neuro-
physiological phenomenon wherein rhythmic stroboscopic stimulation at
specific frequencies elicits frequency-matched, phase-locked cortical oscil-
lations across a large swath of regions40,41.

Brief stroboscopic visual and binaural auditory stimulation protocols
demonstrate comparable acute mood-regulating benefits to traditional
meditation practices while requiring approximately 25% of the temporal
investment and exhibiting substantially reduced attrition risk42, suggesting
that rhythmic AVS represents a highly accessible “plug-and-play”modality
for rapidly inducing beneficial neural oscillatory patterns and accompany-
ing affective states without the sustained attentional demands that sys-
tematically compromise traditional contemplative approaches in high-
stress, working adult populations with an elevated risk of burnout.

Such rhythmicAVS effects stand to be substantially enhanced through
immersive, multisensory environments that promote enhanced attentional
and emotional engagement43. MindGym (Lumena, Inc.) exemplifies this
technological approach—a reflective chamber featuring LED arrays at cube
vertices and mirrored surfaces capable of generating mood-elevating
experiences44. The potential therapeuticmechanisms underlying immersive
AVSmaymanifest throughmultiple pathways, including awe induction via
novel sensory stimulation, SSVEP-based neural entrainment at targeted
frequencies, multimodal sensory integration, or synergistic interactions
among these processes—warranting a systematic investigation of relative
contributions to outcomes. Furthermore, individual neurophysiological
variability necessitates personalized protocols that accommodate neurodi-
versity, acknowledging that some individuals may demonstrate different
optimal therapeutic responsiveness through, for example, alpha vs. theta-
based protocols31.

This current pilot investigation represents the first examination of
rhythmic AVS within an immersive reflective chamber environment
(MindGym),with aimsof establishingproof-of-concept therapeutic benefit,
characterizing neurophysiological correlates, and identifying trait and state
moderators of efficacy. Specifically, we sought to generate preliminary effect
size estimates for the differential therapeutic capacity of alpha versus theta
frequency protocols while investigating evidence of frequency-specific
neural entrainment (SSVEPs) in working adults exhibiting elevated stress
and burnout vulnerability. This study employed a phenotypic approach

designed to identify trait-level moderators that determine optimal inter-
vention responsiveness—specifically focusing on which psychological
characteristics predict superior therapeutic outcomes from alpha-frequency
versus theta-frequency protocols. Taken together, this methodological fra-
mework addresses a fundamental question in neurotechnology applica-
tions: whether therapeutic relief can be achieved through one-size-fits-all
frequency targeting, or whether individual phenotypic characteristics
represent critical determinants of intervention responsiveness.

This preliminary study examined acute affective changes and broader
well-being outcomes following rhythmic AVS in working adults exhibiting
elevated stress andburnout vulnerability.We assessed intervention-induced
changes across validated state measures—including anxiety, mood dis-
turbance, affect, vitality, and flow—alongside trait-level indices of perceived
stress45 and purpose in life (PIL)46. This dual assessment framework enabled
examinationof both immediate felt experiences anddownstreamwell-being
constructs theorized to reflect cumulative effects of sustainedstress exposure
in occupational populations.

Perceived stress scale (PSS) and PIL represent inversely correlated
constructs47 that together characterize burnout vulnerability more com-
prehensively than either alone. PIL—defined as “having a sense of meaning
and purpose regarding one’s activities as well as an overall sense that life is
meaningful”48—buffers against burnout-related outcomes across occupa-
tional populations, reducing emotional exhaustion in firefighters49 and
burnout in physicians50, while predicting superior emotional recovery from
negative stimuli51, suggesting complementary resilience mechanisms
beyond mere stress reactivity. Given the current study’s high-stress,
employed cohort, we assessed both stress reduction (symptom ameliora-
tion) and PSS/PIL changes (resilience augmentation). To ground these
primary outcomes within the broader burnout construct space, we exam-
ined baseline correlations with validated burnout inventories collected
during screening, providing a foundation for interpreting intervention
effects in relation to burnout trajectories.

Results
Psychological measures
Results are presented in order of evidentiary strength, beginning with acute
state effects, followed by the hypothesized downstream outcome measures
(PSS, PIL), which should be interpretedwith appropriate caution given their
broader scope and susceptibility to confounding.

The screening measures revealed a sample experiencing substantial
burnout-related distress (Table 1). PIL scores (M = 66.43, SD = 13.12)
indicated lowered life purpose scores, while PSS scores (M = 22.74, SD =
5.62) indicatedmoderate-to-high stress levels consistent with our eligibility
threshold (PSS ≥ 14). Burnout inventory scores across multiple validated
instruments (BBI, MBI, CBI, OBI) demonstrated mostly elevated exhaus-
tion, cynicism, and feelings of inadequacy.

Strong correlations between burnout measures and our outcome
measures validated PSS and PIL as burnout-relevant proxies (Table 2). As
expected, all burnout indicators showed negative correlations with PIL
(r =−0.44 to−0.58, all p < 0.001) and positive correlations with Perceived
Stress (r = 0.38 to 0.63, all p < 0.01), with the exception of MBI Professional
Efficacy, which demonstrated the predicted inverse pattern (positive cor-
relation with PIL: r = 0.41, p < 0.001; negative correlation with PSS:
r =−0.36, p < 0.01). PIL and PSS themselves showed a strong negative
correlation (r =−0.55, 95% CI [−0.69,−0.35], p < 0.001), confirming their
conceptual relationship as opposing indicators of psychological well-being
and distress.

To further understand the potential for regression to the mean in our
outcome measures, we examined the correlation between baseline PSS
scores and PSS change scores (post minus pre), revealing a marginally
significant negative correlation (r =−0.24, p = 0.047). This pattern suggests
that participants with higher baseline stress showed numerically greater
stress reduction. This relationship admits multiple interpretations: genuine
ceiling/floor effects wherein those with greater initial distress have more
room for improvement, regression to the mean as a statistical artifact, or
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differential intervention responsiveness as a function of baseline severity.
Without appropriate control conditions, distinguishing among these
mechanisms remains impossible, underscoring the preliminary nature of
these findings and the necessity of controlled replication.

Nearly all statemeasures demonstrated significantmain effects of time
(Table 3), indicating that both alpha and theta conditions were associated
with substantial improvements from pre- to post-intervention, with no

significant time × condition interactions or between-group differences
emerging, thus suggesting equivalent changes observed across stimulation
protocols.

Both anxiety measures demonstrated robust pre-to-post intervention
improvements: STAI-State (Fig. 1; F(1,67) = 95.862, pbonf < 0.001,
η²G = 0.324) and the Anxiety Emoji Scale (F(1,67) = 20.252, pbonf < 0.001,
η²G = 0.115). The particularly large effect size for STAI-State anxiety

Table 1 | Descriptive statistics for stress and burnout related screening measures (N = 69)

Measure M SD Min Max Range

Purpose in life (PIL) 66.43 13.12 41.00 94.00 53.00

Perceived stress scale (PSS) 22.74 5.62 14.00 38.00 24.00

BBI exhaustion 11.01 3.58 3.00 18.00 15.00

BBI cynicism 11.48 4.02 3.00 18.00 15.00

BBI inadequacy 11.80 3.45 5.00 18.00 13.00

MBI exhaustion 20.30 8.03 0.00 30.00 30.00

MBI cynicism 18.75 8.12 0.00 30.00 30.00

MBI professional efficacy 23.68 5.86 11.00 35.00 24.00

Copenhagen Burnout Inventory 57.99 19.39 15.28 100.00 84.72

Oldenburg Burnout Inventory 39.91 7.23 27.00 57.00 30.00

BBI Bergen Burnout Indicator,MBIMaslach Burnout Inventory, PIL purpose in life, PSS perceived stress scale.

Table 2 | Baseline correlations between outcomes and burnout measures (N = 69)

Burnout measure r (PIL) 95% CI r (PSS) 95% CI

BBI exhaustion −0.55*** [−0.70, −0.37] 0.51*** [0.31, 0.67]

BBI cynicism −0.55*** [−0.69, −0.35] 0.52*** [0.32, 0.67]

BBI inadequacy −0.44*** [−0.61, −0.22] 0.38** [0.16, 0.57]

MBI exhaustion −0.52*** [−0.67, −0.33] 0.55*** [0.35, 0.69]

MBI cynicism −0.46*** [−0.63, −0.26] 0.52*** [0.32, 0.67]

MBI professional efficacy 0.41*** [0.20, 0.59] −0.36** [−0.55, −0.13]

Copenhagen Burnout Inventory −0.58*** [−0.72, −0.40] 0.57*** [0.38, 0.71]

Oldenburg Burnout Inventory −0.58*** [−0.72, −0.40] 0.63*** [0.46, 0.75]

PIL purpose in life, PSS perceived stress scale, BBI Bergen Burnout Indicator,MBIMaslach Burnout Inventory. PIL-PSS correlation: r =−0.55, 95% CI [−0.69, −0.35], p < 0.001.
**p < 0.01, ***p < 0.001.

