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Brain and endocrine-immune reactions to stress were assessed by laboratory measures of salivary cortisol and secretory im-
munoglobulin A (sIgA) and other immune markers under baseline, experimental conditions and one alpha-wave training condi-
tion using neurofeedback. Salivary cortisol and sIgA levels were higher and lower, respectively, under a math task than under
a meditation task, suggesting differences in the relationship between cognitive stress and mucosal immunity in humans under
different conditions. The eight-session alpha neurofeedback protocol showed significant improvements in alpha brainwave ac-
tivity and salivary sIgA, as well as reductions in salivary cortisol. Alpha training may improve other stress indicators, such as
salivary cortisol and sIgA levels. Additional research is needed to explore these connections. Similarly, in vitro studies of Jurkat
T cells showed that exposure to 1 nM cortisol reduced the release of two proinflammatory cytokines, IL-6 and TNF-α , following
exposure to LPS in cell culture. Other studies suggest bidirectional communication between the brain and other body systems in
response to stress and potential uses of alpha neurofeedback training as a drug-free stress-reduction technique.

Introduction

Modern adolescents and adults experience various forms of
psychosocial stress related to school, work, and other so-
cial situations1. Psychosocial stress can cause emotional and
physical stress responses through interactions among the ner-
vous system, endocrine system, and immune system2. Physi-
ological stress responses to psychosocial stress include release
of the hormone cortisol. Short-term benefits of cortisol release
include improved responses to short-term threats. Long-term
effects of cortisol release can weaken immune function and in-
crease susceptibility to infection, including decreased mucosal
immunity3–5. Multiple studies have demonstrated decreased
cellular and mucosal immunity with high cortisol levels. Mul-
tiple studies have demonstrated other physical harms to the
immune system from psychosocial stress.

In addition to other findings, research has shown that stress
is associated with electrophysiological brain changes6. Re-
duced alpha (α) power has been associated with higher anx-
iety and distractibility7,8. Increased alpha power has been
associated with lower anxiety and greater attention to inter-
nal stimuli9,10. Previous research using alpha neurofeedback
has shown behavioral and other stress-related and clinical out-
comes11. Heterogeneity of previous research has hindered
knowledge of these mechanisms12. Previous research has in-
cluded measures such as cortisol but not other measures of
mucosal immunity13. Few studies have examined alpha neu-
rofeedback’s effects on multiple aspects of the immune and
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nervous systems. Other research in the field of neuroim-
munomodulation has shown associations between stress and
immune measures at the individual level14. Few studies have
used wearable EEG devices to measure alpha. This study
sought to examine associations of alpha electrophysiology
with other measures of stress and immunity, including salivary
cortisol and sIgA, under various conditions. One objective
was to examine changes in salivary cortisol and sIgA associ-
ated with alpha neurofeedback in a multisystem study design.
Recent advances in alpha neurofeedback techniques that en-
able individuals to increase their alpha power may help reduce
stress without medication15. Less is known about the rela-
tionship between changes in alpha power and other stress- and
immunity-related biomarkers, including cortisol and sIgA.

Secretory IgA, an immune system component found in mu-
cous membranes, is suppressed by stress16. Secretory IgA lev-
els are linked to infectious disease risk17. Alpha-enhancing
interventions that reduce cortisol and increase secretory IgA
would suggest additional benefits of brain activity changes be-
sides reduced stress, such as improved immune system func-
tion. Little is known about the relationship between brain and
immune system function, including whether immune system
activity is inhibited by cortisol during periods of stress and
whether secretory IgA can help prevent this inhibition.

To address these knowledge gaps, we conducted this study
to:

(1) Assess changes in EEG power and salivary cortisol and
sIgA concentrations during three cognitive-emotional
conditions: meditation, music listening, and math prob-
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lem solving.

(2) evaluate the impact of alpha neurofeedback training on
these neural and endocrine-immune markers; and

(3) study the effects of stress hormones and other immune
system molecules on cytokine production, such as IL-6
and TNF-α , by immune cells in vitro.

