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Light-guided resonant breathing
enhances psychophysiological
stress recovery in a simulated office
environment

Markus Canazei'™, Luis Glenzer', Siegmund Staggl®, Verena Dresen?, Johannes Weninger? &
Elisabeth Margarete Weiss*

Occupational stress represents a substantial health concern. This study investigated the immediate
psychophysiological effects of light-guided resonant breathing (RB) on stress recovery following
standardized laboratory stressors in a simulated office environment. Eighty healthy university
students participated in a controlled laboratory crossover study. After stress induction via a modified
cold pressor test, participants were randomized to either 5-minute light-guided RB or passive rest.
Following an 18-minute paced serial addition test for cognitive stress induction, recovery interventions
were reversed. Primary outcomes included heart rate variability (root mean square of successive
differences, RMSSD), heart rate, and self-reported stress and strain. The stress induction procedures
triggered distinct psychophysiological stress responses patterns. RB significantly increased RMSSD
during recovery after both stressors (large effect sizes) and was rated as more enjoyable than passive
rest. Following cognitive stress, RB additionally reduced subjective strain and was perceived as more
effective. Light-guided RB effectively promoted stress recovery, with particularly pronounced benefits
following cognitive stress. By revealing distinct psychophysiological recovery mechanisms across
stressor types, this study provides novel theoretical insights into autonomic recovery specificity. High
participant enjoyment ratings further support the potential of RB for occupational implementation.
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Abbreviations

CPT Cold Pressor Test

HR Heart Rate

HRV Heart Rate Variability

IBI Interbeat Interval

PASAT-C  Paced Auditory Serial Addition Task

PNS Parasympathetic branch of the autonomic nervous system
np? Partial eta-squared effect size

RMSSD Root Mean Squared Successive Differences of IBI data
SNS Sympathetic branch of the autonomic nervous system

Stress is defined as a psychological, physiological, or behavioral response to perceived threats that exceed
individual coping capacity’. Work-related stress represents a substantial proportion of the overall stress burden®?,
with computer-based work emerging as a significant contributor to occupational stress in the digital era®.

To address work-related stress, several stress management interventions have been developed®. Besides
others, individual-level interventions focus on improving personal coping mechanisms®. Research indicates
that these interventions can effectively reduce stress symptoms in the short to medium term, with some effects
persisting for up to a year post-intervention”’. Among these interventions, slow breathing (SB) has been shown
to be a simple yet effective stress-reducing technique’. This practice involves deliberately reducing breathing
rates to approximately six breaths per minute, which is significantly lower than normal breathing rates of 12
to 20 breaths per minute!®. Research indicates that SB acutely activates the parasympathetic nervous system,
evidenced by increased heart rate variability (HRV)!!, and decreases blood pressure and cortisol levels, while
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also improving mood!2. Despite these benefits, most SB intervention research has focused on stress-reducing
effects under resting conditions'*-1>. Additional research has suggested that even single sessions of SB may exert
acute carry-over effects on executive function and attention regulation!®"'. However, only two studies have
investigated the acute stress recovery effects of SB interventions under controlled laboratory conditions using
validated stress induction procedures and fixed breathing rates of 6 breaths per minute?®*!, thus leaving a gap in
understanding its acute stress recovery effects.

To address this research gap and leverage the potential of SB, we developed a dynamic indicator light
integrated into a computer workstation that functions as a visual pacemaker to guide users in reducing their
breathing rate. The indicator light features individual LEDs that switch on sequentially to create a running light
effect. This approach represents a novel application of visual light interventions, which contrasts with previous
non-visual light research during daytime, which has focused on increasing alertness and cognitive performance
parameters??,

To enhance the effectiveness of SB in this study, individual breathing rates were adapted to the resonant
breathing (RB) rate of each study participant, a technique designed to maximize HRV and more effectively
activate the parasympathetic nervous system?. Healthy young adults were exposed to two stress induction
procedures that generated acute psychophysiological stress reactions. After each stress induction, participants
either engaged in RB or relaxed without specific instructions (control condition). This study protocol aimed to
test the following three hypotheses:

(H1) the RB intervention induces a more pronounced cardiac stress recovery response than standard rest, as
indicated by increased HRV and decreased heart rate after both stress induction procedures;

(H2) study participants rate the RB intervention as more effective for stress reduction compared to the
control condition; and.