Table 3 | Results of repeated measures ANOVA in state measures

Measure category Specific measure F-statistic (1, 67) p-value Effect size (η²G; Cohen’s d) Bonferroni corrected p-value

Anxiety STAI-state 95.862 <0.001 0.324; 1.365 [95% CI, 1.001–1.730] <0.001

Anxiety emoji scale 20.252 <0.001 0.115; 0.713 [95% CI, 0.374–1.052] <0.001

Depression & mood POMS depression 74.687 <0.001 0.258; 1.162 [95% CI, 0.827–1.497] <0.001

POMS total mood disturbance 58.491 <0.001 0.261; 1.172 [95% CI, 0.811–1.534] <0.001

POMS tension 53.559 <0.001 0.219; 1.045 [95% CI, 0.708–1.382] <0.001

POMS fatigue 45.771 <0.001 0.185; 0.941 [95% CI, 0.619–1.262] <0.001

POMS confusion 36.949 <0.001 0.157; 0.850 [95% CI, 0.535–1.166] <0.001

POMS anger 34.785 <0.001 0.193; 0.963 [95% CI, 0.598–1.329] <0.001

POMS vigor 1.087 0.301 0.005; −0.098 [95% CI, −0.393–0.124] N/A

PANAS negative affect 33.735 <0.001 0.034; 0.848 [95% CI, 0.522–1.174] <0.001

Flow states FSS total 54.016 <0.001 0.151; −0.832 [95% CI, −1.100 to −0.564] <0.001

FSS fluency of performance 46.893 <0.001 0.155; −0.844 [95% CI, −1.130 to −0.558] <0.001

FSS absorption by activity 29.071 <0.001 0.084; −0.598 [95% CI, −0.842 to −0.354] <0.001

Positive affect PANAS positive affect 9.505 0.003 0.034; −0.369 [95% CI, −0.616 to −0.122] 0.045

Subjective vitality scale 17.498 <0.001 0.059; −0.493 [95% CI, −0.743 to −0.243] <0.001
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reduction observed following the intervention represents one of the most
pronounced effects observed across all measured domains, emphasizing the
intervention’s strong association with anxiolytic effects.

All mood measures also showed significant improvements: Profile of
Mood States (POMS) Depression (F(1,67) = 74.687, pbonf < 0.001,
η²G = 0.258), POMS Tension (F(1,67) = 53.559, pbonf < 0.001, η²G = 0.219),
POMS Anger (F(1,67) = 34.785, pbonf < 0.001, η²G = 0.193), POMS Fatigue
(F(1,67) = 45.771, pbonf < 0.001, η²G = 0.185), POMS Confusion
(F(1,67) = 36.949, pbonf < 0.001, η²G = 0.157), POMS Total Mood Dis-
turbance (TMD; Fig. 2;F(1,67) = 58.491,pbonf < 0.001,η²G = 0.261), PANAS
Positive Affect (F(1,67) = 9.505, pbonf = 0.045, η²G = 0.034), and PANAS
Negative Affect (F(1,67) = 33.735, pbonf < 0.001, η²G = 0.034).

Flow measures also demonstrated significant increases: Flow State
Scale (FSS) Absorption by Activity (F(1,67) = 29.071, pbonf < 0.001,
η²G = 0.084), FSS Fluency of Performance (F(1,67) = 46.893, p < 0.001,
η²G = 0.155), and FSS Total (F(1,67) = 54.016, pbonf < 0.001, η²G = 0.151).
Similarly, the Subjective Vitality Scale (SVS) showed a significant increase
(F(1,67) = 17.498, pbonf < 0.001, η²G = 0.059).

The effect sizes indicate that the time effectswere particularly strong for
POMS Depression (η²G = 0.258, Cohen’s d = 1.162 [95% CI, 0.827–1.497]),
POMS TMD (η²G = 0.261, Cohen’s d = 1.172 [95% CI, 0.811–1.534]), and
FSS Total (η²G = 0.151, Cohen’s d =−0.832 [95% CI, −1.100 to −0.564]),

demonstrating these measures showed large effect size changes from pre to
post across both conditions. All time effects remained significant after
applying Bonferroni correction for multiple comparisons across all 15 state
comparisons (all pbonf < 0.004), indicating robust improvements across
anxiety, mood, flow, and vitality domains.

Repeated measures Analysis of Variance (ANOVA) revealed sig-
nificant main effects of time for the outcome measures after correction for
multiple comparisons (Table 4a), with post hoc analyzes conducted for
significant findings. Perceived stress (PSS) decreased significantly frompre-
to post-intervention (F(1,67) = 28.458, p < 0.001, pbonf < 0.001, η²G = 0.051,
d = 0.458 [95% CI, 0.270, 0.647]) and PIL increased significantly
(F(1,67) = 14.496, p < 0.001, pbonf < 0.001, η²G = 0.071, d =−0.547 [95%CI,
−0.849–0.245]). No significant main effects of condition were observed for
either PSS (F(1,67) = 0.073, p = 0.788, pbonf = 0.788, η²G = < 0.001) or PIL
(F(1,67) = 0.263, p = 0.610, pbonf = 0.732, η²G = 0.003). The time × condition
interaction for PSS (F(1,67) = 3.814, p = 0.055, pbonf = 0.110, η²G = 0.007)
and PIL (F(1,67) = 1.474, p = 0.229, pbonf = 0.344, η²G = 0.008) were also
non-significant.

Post hoc analyzes revealed significant improvements, collapsing across
both conditions, with reductions in PSS (Alpha:−3.72; Theta: −1.73) and
increases in PIL (Alpha:+4.69; Theta:+9.09). Independent samples t-tests
on change scores (post minus pre) showed a marginally significant

Fig. 1 |Mean state anxiety scores from the state-trait anxiety inventory (STAI) for
alpha and theta conditions at pre- and post-intervention time points. Both
conditions showed substantial reductions in state anxiety from pre- to post-inter-
vention, with no significant differences between conditions. Lower scores represent
less reported anxiety. Error bars represent standard error of the mean.

Fig. 2 | Mean profile of mood disturbance (POMS) total mood disturbance
(TMD) scores before and after 235-minute audiovisual stimulation for alpha and
theta conditions. Both conditions demonstrated substantial TMD reductions from
approximately 17 to near zero. Lower scores indicate improved mood states. Error
bars represent standard error of the mean.

Table 4 | Results of repeated measures ANOVA in outcome measures

Measure category Specific measure F-statistic p-value Effect size (η²G; Cohen’s d) Bonferroni corrected p-value

Stress PSS time effect 28.458 < 0.001 0.051; 0.458 [95% CI, 0.270 – 0.647] <0.001

PSS condition effect 0.073 0.788 < 0.001; 0.061 [95% CI, −0.380
to 0.510]

0.788

PSS time × condition 3.814 0.055 0.007 0.110

Purpose PIL time effect 14.496 <0.001 0.071; −0.547 [95% CI, −0.849
to −0.245]

<0.001

PIL condition effect 0.263 0.610 0.003; 0.099 [95% CI, −0.287 to 0.486] 0.732

PIL time × condition 1.474 0.229 0.008 0.344

Time effects pertain to the repeated measures from questionnaire responses during screening and then again following the intervention. Condition effects pertain to alpha vs. theta group comparisons.
Post-intervention phenomenological measures revealed no significant between-group differences (Table 5). The Emotional Breakthrough Inventory showed no significant difference between alpha and
theta conditions (t(67) =−1.075, p = 0.286, d =−0.259), nor did the Toronto Mindfulness Scale (t(67) =−0.750, p = 0.456, d =−0.181), indicating equivalent phenomenological profiles across frequency-
specific protocols.
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difference between groups for reduction in PSS scores (t(67) =−1.953,
p = 0.055, d =−0.471), with Alpha participants showing numerically
greater stress reduction, but no significant difference for PIL changes
(t(67) =−1.214, p = 0.229, d =−0.293).

Mediation
Mediation analyzes revealed no significant indirect effects of condition
(alpha vs. theta) through any psychological mediating variables to either
outcome (PIL or PSS). The indirect effects of condition on both outcomes
were consistently non-significant across all models, indicating that the
equivalent changes observed for both interventions were not explained
through the measured psychological variables. While several psychological
variables showed significant direct relationships with outcomes—such as
State-Trait Anxiety Inventory (STAI), FSS and POMSTMD improvements
being associatedwith enhancedPIL (ΔSTAI→ΔPIL:b =−0.676,p < 0.001;
ΔFSS Total → ΔPIL: b = 1.384, p < 0.001; ΔPOMS TMD→ΔPIL:
b =−0.280, p = 0.031), and reductions in PANAS Negative Affect corre-
lating with reductions in PSS scores (ΔPANAS NA→ΔPSS: b =−0.184,
p = 0.009) —these relationships were independent of intervention condi-
tion. These correlations indicate that psychological changes co-occur with
improvements in primary outcomes, though the similar pattern across
conditions suggests both interventions may be associated with comparable
psychological change processes. The absence of mediation pathways sug-
gests that if differential effects between protocols exist, they may operate
through mechanisms not fully captured by these self-report psychological
measures, or may reflect measurement limitations inherent in the current
study design.

Moderation
We examined whether pre-intervention psychological states moderated the
effects of alpha versus theta on outcome measures. Several significant
findings emerged as interaction effects between condition and baseline
measures, indicating differential moderating patterns between the two
intervention types (Table 6).

Significant findings included moderation of the relationship between
condition and PIL Outcomes by POMS TMD (Fig. 3), Anger, Depression,
andConfusion. Participantswithhigher baselinemooddisturbance showed
greater PIL improvements following the theta condition compared to the
alpha condition, while those with lower baseline mood disturbance showed
similar improvements following both interventions.

Secondary exploratory analyzesusing amedian split onbaselinePOMS
TMD examined whether intervention effects differed by initial distress level
(See Supplementary Materials: Supplementary Tables 1 and 2). A 2 × 2

ANOVA analysis revealed significant conditional interaction between
POMS TMD and PIL Delta (p = 0.046) and FSS Total Delta approached
significance (p = 0.07). Post-hoc independent sample t-tests between High
and Low POMS TMD groups revealed theta showed greater improvement
in PIL in individuals with higher baseline POMS TMD (pbonf = 0.023,
Cohen’s d =−0.815). Additionally, individuals with High baseline POMS
TMD also showed greater improvement in FSS Total Delta with the theta
condition (pbonf = 0.021, Cohen’s d =−0.824). Interestingly, a continuous
moderation analysis further showed no significant interaction between
POMS TMD group and intervention condition for PIL change scores
(p = 0.140) and FSS Total delta scores (p = 0.110).

Analysis ofPSSoutcomes identifiedseveral pre-interventionpredictors
including Flow State Scale Total scores, FSS Fluency of Performance sub-
scale ratings, anxiety emoji assessments, and PANASNegative Affect levels;
however, none remained significant following False Discovery Rate (FDR)
correction. Alpha protocol participants demonstrated greater mean stress
reduction (M =−3.72, SD = 3.10) compared to theta participants
(M =−1.73, SD = 5.20).No baseline statemeasures significantlymoderated
Emotional Breakthrough Inventory (EBI) or Toronto Mindfulness Scale
(TMS) outcomes following either condition.