This multi-level experimental study aimed to explore biolog-
ical links among brain responses, stress hormones, mucosal
immune responses, and immune cell function.

Methods

Participants

A total of 10 participants (age range: 19–31; 5 males and 5
females) were initially recruited for the study. Among them,
5 participants completed the full experimental protocol and
were included in the final analysis. All participants reported
no history of neurological disorders, psychiatric conditions,
or chronic endocrine or immune-related diseases. Participants
were instructed to abstain from caffeine, heavy physical activ-
ity, and alcohol for 12 hours prior to testing. Additionally, a
rest period was provided between experimental conditions to
minimize immediate carryover effects and cumulative fatigue.

Written informed consent (or guardian consent for minors)
was obtained from all participants.

Neural activity data were acquired non-invasively using the
wearable EEG device Muse 2 (Figure 1A). The device enables
continuous recording of frontal and temporoparietal EEG sig-
nals and was used throughout the experimental sessions.

The study protocol comprised three experimental condi-
tions: meditation, music listening, and mathematical prob-
lem solving (Figure 1B). Each participant was exposed to
all three conditions, and EEG and physiological measure-
ments were obtained for each condition according to the pre-
defined protocol. This within-subject design allowed compar-
ison of condition-dependent changes in neural and physiolog-
ical markers.

EEG Measurement

Device
EEG signals were collected using the Muse 2 headband (Inter-
aXon Inc., Canada), a wearable consumer-grade EEG system
with four active electrodes positioned at standardized 10–20-
equivalent sites: AF7 / AF8: left and right frontal regions; TP9
/ TP10: left and right temporoparietal regions (reference sites)

The device samples EEG at 256 Hz and applies onboard
noise filtering and artifact detection. Data were exported using
the Muse Direct / Muse Monitor application .

EEG preprocessing
Raw EEG data were processed using Python (MNE) and
MATLAB routines. Processing steps were as follows:

• Band-pass filtering: 1–45 Hz (IIR filter)

• Notch filtering: 50/60 Hz line noise removal

• Epoching: continuous data segmented into 10–30 s non-
overlapping windows

• Artifact rejection:

– EMG contamination removed through amplitude
thresholding

– Blink/eye-motion artifacts removed via ICA (when
applicable)

– Power spectral density (PSD) computed using
Welch’s method

• Extraction of relative band powers:

– Delta: 1–4 Hz

– Theta: 4–8 Hz

– Alpha: 8–12 Hz

– Beta: 12–30 Hz

Channel-wise powers were averaged to obtain participant-
level values for each condition.

Experimental Conditions (Meditation, Music, Math)

Participants completed the experiment in a within-subjects
design, ensuring that each participant experienced all three
conditions. Participants were given standardized instruc-
tions for meditation and paced breathing at approximately 6
breaths/min, and adherence was monitored by the investigator
throughout the session18. When multiple sessions were avail-
able for the same participant, the corresponding measurements
were averaged, and the mean value was used as the represen-
tative value for statistical analysis19.

Meditation Condition
• Guided breath-focused meditation (6 breaths/min)

• Eyes closed

• Duration: 5 minutes

Music Listening Condition
• Participants listened to neutral, ambient instrumental mu-

sic (BPM 60–70)

• Volume standardized to 60–65 dB

• Duration: 5 minutes
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Math Problem-Solving Condition
• Participants completed timed arithmetic problems de-

signed to induce mild cognitive stress

• Difficulty increased adaptively

• Duration: 5 minutes

• A 2-minute washout period separated each condition to
minimize carry-over effects.

Saliva Collection and Analysis

Sample collection
Saliva samples were collected 30 minutes after completion
of each experimental condition using sterile Salivette® cot-
ton swabs (Sarstedt Inc.). Participants were instructed not to
swallow or excessively move their mouth during sampling.

Cortisol quantification
• Salivary cortisol was measured using an enzyme-linked

immunosorbent assay (ELISA) kit (abcam, ab108665)

• Samples centrifuged at 3000 rpm for 10 min

• Supernatant stored at −20 °C

• Cortisol concentrations calculated at 450 nm using a mi-
croplate reader (BioTek / ThermoFisher)

Secretory IgA (sIgA) quantification
sIgA levels in saliva samples were measured using a human
sIgA ELISA kit (MyBioSource, #MBS9714329). Samples
were thawed on ice, briefly centrifuged to remove debris, and
diluted as required to fall within the linear range of the as-
say. Standards were prepared according to the manufacturer’s
instructions.

Aliquots of 100 µL standards, blanks, and samples were
loaded onto the pre-coated 96-well plate in technical tripli-
cate and incubated at room temperature. After washing, HRP-
conjugated detection antibody and TMB substrate were ap-
plied sequentially, and absorbance was measured at 450 nm
using a microplate reader. sIgA concentrations were calcu-
lated from the standard curve using a 4-parameter logistic fit.
When applicable, values were normalized to total protein con-
centration (quantified by BCA assay). Inter-assay variability
was maintained below 10%.

Alpha Neurofeedback Training Protocol

A structured 8-step neurofeedback procedure was developed
to enhance alpha oscillatory activity. The alpha neurofeedback
protocol incorporated alpha-targeted feedback, auditory guid-
ance, and paced breathing, based on prior studies supporting

these approaches in stress regulation and neurofeedback-based
training.

Protocol steps:

A standardized alpha neurofeedback protocol was imple-
mented in this study. Before each session, the training envi-
ronment was prepared to minimize external noise and ensure
stable seating. Signal calibration was then performed to ver-
ify electrode connectivity and recording quality from the EEG
headset.

Participants were instructed to maintain a stable posture in
order to reduce movement-related and EMG/neck tension arti-
facts. During training, respiratory pace was guided at approxi-
mately 6 breaths per minute, and participants were encouraged
to maintain a relaxed but alert attentional state using visual
cues. Auditory feedback was provided in real time, such that
increases in alpha activity triggered pleasant sounds, such as
birdsong or chimes. Short rest breaks of 30–45 seconds were
provided between blocks to reduce fatigue. EEG-derived al-
pha amplitude metrics were logged for post-session analysis.
Each training session lasted 10 minutes, and the protocol was
conducted as a single pilot-level session or repeated across 3–5
sessions when applicable.

Percent change in alpha power was calculated relative to the
baseline value using the following formula: Percent change
(%) = [(post-training alpha power − baseline alpha power) /
baseline alpha power] × 100.

Jurkat T Cell–Based In Vitro Assay

T-lymphocyte Jurkat cell line was grown in RPMI-1640
medium containing 10% fetal calf serum, 1% penicillin-
streptomycin, and 1% L-glutamine at 37 °C in a 5% CO2 hu-
midified incubator. Jurkat cells were seeded at a concentration
of 1×106 cells per well into 24-well plates for experimentation
and assigned to three treatment groups: Control, LPS, or LPS
+ Cortisol.

Inflammatory challenge was carried out using 100 ng/mL
of lipopolysaccharide (LPS), a stimulant of the TLR4 path-
way. A third set of cells was co-treated with 1 nM cortisol,
a physiological stress hormone, to test its immunomodulatory
effects. Cells were exposed for 24 hours.

After incubation, proinflammatory cytokines interleukin-6
(IL-6, Abcam #ab178013) and tumor necrosis factor-α (TNF-
α , Abcam #ab181421) in culture supernatants were analyzed
using commercial human ELISA kits from Abcam according
to the kit manufacturer’s instructions. Standard curves were
generated using serial dilutions of recombinant cytokines.
Triplicate samples of all tested samples were run to ensure
accuracy. Absorbance was read at 450 nm using a microplate
reader.
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Statistical Analysis

Statistical analyses were performed using a paired Student’s
t-test for paired comparisons. Data are presented as mean ±
SEM, and differences were considered statistically significant
at *P < 0.05, **P < 0.01, ***P < 0.001. In addition to p-
values, effect sizes were calculated for the main paired com-
parisons using Cohen’s d.