Fig. 3 | Moderation of purpose in life outcomes by pre-intervention mood dis-
turbance across intervention conditions. Scatterplot shows the relationship
between baseline Profile ofMood States TotalMoodDisturbance scores (x-axis) and
change in Purpose in Life scores from pre- to post-intervention (y-axis) for alpha
(green) and theta (gray) conditions. Lines represent fitted regression slopes with 95%
confidence intervals (shaded areas). A significant interaction effect was observed
(pFDR = 0.033), indicating that pre-intervention mood disturbance differentially
predicted Purpose in Life improvements between conditions. Purpose in LifeDelta =
post-intervention Purpose in Life score minus pre-intervention Purpose in Life
score; positive values indicate improvement in sense of purpose.

Table 6 | State predictors moderation of change in outcome measure

Outcome Significant moderators Key finding

Purpose in life (PIL) POMS TMD (pFDR = 0.033)
POMS anger (pFDR = 0.019)
POMS Depression (pFDR = 0.033)
POMS confusion (pFDR < 0.001)

Several pre-intervention POMS subscales and total scale significantlymoderate changes in PILwhen
interacting with condition

Perceived stress scale (PSS) Non-significant No significant findings

Table 5 | Results of between group t-tests in post-intervention
outcome measures

Measure t-statistic p-value Cohen’s d

Emotional breakthrough
inventory

−1.075 0.286 −0.259

Torontomindfulness scale −0.750 0.456 −0.181

T-tests of the Emotional Breakthrough Inventory (EBI) and Toronto Mindfulness Scale (TMS).
Results show no statistical significance between the two conditions in either measure.
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No trait variables collected during the screening significantly moder-
ated outcome variables.

Neurophysiological results
To examine changes over time in heart rate (HR) and heart rate variability
(HRV), we employed repeated measures ANOVA which resulted in no
significant changes over time comparing the pre-rest and post-rest stages
(See Supplementary Materials: Supplementary Table 3). To examine EEG
changes over time, we employed repeated measures ANOVA which
resulted in a significant difference in Alpha power comparing the pre-rest
and post-rest stages, but did not survive Bonferroni correction (See Sup-
plementary Materials: Supplementary Tables 4 and 5).

All independent sample t-tests for analysis of physiological measures
(HR and HRV) revealed no statistical differences between the Alpha and
Theta groups after correcting formultiple comparisons (See Supplementary
Materials: Supplementary Table 6). All independent sample t-tests for
analysis of EEG measures (including power band ratios) revealed no sta-
tistical differences between the Alpha and Theta groups after correcting for
multiple comparisons (See SupplementaryMaterials: Supplementary Table
6).Mediation analyzes were conducted to examinewhether changes in EEG
band powers served as mediating mechanisms linking treatment condition
to psychologicalmeasure outcomes. However, no significant indirect effects
were observed across any of the EEG frequency bands examined, indicating
that the measured neural oscillatory changes did not significantly mediate
the relationship between treatment condition and psychological measure
improvements. These findings suggest that the psychological changes
observed following both conditions may reflect alternative neurobiological
pathways not captured by the specific EEG frequency bands analyzed, or
that the associations occur through more complex neural network inter-
actions beyond simple power changes in isolated frequency ranges.

Several potential moderation effects of baseline EEG measures on
treatment outcomes were observed at the uncorrected statistical level;
however, none of these effects survived correction formultiple comparisons
using the FDR method (all pFDR > 0.05). Additionally, baseline alpha/theta
ratios showed a significant negative correlation with intervention-related
changes of the same (r =−0.38, p = 0.002), suggesting a regression-to-the-
mean effect where the intervention may be associated with normalization
rather than uniformly alter neurophysiological activity (See Supplementary
Materials: Supplementary Fig. 1).

Discussion
This pilot investigation examined whether AVS—binaural beats synchro-
nized with stroboscopic light at alpha (9–11Hz) vs. theta (4–7Hz) fre-
quencies—delivered through an immersive reflective chamber (MindGym)
could meaningfully impact stress, burnout mitigation, and psychological
well-being in 74 employed participants experiencing burnout risk. Both
11.5-min protocols, alternating between traditional closed-eye periods and
open-eye segments within the chamber’s mirrored environment, demon-
strated preliminary evidence supporting feasibility and tolerability: zero
adverse events were reported, zero participants terminated early, and 100%
of enrolled participants completed the protocol. However, a formal
assessment of tolerability using systematic adverse event monitoring
instruments was not conducted. While no significant differences in acute
outcomes emerged as a function of intervention protocol (alpha vs. theta
AVS), the magnitude of pre-to-post changes across burnout-relevant
affective domainswas remarkable, thoughwarranting caution given the lack
of a control group. Anxiety demonstrated the most substantial reductions,
with the STAI-State exhibiting large effects (p < 0.001, d = 1.37) alongside
significant improvements on the Anxiety Emoji Scale (p < 0.001, d = 0.71).

Mooddisturbance showed comparable amelioration across thePOMS,
with large effects for Depression (p < 0.001, d = 1.16), TMD (p < 0.001,
d = 1.17), Tension (p < 0.001, d = 1.05), and substantial effects for Fatigue
(p < 0.001, d = 0.94), Anger (p < 0.001, d = 0.96), and Confusion (p < 0.001,
d = 0.85). The PANAS Negative Affect subscale similarly demonstrated
large reductions (p < 0.001, d = 0.85). Notably, POMS Vigor remained

unchanged (p = 0.301), suggesting specific, non-sedative anxiolytic and
mood-stabilizing effects rather than generalized arousal modulation.

Flow states increased substantially across FlowState Scalemetrics, with
moderate-to-large effects for Total Flow (p < 0.001, d = 0.83), Fluency of
Performance (p < 0.001, d = 0.84), and Absorption by Activity (p < 0.001,
d = 0.60). Positive affect demonstratedmodest but significant enhancement
on both the PANAS Positive Affect subscale (p = 0.003, d = 0.37) and SVS
(p < 0.001, d = 0.49). The vitality enhancement merits particular attention,
given evidence that vitality mediates the relationship between self-efficacy
and burnout resistance52, with higher vitality predicting sustained work
engagement even under stressful conditions. This finding gains additional
significance considering burnout may represent a psychophysiologically
“sticky” state that rarely improves without substantial environmental
change, such as job departure53. Demonstrating initial measurable
improvement in this high-stress population suggests that even brief, single-
session interventions may substantially “move the needle” on traditionally
resistant burnout indicators—a particularly salient finding for populations
wherein any measurable relief from chronic stress represents meaningful
therapeutic progress. Collectively, these patterns suggest associations
betweenbriefAVS exposure and comprehensive acute psychological benefit
spanning both distress reduction and eudaimonic enhancement.

Beyond these acute state changes, outcome measures collected at
screening and reassessed post-intervention—PIL and PSS—demonstrated
significant pre-to-post improvements. PSS was associated with moderate
reductions (p < 0.001, d = 0.46), while PIL showed moderate increases
(p < 0.001, d = 0.55). These measures were selected to jointly characterize
burnout vulnerability: PSS captures felt affective experience of stress burden,
while PIL—defined as “having a sense of meaning and purpose regarding
one’s activities as well as an overall sense that life is meaningful”48—indexes
resilience-conferring meaningfulness that buffers against burnout across
occupational populations49,50. As inversely correlated constructs47, PSS and
PIL together provide a more comprehensive assessment of burnout vul-
nerability than either alone.

The interpretationofPSS andPILchanges as burnout-relevant receives
empirical support from their strong baseline correlations with compre-
hensive burnout inventories collected during screening. PSS demonstrated
substantial positive associationswith all burnout indicators (r = 0.38 to 0.63,
all p < 0.01), while PIL showed robust negative associations (r =−0.44 to
−0.58, all p < 0.001), with shared variance ranging from 14% to 40%. This
substantial overlap—particularly the ~26% average shared variance—pro-
vides an empirical foundation for cautiously inferring that observedPSS and
PIL improvements may reflect meaningful shifts in underlying burnout-
related psychological functioning, though direct assessment of burnout
inventories at post-intervention would be required to establish this corre-
spondence definitively (see Future Directions).

The observed effect sizes in this pilot study appeared comparable to
some established non-pharmacological interventions, though direct com-
parisons should be interpreted cautiously given the absence of a control
group in the present study. The PSS reduction (d = 0.458) was numerically
similar to or larger than brief mindfulness interventions (d = 0.37)54, while
anxiety improvements were larger than those reported from 8-week med-
itation programs (d = 0.38)39. Additionally, participants showed increases in
flow state measures—a phenomenon that has proven difficult to reliably
induce through experimental manipulation55, despite flow’s recognized
importance for performance and well-being. However, these comparisons
are limited by key methodological differences: the cited interventions
employed randomized controlled designs with active or passive control
conditions, whereas the present study utilized a pre-post design without a
control group. The observed changes may therefore reflect factors beyond
the specific intervention components (e.g., expectancy effects, naturalmood
fluctuation, regression to the mean).

Surprisingly, we found no evidence supporting neural entrainment as
the primary therapeutic mechanism. Neither protocol was associated with
significant changes in target frequency band power from pre- to post-
intervention, nor did post-intervention EEG profiles differ between groups
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despite frequency-specific stimulation (all pFDR > 0.05). However, this null
finding likely reflects measurement sensitivity limitations rather than the
absence of the phenomenon itself. Extensive literature demonstrates that
rhythmic visual stimulation reliably induces frequency-specific neural
entrainment when measured with research-grade equipment featuring
occipital electrode coverage and adequate spatial sampling40,41,56. Com-
pounding the sensitivity concerns of consumer-grade equipment, theMuse-
S’s frontal-temporal electrodemontage (AF7, AF8, TP9, TP10) provides no
coverage of occipital and parieto-occipital regions—precisely the locations
where SSVEPs demonstrate maximal amplitude41,56. Given this instru-
mentation constraint, neural entrainment remains a plausible therapeutic
mechanism that our equipment lacked the sensitivity to detect. Critically,
the absence of detectable entrainment signatures does not diminish the
robust psychological improvements observed across both conditions;
rather, it leaves the underlying neurobiological mechanism empirically
unresolved and invites consideration of alternative neurophenomenological
pathways.

For example, the immersive reflective environment itself may con-
stitute a primary therapeutic mechanism through awe induction. The
MindGym chamber elicits substantial awe (M = 109.85 on the AWE-S)44,
numerically exceeding VR environments specifically designed to evoke awe
and goosebumps (M = 79.7)57. This awe response engages pathways
robustly associatedwith enhancedmeaning-making58, reduced sympathetic
activation59, and improvedwell-being60—mechanisms proposed to underlie
therapeutic effects in psychedelic-assisted psychotherapy through self-
transcendence and “small self” phenomenology61. Alternatively, synchro-
nized AVS may trigger relaxation via subcortical pathways62 or network-
level reorganization not captured by our limited spectral analysis. The
therapeutic equivalence observed across stimulation frequencies reinforces
the possibility that immersive multisensory context, coupled with rhythmic
AVS, rather than frequency-specific entrainment, constitutes a primary
active ingredient. However, the STAI-State reductions in the current study
(13.01 points) substantially exceeded those in MindGym-only conditions
(3.89 points)44—a 3.3-fold numerical enhancement suggesting that rhyth-
mic AVS protocols may provide additive or multiplicative therapeutic
benefit beyond environmental immersion alone.

Despite mechanistic uncertainty, exploratory analyzes revealed some
potential frequency-dependent dissociations that suggest distinct neu-
rotherapeutic profiles. Outcome analyzes revealed robust improvements
across both protocols, yet post-hoc examination unveiled a nuanced dis-
sociation: alpha stimulation was associated with numerically superior stress
reduction (ΔPSS =−3.72 vs.−1.73, p = 0.055), while theta stimulation was
associated with a more pronounced enhancement of existential purpose
(ΔPIL =+9.09 vs. +4.69). The pattern extended to state measures, where
theta consistently yieldednumerically superior improvements acrossPOMS
Depression, Tension, Anger, and Fatigue subscales, as well as flow state
enhancement (+6.091 vs+4.361). While these differences failed to achieve
conventional significance thresholds and should be considered exploratory
hypothesis-generating findings, such incremental gains could hold sub-
stantial clinical relevance for individuals experiencing burnout and anxiety,
where even marginal improvements in mood regulation or positive affect
can meaningfully impact functional capacity and quality of life.

This preliminary divergent pattern extended to phenomenological
outcomes, with theta participants demonstrating enhanced emotional
breakthrough (28.3 vs. 24.3) and systematically, albeit minimal, higher
average scores in the TMS: heightened curiosity (15.5 vs. 15.3), decen-
tering (17.2 vs. 15.5), and overall mindful awareness (32.7 vs. 30.8). These
potential theta-specific enhancements align with established associations
between frontal midline theta and meditative states, whereas alpha-
meditation relationships exhibit greater individual variability63,64. The
observed changes following the interventions, with equivalence between
alpha and theta protocols, could reflect response distributions wherein
strong and weak responders populate each condition in approximately
equal proportions. Such a potential motivates a reconceptualization of
population-level, “one-size-fits-all” interventions toward personalized

paradigms—replacing random assignment with algorithmic stratification
based on individual phenotypic markers encompassing both who parti-
cipants fundamentally are (trait characteristics) and how they present at
intervention onset (state variables). To elucidate potential biomarkers for
such personalized protocol selection, we conducted exploratory mod-
eration analyzes examining trait and state (including EEG measures)
moderators of therapeutic response.

Despite theoretical expectations that dispositional characteristics—
particularly trait mindfulness, openness to experience, or beliefs around the
role of personal agency in health outcomes—might moderate receptivity to
passive AVS, no trait variables demonstrated significantmoderating effects.
Similarly, pre-intervention neurophysiological profiles (EEG spectral power
across frequency bands) failed to predict differential outcomes between
protocols after correcting for multiple comparisons. However, state-
dependent psychological variables revealed striking protocol-specific
moderation patterns exclusively for existential outcomes. The relationship
between intervention condition and PIL enhancement was significantly
moderated by multiple baseline mood disturbance indicators—POMS
TMD (pFDR = 0.033), Anger (pFDR = 0.019), Depression (pFDR= 0.033), and
Confusion (pFDR < 0.001). Participants presenting with elevated baseline
psychological dysfunction showed preferential PIL enhancement associated
with theta stimulation, while thosewith lower baseline disturbance achieved
comparable improvements across both protocols. Secondary analyzes fur-
ther revealed that baseline POMSTMD influenced the relationship between
intervention type andPILoutcomes (pbonf = 0.023,Cohen’sd =−0.815) and
FSS Total Score (pbonf = 0.021, Cohen’s d =−0.824), with theta-frequency
stimulation showing stronger associationswith improvements following the
intervention among participantswith higher baseline distress. This suggests
that theta’s apparent advantages for psychological outcomes may be parti-
cularly relevant for individuals scoring higher on the POMSTMDscale and
warrants further controlled investigation to rule out confounding factors.

This state-dependent, frequency-specific moderation pattern chal-
lenges purely non-specific environmental explanations discussed above. If
the immersive reflective environment alone drove therapeutic benefits,
baseline psychological state should modulate overall response magnitude
rather than selectively determining which stimulation frequency proves
optimal. The observed frequency-specific interaction—wherein baseline
mood disturbance predicts differential responsiveness to theta versus alpha
protocols—suggests these interventions may engage distinct psychological
or neurobiological pathways that interface differentially with participants’
affective states, even if our instrumentation could not detect underlying
neural mechanisms. This pattern is inconsistent with demand character-
istics, which would be expected to operate uniformly regardless of protocol
assignment or baseline distress levels. While these findings provide pre-
liminary evidence against exclusively non-specific explanations, controlled
replication remains necessary to definitively establish intervention-specific
effects.

These current preliminary and findings, despite the absence of a
control group, hold particular relevance for operational contexts (e.g.,
military aviators managing G-forces and split-second decisions, special
operations personnel sustaining hypervigilance in denied environments,
first responders navigating cumulative trauma exposure) where traditional
pharmacological stress interventions may induce states of compromised
sobriety that prove incompatible withmission demands.Unlikemeditation,
requiring sustained, disciplined practice or psychotherapy spanning
months, AVS may offer immediate stress relief without extensive training
pending controlled replication. The technology’s “plug-and-play” nature
directly addresses Brandmeyer and Delorme’s observation that Western
populations struggle to maintain contemplative practices due to factors
“ranging from lack of time to general laziness.”63

For military personnel experiencing allostatic load from prolonged
deployment cycles, cultural barriers to help-seeking, and limited recovery
opportunities, a non-sedative 11.5-min intervention associated with
anxiety-reducing and mood-boosting effects comparable to weeks of tra-
ditional treatment represents a transformative possibility. The absence of
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stigma associated with technology-based interventions may facilitate
adoption where traditional mental health services encounter resistance
rooted in military culture’s emphasis on stoicism and self-reliance.

While promising as in initial proof-of-concept with significant results,
this studyhas limitationswarranting interpretative cautionandencouraging
future work. The absence of control conditions represents a fundamental
constraint on causal inference. Without comparator groups (e.g., waitlist,
sham stimulation, or random frequency protocols), observed improve-
ments cannot be definitively attributed to the AVS protocols themselves
rather than to placebo effects, expectancy, demand characteristics, envir-
onmental novelty, or simple rest. This interpretive limitation extends to all
outcome measures, as participants’ self-reports may have been influenced
by conscious or unconscious adjustment to align with perceived experi-
mental expectations.While the temporal stability of burnout states provides
some reassurance against spontaneous fluctuation accounting for observed
improvements, this possibility cannot be definitively ruled out without
appropriate control conditions. The substantial effect sizes observed, while
potentially reflecting genuine intervention effects, may also be inflated by
confounds inherent to uncontrolled designs.

This preliminary investigation explicitly functioned as a Phase I proof-
of-concept study designed to establish initial feasibility and generate pre-
liminary effect size estimates to inform power analyzes for subsequent
controlled trials. Rather than obviating the need for rigorous experi-
mentation, these robust acute effects provide compelling justification for
proceeding to Phase II investigations employing experimental controls and
longitudinal assessment. This staged approach reflects standard transla-
tional research practice wherein initial signal detection precedes mechan-
istic isolation.

Additionally, the single-session design precludes assessment of effect
durability. Whether the substantial psychological improvements observed
persist for hours, days, or weeks remains empirically unestablished. Clinical
and operational relevance cannot be determined without evidence
extending beyond the immediate post-intervention assessment window.
Future research must prioritize longitudinal follow-up to distinguish tran-
sient mood elevation from durable therapeutic change, as only demon-
strated persistence can establish genuine utility for operational populations
facing chronic stress demands.

Tolerability was assessed informally through spontaneous adverse
event reporting but was not formally quantified using standardized mon-
itoring instruments. No participants discontinued the intervention or
reported adverse events during debriefing, suggesting acceptable tolerability
for single 23-min sessions. However, a systematic assessment of subjective
discomfort, headaches, dizziness, visual disturbances, or other potential side
effects was not conducted. Future investigations should incorporate formal
adverse event monitoring, particularly for multiple-session protocols or
higher-intensity stimulation parameters, as cumulative exposure or
increased dosing may reveal tolerability issues not apparent in brief single-
sessionadministration.Thedecision to employ theMuse-S consumer-grade
EEG system reflects a deliberate methodological trade-off between ecolo-
gical validity and neurophysiological measurement fidelity. This device
offers substantial practical advantages, including low cost (~$400 versus
$10,000+ for research systems), minimal setup requirements, and inte-
gration with commercial MindGym deployments. These characteristics
positioned it as appropriate for a preliminary, hypothesis-generating
investigation. However, these advantages necessitate accepting reduced
spatial resolution (4 channels versus 64+ in research systems) and signal
quality constraints that fundamentally limit entrainment detection capacity.