Results

EEG measurement equipment, experimental design, and
basic EEG spectral analysis

This paper measured EEG data using the noninvasive Muse 2
wearable EEG device. Relative power values for delta, theta,
alpha, and beta EEG waves under three experimental condi-
tions are shown in Figure 1C. Data in this paper describe the
EEG waves of study participants under experimental condi-
tions but do not include data from a no-task control condition.
The primary target of the study and neurofeedback training
was alpha wave activity, and this was the primary outcome
variable of interest in this paper. Theta and beta wave activ-
ity did not differ significantly across conditions. Displayed
data for delta waves were intended to show other differences in
EEG wave activity across conditions. Significant differences
in alpha waves were observed and were discussed in the con-
text of the neurofeedback protocol and hypotheses.

Changes in Salivary Cortisol and Secretory IgA Across
Mental Activity Conditions

To report findings comparing salivary cortisol and secretory
immunoglobulin A (sIgA) levels in participants in three ac-
tivities: meditation, music listening, and math problem solv-
ing. No significant differences were found in salivary levels of
cortisol or sIgA in participants who meditated compared with
those who listened to music (ns). Results suggest that nei-
ther meditation nor music listening may elicit acute stress re-
sponses in study participants or that any acute stress-buffering
benefits of these activities may not be measurable in short-
term studies.

In contrast, the mathematics condition produced higher cor-
tisol concentrations and lower sIgA concentrations than the
meditation condition. These findings suggest that cognitively
demanding activities can increase psychological stress and ac-
tivate the HPA axis, subsequently altering mucosal immune
function. The results of this study indicate quantitative dif-
ferences in measures of stress response and immune function
related to different cognitive tasks and may help researchers
objectively measure the physiological effects of different emo-
tional states.

Figure. 1 Overview of the EEG Equipment and Experimental
Design.
(A) Wearable EEG device used in this study. Frontal (AF7/AF8) and
temporoparietal (TP9/TP10) EEG were measured noninvasively in
this study using the Muse 2 headband (InteraXon Inc.). The Muse 2
headband’s consumer-grade design facilitated extended EEG moni-
toring during study activities.
(B) Cognitive-emotional manipulations in the experiment. Subjects
completed three tasks to manipulate cognitive and emotional states:
Condition 1 (Meditation, Condition 2) Listening to Music, and Con-
dition 3, Solving Math Problems (Generated by creative AI)
(C) Boxplots show the distribution of alpha, beta, delta, and theta
power values for five subjects under three conditions: meditation,
music, and math.

Alpha Training Protocol and Its Physiological and Psycho-
logical Effects

An eight-step alpha neurofeedback protocol was implemented
to improve alpha levels during training (Table 1). Protocol ele-
ments included setting up the training environment and check-
ing equipment and body position, practicing breathing at six
breaths per minute, focusing exercises, practicing alpha ele-
vation with auditory feedback, taking breaks, and collecting
information for posttraining review.

The same training protocol was provided to all subjects. Al-
pha brain waves increased significantly (*) after training (Fig-
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Figure. 2 Salivary Cortisol and sIgA Levels by Condition.
Saliva samples were collected under each condition (left panel; gen-
erated by creative AI). Cortisol and sIgA levels (right panel) were
not significantly different for the meditation and music conditions
(ns=not significant). Cortisol and sIgA levels were significantly
higher and lower, respectively, in the math condition than in the
meditation condition (**p < 0.01). Individual data points and group
means are shown.