Technical constraints inherent to this consumer-grade system severely
restricted neurophysiological assessment. The four-channel montage (TP9,
AF7, AF8, TP10) provides minimal coverage of occipital and parieto-
occipital regions where steady-state visually evoked potentials demonstrate
maximal amplitude. Consumer-grade EEG devices lack the sensor density
and signal-to-noise ratio necessary to reliably detect frequency-specific
entrainment signatures, with additional vulnerability to motion artifacts
and environmental interference. The reflective, mylar-lined chamber

environment may have created electromagnetic interference conditions,
particularly problematic for Bluetooth protocols.

Physiological data attrition was substantial, with 58% of participants
(43/74) excluded from heart rate and heart rate variability analyzes due to
Bluetooth connectivity failures. These issues were not encountered in prior
MindGym investigations employing Wi-Fi-synchronized research-grade
systems, suggesting device-environment interactions rather than inherent
chamber incompatibility. Consumer-grade photoplethysmography sensors
similarly demonstrate reduced precision compared to clinical electro-
cardiography, particularly for heart rate variability metrics requiring accu-
rate inter-beat interval detection.

Taken together, our null findings regarding neural entrainment and
autonomic responses cannot be interpreted as evidence against steady-state
visually evoked potentialmechanisms or cardiovascular effects. Rather, they
reflect instrumentation limitations that render such effects essentially
undetectable within our methodological constraints. The mechanistic
questions of entrainment and cardiac responses remain inconclusive due to
technical limitations rather than absence of effect. This constraint prevented
us from addressing a critical gap in AVS research, where psychological
improvements are widely assumed to reflect neural entrainment despite
scarce empirical verification of such mechanisms40,42. A fundamental
interpretive constraint stems fromusing screeningPSS scores as the baseline
for outcome comparisons. Participants were selected for elevated perceived
stress (PSS ≥ 14), creating vulnerability to regression to the mean—the
statistical tendency for extreme scores to normalize upon remeasurement
independent of intervention. The observed PSS reduction could therefore
reflect genuine therapeutic effects, regression artifacts, or both in unknown
proportions. The marginally significant negative correlation between
baseline PSS and change scores (r =−0.24, p = 0.047) exemplifies this
ambiguity: while potentially indicating differential responsiveness or ceiling
effects, this pattern is precisely what regression predicts and cannot be
distinguished from statistical artifacts without controlled comparison
groups. PIL measures suffer from similar interpretability constraints.

The temporal structure of PSS and PIL assessment introduces addi-
tional interpretive ambiguity. While these constructs represent more stable
trait-like characteristics than statemeasures, they can shift acutely following
impactful experiences. PSS instructs respondents to report stress “in the last
month,” yet our immediate post-intervention assessment may have cap-
tured acute mood changes rather than stable shifts in perceived chronic
stress. Similarly, PIL’s rapid improvement following a 23-min session could
represent state-dependent retrieval biases, demand characteristics, or tem-
porary mood elevation influencing responses to trait-oriented items.
Without follow-up assessments at later timepoints, we cannot distinguish
durable construct shifts from transient self-report alterations that dissipate
as acute psychological states normalize.

By contrast, acute state measures (STAI, POMS, PANAS, FSS, SVS)
providemore interpretable evidence. These instruments were administered
only on the day of intervention (immediately pre- and post-protocol), were
not used as screening criteria, and captured psychological states proximal to
treatment rather than days earlier at screening. This temporal structure
reduces vulnerability to regression artifacts and minimizes confounding
from intervening life events ormood fluctuations across days. Nevertheless,
all measures remain vulnerable to demand characteristics, placebo effects,
and expectancy in the absence of appropriate control conditions.

Validated burnout inventories (MBI, CBI, OBI, BBI) were adminis-
tered only at screening and not reassessed post-intervention due to time
constraints and prioritization of state-sensitive measures during the limited
post-intervention assessment window. Consequently, the inferential link
between observed PSS/PIL changes and burnout-related functioning
requires direct confirmation through pre-post assessment of validated
burnout constructs.We cannot definitively establishwhether the substantial
improvements in perceived stress and PIL translate to measurable reduc-
tions in burnout symptoms without direct measurement. This study relied
on recruitment exclusively from the Los Angeles region, which may con-
strain geographic generalizability. Future work should aim to replicate these
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findings across multiple sites and geographic contexts. Additionally, parti-
cipants were drawn from a non-clinical community sample reporting
moderate stress levels, which may limit generalizability to clinical popula-
tions or those experiencing severe burnout. Because recruitment was
community-based rather than occupation-specific, it remains unclear
whether the observed effects extend to specific occupational populations or
workplace contexts.

This preliminary uncontrolled investigation examined associations
between single-session rhythmic AVS (11.5min) within an immersive
reflective chamber (MindGym) andpsychological outcomes in a high-stress
cohort. Leveraging both alpha and theta-based stimulation protocols, we
observed substantial pre-to-post improvements across anxiety, mood, flow
states, and vitality, alongside associated enhancements in perceived stress
and PIL. The latter constructs demonstrated strong baseline correlations
with comprehensive burnout inventories, providing an empirical founda-
tion for interpreting these shifts as potentially burnout-relevant.

No meaningful outcome differences emerged as a function of stimu-
lation frequency. However, exploratory moderation analyzes revealed
frequency-specific response patterns wherein baseline mood disturbance
predicted differential enhancement of existential purpose in the theta pro-
tocol. These patterns suggest potential foundations for precision neuro-
stimulation frameworks guided bymomentary affective profiles rather than
stable trait characteristics.

Neurophysiological assessment yielded inconclusive results regarding
entrainment mechanisms, reflecting acknowledged limitations of
consumer-grade instrumentation rather than definitive mechanistic evi-
dence. The minimal occipital coverage and reduced signal fidelity funda-
mentally constrained detection of steady-state visually evoked potentials,
leaving therapeutic mechanisms empirically unresolved.

Critically, this investigation was designed as an exploratory feasibility
study rather than a controlled efficacy trial. The absence of control condi-
tions precludes causal attribution. Observed associations may reflect pla-
cebo effects, expectancy, demand characteristics, regression artifacts, or
genuine intervention-specific mechanisms in unknown proportions.
Nevertheless, the study successfully demonstrated initial evidence of feasi-
bility and tolerability, with no adverse events or participant
discontinuations.

These preliminary signals—substantial effect magnitudes, differential
moderation patterns suggesting mechanistic specificity, and practical
deployability—provide compelling justification for proceeding to controlled
investigations. Future work incorporating research-grade neurophysiolo-
gical equipment, validated burnout inventories at multiple timepoints,
active and passive control conditions, and longitudinal follow-up will
establish whether these associations reflect durable intervention-specific
effects. For operational populations experiencing chronic stress exposure
and barriers to traditional interventions, this accessible technology offers
promising potential for acute stress management, warranting rigorous
controlled evaluation to determine its place within the broader landscape of
evidence-based therapeutics.

Regarding future directions, controlled experimental designs represent
the immediate priority for isolating intervention-specific effects from con-
founding variables. Waitlist controls would establish baseline spontaneous
fluctuation rates in outcome measures, while sham stimulation conditions
(e.g., MindGym exposure without stroboscopic protocols, or non-rhythmic
light patterns) would permit isolation of expectancy and environmental
novelty effects. Random multi-frequency stimulation controls would dis-
tinguish frequency-specific therapeuticmechanisms fromnon-specificAVS
effects. Factorial designs systematically varying core components—strobo-
scopic stimulation (present versus absent), immersive reflective environ-
ment (MindGym versus standard room), and their interaction—would
enable identification of the active therapeutic ingredient(s) and determine
whether effects require full multimodal integration or can be achieved
through individual components.

Direct pre-post and follow-up assessment of validated burnout
inventories (MBI, CBI, OBI, BBI) represents a critical next step for

positioning these interventions within the broader acute intervention
landscape.While strongbaseline correlations betweenPSS/PIL andburnout
measures (r = 0.38 to 0.63; r =−0.44 to −0.58) provide an empirical
foundation for interpreting current findings as burnout-relevant, demon-
strating that acute PSS/PIL improvements translate to measurable reduc-
tions in burnout symptom clusters (exhaustion, cynicism, professional
inefficacy) requires direct assessment of these validated constructs. This
would enable direct comparison with other single-session non-pharmaco-
logical interventions and establish whether observed effect sizes represent
meaningful shifts on standardized burnout metrics.

Longitudinal protocols would address durability and dose-response
questions through systematic manipulation of session frequency, duration,
and total exposure. An 8-week protocol where participants complete
1–8 sessions would enable direct comparison with established multi-week
interventions such as Mindfulness-Based Stress Reduction. Follow-up
measurements at standardized intervals (1-week, 1-month, 3-month, 6-
month) would determine whether acute effects persist or require main-
tenance dosing. Comparative effectiveness trials against pharmacological
and psychotherapeutic standards would establish how this non-
pharmacological approach, whether delivered as a single session or long-
itudinally across multiple sessions, compares in efficacy and durability to
existing treatment modalities.

Definitive mechanistic understanding requires research-grade neuro-
physiological assessment while maintaining ecological validity. We
recommend a hybrid approach for future investigations: consumer-grade
equipment (Muse-S) across all participants to preserve deployment feasi-
bility assessment, supplemented with research-grade neurophysiological
monitoring on a representative subsample (30–40% of participants) to
ensure adequate data fidelity for mechanistic validation and potential
consumer-grade correlates.

High-density EEG arrays (≥32 channels) with occipital coverage and
enhanced spatiotemporal resolution could adequately test whether SSVEP
entrainment mediates therapeutic effects or whether benefits emerge
through alternative neuromodulatory pathways. Concurrent research-
grade cardiac monitoring would enable rigorous and more conclusive
assessment of autonomic mechanisms. Given substantial data loss
encountered with Bluetooth-based systems in the reflective chamber
environment, future studies should prioritize hardwired data transmission
solutions to maintain transmission in electromagnetically challenging
environments.

Future investigations should also directly measure awe experiences as
potential mediators linking immersive audiovisual environments to psy-
chological outcomes, examining whether therapeutic effects operate
through awe-induced self-transcendence, entrainment-driven oscillatory
changes, or their synergistic interaction.

Precision medicine optimization emerges as particularly promising
given observed moderation findings. Machine learning algorithms incor-
porating baseline psychological profiles, particularly mood disturbance
indicators that predicted differential responsiveness to theta versus alpha
protocols, could enable algorithmic protocol assignment surpassing ran-
dom allocation efficacy. Variables approaching but not achieving sig-
nificance after multiple comparison correction warrant inclusion in
multivariate prediction models, potentially revealing combinatorial phe-
notypes optimizing individual treatment matching. This data-driven
approach could advance personalized neurostimulation frameworks
wherein momentary psychological states guide intervention selection.

Clinical translation demands systematic investigation across high-
stress occupational groups exhibiting clinically validated elevated burnout
risk, including healthcare workers, first responders (firefighters, emergency
medical technicians), emergency physicians, and air traffic controllers.
Parallel investigation in clinical diagnostic populations meeting thresholds
for anxiety disorders, major depressive disorder, and post-traumatic stress
disorder would establish therapeutic range across severity spectra.

The current pilot study was conducted as Phase I of a U.S. Air Force
STTR grant; Phase II proposes on-base interventions with Air Force Special
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Operations Command personnel, providing an ecologically valid assess-
ment of real-world operational deployment. These investigations would
incorporate dose-response characterization and comparative effectiveness
trials against established standards, with on-site occupational imple-
mentation serving as a pragmatic test of field applicability.

Implementation research examining scalability through virtual reality
platforms, mobile applications, and home-use devices could democratize
access while maintaining therapeutic fidelity—particularly crucial for
operational populations requiring immediate, stigma-free interventions.
Establishing clinical significance necessitates demonstrating both efficacy
under controlled conditions and effectiveness in naturalistic deployment
contexts where such interventions would ultimately be utilized.

Methods
Participants
A power analysis utilizing Cohen’s conventional frameworks determined
that detecting a medium-to-large effect size (d = 0.7) with 80% statistical
power at α = 0.05 required 34 participants per condition. Anticipating
behavioral exclusions and technical complications inherent in complex
neurotechnology protocols, a total of 74 individuals from the greater Los
Angeles area (41 females; age range 20–69 years; μ = 39.69, σ = 13.35) par-
ticipated in the study, of which 67 were employed either full-time or
part-time.

Five participants were excluded from analyzes of the psychological
measures analysis due to technical issues (e.g., lack of audio; N = 2), beha-
vioral errors (e.g., facing the wrong direction during the experience;N = 1),
or incomplete questionnaire data (N = 2). As a result, a total of 69 partici-
pants were included in the analyzes of psychological measures analysis (38
females; age range 20–69 years; μ = 40.09, σ = 13.67)

Forty-three participants were excluded from the physiological analysis
due to a connection error that prevented data writing, resulting in a total of
31 participants included in the statistical analyzes related to physiology (20
females; age range 21–63 years; μ = 40.74, σ = 12.67).

Eight participants were excluded from the EEG analysis due to a
connection error that prevented data from being saved and technical data
storage error, resulting in a total of 66 participants included in the statistical
analysis (37 females; age range 20–69 years; μ = 40.33, σ = 13.14).

Ten participants were excluded from the EEG/PsychologicalMeasures
Moderation analysis due to the above issues with EEG analysis (N = 8) and
incomplete questionnaire data (N = 2), resulting in a total of 64 participants
included in the EEG/Psychological Measure moderation analysis (35
females; age range 21–63 years; μ = 39.69; σ = 13.45).

All participantswere randomlyassigned tooneof twogroups (Table 7).
Participant flow through enrollment, allocation, exclusions and analysis
(Fig. 4).

Subjects were assigned to one of two groups using a MATLAB-based
randomization algorithm thatmaintained gender balance, with recruitment
ceasing for each gender category upon reaching the predetermined quota.
Participants were randomly assigned to one of two stimuli: Alpha or Theta.

Participants were recruited throughmultiple channels—newsletters to
previous research participants and targeted social media advertisements
(Facebook, Craigslist, Instagram)—within a 50-mile radius of Santa Mon-
ica,California (July 22, 2024–March4, 2025).Compensation comprised $30
per hour (cash or Venmo), calculated from check-in to departure and
rounded to the nearest quarter-hour increment, with validated parking
provided.

Participants were eligible for the study if they met all of the following
criteria: (1) had no hairstyles such as braids, cornrows, dreadlocks,
weaves, or extensions that could interfere with scalp sensor contact; (2)
were not pregnant or possibly pregnant; (3) had no history of neurolo-
gical conditions including epilepsy, seizures, or stroke; (4) had an absence
of psychiatric disorders such as bipolar disorder or schizophrenia; (5)
had no history of migraines; (6) had no photosensitivity or photophobia;
(7) were free from eye conditions including cataracts, corneal abrasions,
keratitis, or uveitis; (8) had no hearing impairments; (9) had no history of

claustrophobia; (10) had no history of vertigo or motion sickness; (11)
had no fear of darkness; (12) had normal or corrected-to-normal vision;
(13) had sufficient mobility to participate without wheelchairs, walkers,
or canes; and (14) were not currently taking medications affecting the
central nervous system (including psychostimulants, antidepressants, or
antipsychotics) or specific medications known to affect sensory percep-
tion (including but not limited to regular doses of NSAIDs, Dilantin,
Methotrexate, tetracycline antibiotics, Digoxin, Amiodarone, Atropine,
phenothiazine antipsychotics, H2 blockers, Fingolimod, aminoglycoside
antibiotics, loop diuretics, and certain chemotherapeutics); (15) had not
selected the response option indicating they had “seriously thought of it
as a way out” on the suicide-related item from the PIL46; and (16)
received a score of 14 or higher on the PSS45, indicating moderate to high
perceived stress levels.

All potential participants completed a comprehensive online screening
questionnaire viaGoogle Forms to verify eligibility before study enrollment.
This preliminary assessment verified that all participantsmet the established
inclusion and exclusion parameters prior to beginning the research
protocol.

All recruitment and testing procedureswere reviewed and approved by
theAdvarra InstitutionalReviewBoard (Columbia,MD)prior to the start of
participant enrollment (Pro00079710). In accordance with ethical guide-
lines and legal obligations, all participants provided written informed
consent via a document hosted on DropboxSign. Participants were given
sufficient time to ask questions and receive clarification from the Principal
Investigator or study staff. The consent process included the California
Experimental ResearchBill of Rights, as required byHealth and Safety Code
Section 24172. The studywas conducted in alignment with the principles of
the Declaration of Helsinki. In addition, all laboratory staff held current
certifications in Good Clinical Practice and Human Research Participant
Protection, completed through accredited online training programs. The
clinical trial number is not applicable.

Given the sensitivity of the studypopulation, research staffwere trained
to follow a safety protocol in the event of participant suicidality. A licensed
physician was on call during all sessions and was to be contacted immedi-
ately for clinical assessment if a participant exhibited urgent signs (e.g.,
suicidal intent or severe distress). If further action was deemed necessary,
staff were instructed to call 911 and coordinate emergency transport to one
of two pre-identified hospitals within 1.5 miles of the testing site, with staff
instructed to remain with the participant until help arrived and report the
incident to the Principal Investigator, IRB, and study sponsors in accor-
dance with adverse event procedures. However, no such adverse events
occurred.

Materials
All participants sat on an OMEGA Gaming Chair (SecretLab, Inc.), wore
noise-canceling, over-ear Bluetooth QuietComfort 45 headphones (Bose
Corporation), and completed the psychological questionnaires (adminis-
tered through Google Forms) on a 27-inch 2022 iMac (Apple, Inc.), using a
wireless keyboard and mouse, regardless of group.

MindGym (Lumena, Inc.) is a 7’ cubic enclosure, isotropic MindGym
lined with reflectivemylar on its interior walls, while its floor and ceiling are
equipped with mirrors. MindGym incorporates WS2815 LEDs, with 121
pixels per edge between the vertices, totaling 1452 pixels across 12 edges. It
utilizes a SMD5050 RGB LED chip, offering RGB color with 256 grayscale
levels and an output of 990-1080 lumens per meter. The LEDs are operated
at less than half of their maximum capacity. Additionally, the system fea-
tures a color temperature of 5500 K.MindGymhas been used previously by
our group as an anxiolytic experiential technology 44.

All participants wore the Muse-S (InteraXon, Inc.), a consumer-grade
EEG, multi-sensory headband featuring four EEG sensors (two on the
forehead [AF7, AF8]; two behind the ears [TP9, TP10]; reference at FPz)
with a sampling rate of 256 Hz, along with Photoplethysmography (PPG).
TheMuse-Swas selectedbecause it ships as the integratedbiosensorwith the
commercial Lumena MindGym system; this pilot investigation aimed to
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evaluate the Muse’s viability for real-time entrainment detection measure-
ment in deployed operational settings, despite known limitations in spatial
resolution and signal-to-noise ratio compared to research-grade systems.
Additionally, the reflective, mylar-lined chamber may have contributed to
Bluetooth connectivity issues and data loss not encountered with Wi-Fi-
based electrocardiogram (ECG) systems in prior work. The Muse-S

connected to the “Muse: Meditation & Sleep” app on a 10.9-inch 2022 iPad
Air (Apple, Inc.) to initialize satisfactory signal quality via the built-in
quality check.