Figure. 3 Effects of Neurofeedback Training in the Alpha Range
on Neural and Physiological Markers.
(A) Alpha activity changes during training. Line graphs show alpha
activity (µV2) across training sessions for five subjects completing 10
neurofeedback training sessions.
(B) Changes in alpha power, cortisol, and sIgA after training. Group-
level changes compared to baseline show increases in alpha power
(***p < 0.001) and sIgA (*p < 0.05) and decreases in salivary cor-
tisol levels (**p < 0.01). Error bars represent standard error of the
mean.

ure 3A). Salivary cortisol levels decreased, and sIgA levels in-
creased after training (Figure 3B). Results indicate that alpha
training techniques may increase alpha brain waves and affect
other stress- and immunity-related variables. Alpha training
techniques show promise as a treatment for stress and other
mental health problems.

Immunomodulatory Effects of Cortisol on LPS-Induced
Inflammation in Jurkat T Cells

This study describes the findings of an in vitro study on the
effects of cortisol on proinflammatory cytokine production by
Jurkat T cells treated with lipopolysaccharide (LPS)20. The
levels of the proinflammatory cytokines IL-6 and TNF-α were
assessed by ELISA.

Table 1 Eight-Step Alpha Neurofeedback Training Protocol.
Step What to Do Why It Matters
1. Environment Quiet room, soft

light, comfort-
able chair. Turn
off phone notifi-
cations.

Reduces noise and
muscle tension that
block alpha activity.

2. Setup Check Muse
headband signal
→ “Good”
quality before
starting.

Ensures clean EEG
data.

3. Posture Relax shoul-
ders, jaw
slightly open,
head balanced
upright.

Removes EMG noise
from tense muscles.

4. Breathing Slow 6 breaths
per minute (≈
4 s inhale, 6 s
exhale).

Long, calm exhala-
tions raise alpha am-
plitude.

5. Focus Lightly focus at-
tention on one
point (e.g., tip
of the nose or
breath).

Keeps the mind calm
but awake—ideal for
alpha.

6. Feedback Use gentle
sound feedback:
a bird-song or
chime plays
when alpha ↑.

Turns brain training
into a game; rein-
forces the right state.

7. Breaks Every minute,
pause for 10
seconds.

Prevents over-focus
and signal fatigue.

8. Data Save Export alpha
power log or
screenshot at
the end.

Use later for graphs
and trend analysis.

Compared with the control group, exposure to LPS stim-
ulated higher levels of IL-6 and TNF-α secretion by Jurkat
T cells, suggesting that TLR4 activation stimulates inflamma-
tion. Pretreatment with low doses of cortisol (1 nM) reduced
LPS-stimulated IL-6 and TNF-α secretion in Jurkat T cells
compared with the LPS-only group. These findings provide
evidence that pretreatment with cortisol reduces inflammation
in Jurkat T cells.

Animal studies have shown that high or chronic levels of
cortisol reduce immune responses, and these findings support
the idea that moderate levels of cortisol reduce inflammation.
The inconsistent effects of cortisol on immune function sug-
gest interactions between cortisol and other parts of the im-
mune system. Therapies that help maintain moderate levels
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Figure. 4 Cortisol inhibits inflammatory cytokine production in
LPS-stimulated Jurkat T cells.
(A) Jurkat T cells were cultured with LPS (100 ng/mL) in the pres-
ence or absence of cortisol (1 nM) for 24 hours. Scale bar = 200 µm.
(B) ELISA assays were performed on culture supernatants to assess
IL-6 and TNF-α protein levels. Treatment with LPS increased IL-6
and TNF-α protein levels. Treatment with cortisol decreased LPS-
induced IL-6 and TNF-α production. Results shown are from three
independent experiments and presented as mean ± SEM. ***p <
0.001 compared with control and LPS-treated groups.

of cortisol, such as alpha neurofeedback, may be useful for
preventing immune dysfunction in humans.