Neuropype (Intheon, SanDiego,CA)was leveraged to receive rawEEG
data via a lab-streaming layer stream. The pipeline applies minimal pre-
processing: timestamp dejittering to create evenly spaced samples across

Table 7 | Participant characteristics for measures by group and analysis type

Measure Group N Gender (M/F) Age range μ σ

Psychological measures

Alpha 36 16 Male, 20 Female 20–69 39.56 14.33

Theta 33 15 Male, 18 Female 21–63 40.67 13.12

Physiology

Alpha 14 1 Male, 13 Female 21–63 40 14.63

Theta 17 10 Male, 7 Female 21–61 41.35 11.24

EEG

Alpha 34 15 Male, 19 Female 20–69 38.97 13.80

Theta 32 14 Male, 18 Female 21–63 41.78 12.45

EEG /Psychological measure moderation

Alpha 33 15 Male, 18 Female 20–69 39.18 13.95

Theta 31 14 Male; 17 Female 21–63 41.84 12.65

Age is reported in years. Μ and σ represent the mean and standard deviation of age, respectively.
F female,Mmale.

Fig. 4 | Consolidated Standards of Reporting
Trials (CONSORT)-style flow diagram.
CONSORT-style flow diagram depicting movement
of participants and data through the experiment.
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channels, followed by a FIR bandpass filter with edge frequencies at 0.5, 1,
65, and 70Hz to eliminate typical noise artifacts.

Psychological questionnaires were administered during screening, pre
and post experiment to gather trait and state information (See Table 8).

Procedure and stimuli
Total participation time was approximately 103min, distributed across
remote and in-laboratory components (Fig. 5A). Participants first com-
pleted pre-screening questionnaires at home (~15min), with an average
interval of 48 days (SD = 65) before the in-laboratory visit. The laboratory
session comprised pre-experience questionnaires (~30min), EEG head-
band fitting (~5min), the MindGym session (23min; Fig. 5B), and post-
experience questionnaires (~30min).

Before each session, all participants signed eConsent forms (Drop-
boxSign). Upon arrival, participants were seated on an office chair facing a
35.5” × 55” desk and given an overview of the session structure. They were
informed that their “experience” would involve sitting for 23min in an
immersive audiovisual environment.

Participants first completed pre-experience questionnaires on Google
Forms, including the TIPI, DHS, GSES, MHLC, CD-RISC-10, HARDY,
STAI, GA-VAS, POMS, SVS, PANAS, FFS-short version, and an Anxiety
Emoji-based scale (~30min). Participants were instructed to silence their
phones and remove smartwatches or electronic wristbands that emit light.

Using a cotton pad and 91% isopropyl alcohol, the experimenter
cleansed the participant’s forehead and areas behind the ears before out-
fitting the participant with the Muse-S headband, ensuring a snug fit to
optimize sensor connectivity. Signal quality was verified using the Muse:
Meditation & Sleep app, which displayed visual indicators for each sensor
(green signifying good connection; red denoting no connection). The
experimenter adjusted the headband as needed until all sensors displayed
green indicators. Additionally, filtered data from Neuropype (see “Materi-
als”) was displayed in a live time-series plot showing all EEG channels. A
research assistant visually inspected the plot to confirm that each channel
delivered a stable and discernible signal, checking for possible obstructions
such as hair or clothing interfering with sensor contact until the signal was
visually acceptable.

Participants were led intoMindGym, seated centrally, provided noise-
canceling headphones, and shown how to exit if they chose to end the
experience early; otherwise, the experimenter would return to assist them
once the experience ended. The experience began within 30 s of the
MindGym door closing.

The standardized 23-min protocol commenced with brief verbal
orientation (1.5 min) via a pre-recorded audio track which instructed par-
ticipants to face the wall 90 degrees to their left relative to the entrance, sit
comfortably, breathe normally, and follow auditory prompts for opening
and closing their eyes throughout the experience. Orientation was imme-
diately followed by a 5-min pre-rest baseline period (eyes closed, dark, no
stimulation) to establish resting state conditions. The subsequent 11.5-min
stroboscopic sequence comprised 12 stages alternating between eyes-open
and eyes-closed conditions (Fig. 2B). Participants underwent one of two
audiovisual entrainmentprotocols—theta (4–7Hz)or alpha (9–11Hz).The
experimental conditions maintained identical temporal sequences, visual
progression patterns, and instructional frameworks, differing exclusively in
the frequency parameters of both visual and audio stimulation. As part of
the audiovisual sequence, synchronized binaural audio tracks reinforced
targeted theta or alpha frequency bands, intended to encourage multi-
sensory entrainment. A video demonstration of the theta protocol’s active
stimulation phase (excluding pre- and post-intervention resting periods) is
available at https://www.youtube.com/watch?v=-6N9RBqQ4xI.

Eyes-open stages (Stages 1, 3, 5, 7, 9, 11) featured progressive LED
activation with chromatic cycling through blue, purple, green, and red
spectral illumination. Stage 1 (2min) initiated vertical LED activation at
minimal coverage. Stages 3 and5 (30 s each) progressively expanded vertical
coverage. Stage 7 (30 s) achieved full vertical activation while introducing
horizontal LED arrays with lateral sweeping motion. Stage 9 (30 s)

maintained full vertical activation while initiating center horizontal LED
expansion. Stage 11 (1min) culminated in complete vertical and horizontal
activation across all vertices (Fig. 5).

Eyes-closed stages (Stages 2, 4, 6, 8, 10) employed full-spectrum white
light activation across all vertices (30 s each). The final eyes-closed stage
(Stage 12; 4min) implemented progressive luminosity intensification, sys-
tematically increasing brightness to create an intensified sensory finale. The
protocol concluded with a 5-min post rest period (eyes closed, dark, no
stimulation).

After the experience, the Muse-S headband was removed and parti-
cipants were given the opportunity to use the restroom if needed before
completing post-experience questionnaires, including the STAI, GA-VAS,
POMS, SVS, PANAS, FFS-short version, EBI, PIL, PSS, TMS, and an
Anxiety Emoji-based scale (~30min). Finally, participants were remuner-
ated, their parking validated, and dismissed.

Psychological measure analyses
The primary dependent variables in this study were scores on self-report
psychological measures administered pre- and post-intervention. State
measures were collected on the day of the intervention at two timepoints—
immediately before (pre) and immediately after (post) the AVS protocol—
and included: anxiety measures—State-Trait Anxiety Inventory (STAI-
State) and Anxiety Emoji Scale; mood measures—POMS subscales
(Depression, Tension, Anger, Fatigue, Confusion) and total score, and
Positive and Negative Affect Schedule (PANAS); flow measures—FSS
subscales (Absorption by Activity, Fluency of Performance) and total score;
and vitality measure—SVS. Outcome measures were collected at two
timepoints—screening (serving as pre-intervention baseline) and post-
intervention—and included: PIL and PSS. PSS was prioritized as the pri-
mary eligibility criterion (PSS ≥ 14) because it most directly captures felt
affective experience of stress burden, while comprehensive burnout
inventories (BBI, MBI, CBI, OBI) were conceptualized as indexing down-
stream consequences of chronic stress exposure. This temporal assessment
structure reflects a deliberate prioritization: screening protocols were
comprehensive to fully characterize the sample’s burnout-related func-
tioning, whereas post-intervention assessments prioritized state-sensitive
measures capable of detecting acute psychological changes while limiting
participant burden during the brief post-intervention window. The other
measureswere selected for pre-to-post assessment due to their hypothesized
sensitivity to acute psychological interventions and direct relevance to stress
mitigation and subjective well-being. Post-intervention-only measures
included: EBI and TMS, which were administered only after the interven-
tion to assess acute phenomenological experiences. Additional screening-
only measures (burnout inventories: BBI, MBI, CBI, OBI) were collected
solely at screening to characterize the sample and to validate PSS and PIL as
burnout-related indicators but were not re-administered post-intervention.

The primary independent variables were: condition (between-subjects
factor), comparing alpha neurostimulation (9–11Hz) with theta neuro-
stimulation (4–7Hz); deltas between Pre-intervention and Post-
intervention assessments; and Pre-intervention versus Post-intervention
assessments.

Prior to conducting theANOVAs, the datawere assessed for violations
of parametric assumptions, including normality using Shapiro–Wilk tests
and homogeneity of variance using Levene’s test. In cases where these
assumptions were substantially violated, equivalent nonparametric alter-
natives (e.g., Wilcoxon signed-rank tests for within-subject comparisons
andMann-WhitneyU tests for between-subject comparisons)were utilized.

To examinewhether individual differencesmoderated the effects of the
interventions, linear regression analyzes were conducted. In these analyzes,
changes in variables (post-pre difference scores) and also outcome variables
were regressed on condition (alpha vs. theta), potential moderator variables
(TIPI, DHS, GSES, MHLC, CD-RISC-10, HARDY, etc.), and their inter-
action terms. Significant interaction terms would indicate that the effec-
tiveness of the interventions varied as a function of individual differences on
the trait measures. EEG baseline measures were also examined as potential
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moderators of intervention effects. Linear regression analyzes were con-
ducted with changes in outcome variables regressed on condition (alpha vs.
theta), baseline EEG parameters, and their interaction terms. Significant
interactions would indicate that baseline brain activity patterns influenced
differential responsiveness to alpha versus theta interventions.

A series of 2 × 2 mixed-design repeated measures ANOVAs was
conducted to evaluate the effects of the interventions on all dependent
variables. Each ANOVA included condition (alpha vs. theta) as a between-
subjects factor and time (pre-intervention vs. post-intervention) as awithin-
subjects factor. The main effects of condition and time, as well as their

Table 8 | Psychological questionnaires denoted by measure and timepoint

Measure Time Questionnaire Description

Burnout Screening Copenhagen Burnout Inventory (CBI) The Copenhagen Burnout Inventory (CBI) is a 19-item self reported measure of burnout. It
contains three sub-scales measuring personal burnout, work-related burnout, and client-
related burnout74.

Oldenburg Burnout Inventory (OBI) The 16-item Oldenburg Burnout Inventory (OLBI) was originally constructed and validated
among different German occupational groups75,76. It assesses the two core dimensions of
burnout: exhaustion and disengagement (fromwork). Exhaustion is defined as a consequence
of intensive physical, affective, and cognitive strain (i. e., as a long-term consequence of
prolonged exposure to certain job demands). The 8 items of the Exhaustion subscale are
generic, and refer to general feelings of emptiness, overtaxing from work, a strong need for
rest, and a state of physical exhaustion. The 8 items on the Disengagement subscale refer to
distancing oneself from the object and the content of one’s work and to negative, cynical
attitudes and behaviors toward one’s work in general.

Maslach Burnout Inventory (MBI) TheMaslach Burnout Inventory (MBI) is a 16-item psychological assessment tool designed to
measure burnout levels in individuals, particularly in professional settings. It includes various
versions, such as the MBI-General Survey (MBI-GS) and the MBI-Human Services Survey
(MBI-HSS). The MBI assesses three key dimensions: Emotional Exhaustion, Cynicism, and
Professional Efficacy, helping to identify burnout symptoms and their impact on work
performance77.

Bergen Burnout Inventory (BBI) The Bergen Burnout Inventory (BBI) consists of three subscales: (1) exhaustion at work; (2)
cynicism towards the meaning of work; and (3) sense of inadequacy at work78.

Trait Pre Ten-Item Personality Inventory (TIPI) Ten items to measure the Big Five personality dimensions: openness to experience,
conscientiousness, extraversion, agreeableness, and neuroticism79.

Dispositional Hope Scale (DHS) Twelve items to measure the feeling of hope on a Likert scale from 1 (definitely false) to 4
(definitely true), divided among three subscales: pathways, agency, and negative filler items
that aren’t related to hope80.

General Self-Efficacy Scale (GSES) Ten items tomeasure self-efficacy in a professional setting on a Likert scale from 1 (not at all true)
to 4 (exactly true). Also measures if self-efficacy is a predictor of burnout and engagement81.

Multidimensional Health Locus of
Control (MHLC)

Eighteen items to assess the extent to which individuals believe they have control over their health,
divided among three subscales: internality, powerful others externality, and chance externality82.

Connor-Davidson Resilience Scale
(CD-RISC-10)

Ten items to measure resilience (the ability to adapt from stress, trauma, and adversity), on a
Likert scale from 0 (not true at all) to 4 (nearly true all the time), using five subscales: personal
competence, acceptance of change and secure relationships, trust/tolerance/strengthening
effects of stress, control, and spiritual influences83.

Dispositional Resilience ‘Hardiness’
Scale (HARDY)

Forty-five items to measure hardiness–a trait associated with resilience and stress
tolerance–using three subscales: communication scale, challenge scale, and control scale84.

State-Trait Anxiety Inventory (STAI) A measure of state anxiety (temporary/situational) and trait anxiety (enduring propensity)
(Spielberger et al., 1983).

State Pre & post Profile of Mood States (POMS) A measure of current mood states across affective dimensions like anger, confusion,
depression, fatigue, tension, and vigor85.

Anxiety-Emoji-based Scale A single-itemmeasure using five animated emoji images, ranging from very happy to very sad,
to represent the respondent’s current level of anxiety86.

Subjective Vitality Scale (SVS) Six items to assess subjective vitality via self-reported positive mental energy and alertness,
using a Likert scale from 1 (not at all true) to 7 (very true)52.

Positive and Negative Affect
Schedule (PANAS)

Twenty items used to measure the presence and intensity of emotions, using two subscales:
positive affect and negative affect87.

Flow State Scale (FFS) (short version) Nine items to assess flow experience using two subscales: absorption by activity factor and
fluency of performance factor88.

State-Trait Anxiety Inventory (STAI) A measure of state anxiety (temporary/situational) and trait anxiety (enduring propensity)89.

Outcome Screening & post Purpose in Life Test (PIL) Twenty items to measure one’s sense of perceived purpose or meaning in life. Respondents
rate their agreement with statements about their life experience on a scale from 1 (feelings of
no purpose) to 5 (the greatest feelings of purpose)46.

Perceived Stress Scale (PSS) Ten items to measure how different situations affect feelings of stress, measured on a scale
from 0 (never) to 4 (very often)45.

Post Emotional Breakthrough Inventory (EBI) Six items to assess acute emotional breakthroughs using a scale from 0 (no, not more than
usual) to 10 (yes, entirely or completely)90.

Toronto Mindfulness Scale (TMS) Thirteen items to measure state mindfulness (administered post-meditation), differentiating
between reflective awareness and ruminative attention, using two subscales: curiosity
(gauging interest in one’s experiences) and decentering (reflecting the ability to view thoughts
and feelings as transient mental events)91.
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interaction, were examined for each dependent variable. Post hoc analyzes
were conducted on initial significant results. Effect sizes were reported using
generalized eta squared (η²G) for themixed designANOVAs, andCohen’s d
(d) for post hoc analyzes. For d, values of 0.2, 0.5, and 0.8 indicated small,
medium, and large effects, respectively65. For η²G, values of 0.02, 0.13, and
0.26 indicated small, medium, and large effects, respectively66.

Mediation analyzes were conducted to explore potential mechanisms
underlying the observed effects. Specifically, we examined whether changes
in state anxiety and mood states mediated the relationship between the
interventions and changes in outcome variables. These analyzes followed
the bootstrapping approach recommended by Preacher and Hayes67 using
5000bootstrap samples to estimate indirect effects and their 95%confidence
intervals.

EEG analyses
EEG preprocessing began with timestamp dejittering to ensure evenly
spaced samples across all channels, followed by the removal of bad channels
identified during a 60-s calibration period based on signal variance. A FIR
highpass filter (0.5–1Hz passband, 80 dB stopband attenuation) was then
applied to eliminate slow drifts and baseline shifts while preserving low-
frequency neural activity. After filtering, artifact removal was performed by
excluding data segments that exceed predefined thresholds. A FIR notch
filter (55–65Hz) was applied to suppress 60Hz line noise common in lab
environments, and a FIR lowpass filter (95–100Hz) was used to attenuate
high-frequency muscle and equipment artifacts. Channels previously
removed due to poor signal quality are then re-interpolated using spatial
information from neighboring electrodes, restoring full topographic cov-
erage for downstream analysis.

Multiple comparison corrections
Multiple comparison corrections were applied according to each analysis’s
statistical structure and research objectives. Primary hypotheses regarding

main effects of time and condition underwent Bonferroni correction
(α = 0.05) as confirmatory analyzes requiring stringent Type I error control.

Moderation analyzes, designated as exploratory for future hypothesis
generation, were corrected using the Benjamini–Hochberg FDR (α = 0.05)
applied separately within five conceptually distinct families: (1) state
moderation—pre-intervention state measures moderating changes in cor-
responding state variables (15 tests); (2) traitmoderation—personality traits
moderating state changes (120 tests); (3) state–outcome moderation—pre-
intervention states moderating outcome changes (60 tests); (4)
trait–outcome moderation—personality traits moderating outcome chan-
ges (32 tests); and (5) EEGmoderation—baseline brain activity moderating
intervention effectiveness on psychological measure outcomes (64 tests).
Within each family, FDR was applied exclusively to interaction effects,
targeting exploratory moderation findings.

This family-wise FDR framework increased sensitivity to potential
moderator effects while maintaining principled control over false dis-
coveries within each conceptual domain, aligning with established
approaches for exploratory analyzes aimed at identifying predictors of
treatment response68,69.

Data availability
The psychological questionnaire data, EEG data, and physiological data
(heart rate and heart rate variability) that support the findings of this study
are openly available on theOpen ScienceFramework (OSF) at https://osf.io/
3sjeu. The audiovisual stimulation protocols (alpha and theta conditions)
utilized proprietary MindGym hardware and software systems developed
by Lumena, Inc. While the general parameters of these protocols are
described in detail in theMethods section, the specific control programs and
LED sequences are proprietary to Lumena, Inc. and are not publicly avail-
able. Researchers interested in replicating these protocols using the Mind-
Gymplatformshould contact Lumena, Inc. directly. Rawconsent forms and
participant identification information are not publicly available to protect

Fig. 5 | Procedure overview and sequential progression of stroboscopic audio-
visual entrainment protocol within MindGym chamber. a Total participation
time was approximately 103 min. Participants first completed pre-screening ques-
tionnaires at home (~15 min), with an average interval of 48 days (SD = 65) before
the in-laboratory visit. In the lab, participants completed pre-experience ques-
tionnaires (~30 min), were fitted with the Muse EEG headband including impe-
dance verification (~5 min), completed the MindGym session (23 min; see b for
session structure), and concluded with post-experience questionnaires (~30 min).
b Panels 1–12 depict the 11.5-min stroboscopic portion of the 23-min MindGym
session. Odd-numbered panels represent eyes-open periods featuring progressive
LED activation—beginning with minimal vertical coverage (Panel 1; 2 min),

expanding vertically (Panels 3, 5; 30 s each), introducing horizontal arrays with
lateral sweeping (Panel 7; 30 s), then expanding horizontal coverage (Panels 9, 11;
30 s and 1 min, respectively). Eyes-open periods cycled through blue, purple, green,
and red; representative colors shown. Even-numbered panels represent eyes-closed
periods with full white light activation across all vertices (Panels 2, 4, 6, 8, 10; 30 s
each), culminating in progressive luminosity intensification (Panel 12; 4 min). Not
pictured: verbal orientation (1.5 min), pre-rest (5 min, eyes-closed, dark), and post-
rest (5 min, eyes-closed, dark). See a recording within the MindGym of the Theta
stroboscopic stimulation [https://youtu.be/-6N9RBqQ4xI] for complete audio-
visual experience.
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participant privacy and confidentiality in accordance with IRB approval
(Advarra IRBPro00079710) andHIPAA regulations. De-identified data are
available as described above. Requests for additional information or mate-
rials should be directed to the corresponding author.

Code availability
Code used to generate supplementary figures and perform secondary ana-
lyses is available at the repository https://github.com/Institute-for-
Advanced-Consciousness/P006. All first pass analyses were conducted in
JASP 0.19.370. FDR corrections for moderation analyses were conducted in
Python 3.12.2 using the statsmodel module version 0.14.0 leveraging the
Benjamini–Hochberg method71. Post-hoc EEG moderation of psychologi-
cal measures were conducted in Python 3.12.2 using the statsmodel module
version 0.14.071 and supplementary figures were made using matplotlib
version 3.10.072 and seaborn version 0.13.273.
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