Discussion

The aim of the study was to examine associations among ex-
perimental condition, EEG data, endocrine stress responses,
mucosal and other immune responses, and the effects of an
alpha-based neurofeedback protocol on the pattern of change
in these measures. EEG and other assays of immune health us-
ing saliva were conducted to investigate correlations between
brain activity, endocrine stress responses, mucosal immune re-
sponses, and cellular immune responses.

First, salivary cortisol levels were higher, and sIgA levels
were lower, in math problem-solving versus meditation condi-
tions (Figure 2). These results support the hypothesis that cog-
nitive activities activate hormonal and immune responses typ-
ically associated with stress. Psychological stress may have
various effects on HPA axis and immune function21.

Responses of sIgA to stress may differ depending on how
long an individual is exposed to stressors. Results presented
here should be interpreted as relevant only to the specific con-
ditions tested, not as general indicators of stress-related phys-
iological responses.

Second, we found an association between alpha protocol
completion and increased alpha wave activity, reduced sali-
vary cortisol, and increased sIgA (see Figure 3), suggesting,
among other things, that increased alpha wave activity is re-
lated to a more favorable stress response.

Because the study lacked sham neurofeedback and other
control conditions and control signals during paced breath-
ing and other relaxation exercises in the eight-step protocol,
we cannot definitively attribute changes in biomarkers to neu-

rofeedback but can attribute them to the eight-step protocol,
including alpha training and other exercises, and concurrent
changes in brain and salivary biomarkers.

To further explore the relationship between cortisol and im-
mune system function, we conducted a cell-based assay using
Jurkat T cells (Figure 4). Levels of 1 nM cortisol inhibited
IL-6 and TNF-alpha secretion in response to LPS in Jurkat T
cells.

This supports the hypothesis that cortisol has anti-
inflammatory effects. We caution against overinterpreting the
results of this cell-based assay due to concerns about extrapo-
lating from this assay to normal human immune system func-
tion and an absence of other explanations for the salivary assay
findings in study participants.

Limitation

Although a recovery period was provided between testing con-
ditions to reduce acute carryover and fatigue effects, carryover
and fatigue effects between conditions are possible due to the
fixed order of testing conditions.

Acute stress responses also differ for salivary cortisol and
sIgA, and the study sampling schedules may not have cap-
tured peak values, including peak salivary cortisol values.
These study limitations should be considered when interpret-
ing EEG, cortisol, and sIgA results across conditions.

Limitations of the current study include the following: We
were unable to establish the causal relationship between neu-
rofeedback training and outcomes without sham and blinded
neurofeedback control groups. We could not confirm the in-
volvement of TLR4, MD-2, and CD14 in Jurkat cells without
additional receptor-level measurements and pathway-specific
controls. Small sample size limits generalizability and power
to detect effects.

We did not design the study to examine the potential me-
diating role of cortisol in relationships between immune and
neurologic outcomes. Additional studies using larger sam-
ples, other neurofeedback control conditions, and improved
biomarker measurement timing may help confirm these rela-
tionships.

Findings show cortical activity to be related to stress and
immune system responses. Findings show cognitively de-
manding tasks to be related to changes in cortisol and sIgA
levels. Results of the study show that alpha wave neurofeed-
back training using a wearable EEG device increased alpha
wave activity and changes in salivary biomarkers.

The findings are correlational, not causal. Advantages of
using a wearable EEG device in a community environment
and without medication include opportunities to explore brain-
immune system and stress relationships.
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Conclusion

In summary, the mathematical problem-solving group had
greater cortisol and lower sIgA levels, and the alpha neuro-
feedback group had greater alpha wave activity and higher
sIgA and lower cortisol levels. In cell culture studies, 1
nM cortisol decreased IL-6 and TNF-α production by LPS-
stimulated Jurkat T cells. Results of these studies indicate a
relationship among brain function, endocrine stress responses,
and immune function in the brain-endocrine-immune network.

Declaration of generative AI use in figure prepa-
ration

The authors used ChatGPT to generate Figure Figure 1b and
Figure 2.
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