(H3) study participants perceive RB as a more useful stress recovery method compared to the control
condition.

Methods

Study participants

Eighty university students were recruited via institutional email and social media platforms. Inclusion
criteria included the absence of current somatic or mental health conditions and no medication use except
for contraception. Participants completed the World Health Organization Quality of Life - Short Form?!
(WHOQOL-BREF) to assess physical, psychological, social, and environmental health domains. Color vision
was assessed using an online Ishihara Color Blind Test (https://www.colorlitelens.com/ishihara-test.html).
Sample size was determined through power analysis (see Supplementary Materials S1).

Acute stress induction procedures
Two complementary stress induction protocols were employed to examine stress recovery across different
stressor modalities.

The first protocol utilized an adapted version of the Socially Evaluated Cold Pressor Test (hereinafter called
mCPT), a validated and efficient experimental paradigm combining physical stress (3-minute cold water
immersion) with social-evaluative threat?®. To enhance ecological validity and better simulate workplace stress,
a competitive and financial incentive component was incorporated instead of the social-threat component:
same-sex participant pairs (controlling for sex differences in pain tolerance) performed the water immersion
simultaneously, with €5 being awarded for either outlasting their peer or completing the full 3-minute duration.
For this protocol, cold water (0.5-1 °C) was maintained in insulated containers (34 x 20 x 15 cm, 5 L capacity)
using ice. Given the recent popularity of ice bathing, participants were screened for prior ice bathing experience
during enrollment.

The Paced Auditory Serial Addition Task - Computerized (PASAT-C) is a validated tool for inducing
cognitive load and autonomic activation?®?’. During the 18-minute task, participants viewed sequential single
digits (1-9) on a black screen and clicked corresponding response boxes to indicate the sum of the last two
presented digits (see Supplementary Materials Figure S1). Three progressive difficulty levels featured decreasing
presentation intervals (level 1: 3 s for 3 min; level 2: 2 s for 5 min; level 3: 1.5 s for 10 min). Incorrect responses
triggered aversive error tones (100 ms noise burst), with additional random error tones presented during level 3.
The PASAT-C was retrieved from the Inquisit 6 library (https://www.millisecond.com/).

Outcome measures

Cardiovascular stress and recovery responses

Heart rate variability (HRV) reflects the body’s capacity to adapt to physical and psychological challenges
through autonomic nervous system regulation. The parasympathetic nervous system (PNS) facilitates relaxation
by decreasing heart rate (HR), whereas the sympathetic nervous system (SNS) increases HR during stress?.
Higher HRV correlates with greater stress resilience, improved emotion regulation, and enhanced cognitive
functioning23, while low HRYV is associated with stress, rumination, and mood disorders'®.

In this study, HR and RMSSD were utilized as indicators of PNS activation?? and self-regulatory capacity>!.
Accordingly, interbeat intervals (IBI) were continuously recorded using a validated Polar H10 chest belt (Polar
Electro, Finland)?2. Data preprocessing excluded artifacts defined as IBIs > 1500 ms, < 400 ms, or > 40% difference
in consecutive IBIs, ensuring reliable HR and RMSSD calculations®. To account for adaptation effects, the first
minute of IBI recordings during stress induction and recovery periods was excluded. From these data, individual
root mean square of successive differences (RMSSD) was calculated using sliding 1-minute windows (separated
by 2-second intervals), which were then averaged to provide a robust estimate of individual RMSSD. Individual
HR scores were derived by averaging IBI data, again with exclusion of the first minute of recordings.
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For temporal dynamics analysis during stress induction and recovery, individual RMSSD scores were
calculated using sliding 1-minute windows (separated by 2-second intervals) and averaged at each time point
across participants within each condition!. Individual HR data were resampled to 0.5 Hz (to match the 2-second
sliding interval procedure) and averaged across participants per condition. Both procedures incorporated IBI
data from recording onset (without removing the first minute IBI data) to capture cardiovascular responses
during the complete experimental procedures.

Subjective stress and strain scales

Perceived stress during and after both stress protocols was assessed using a single-item pictorial Likert scale®
(hereinafter called stress scale) with six response options ranging from 0 (no stress) to 5 (maximum stress). Each
response option was visualized with corresponding emoji faces (see Supplementary Materials Figure S2). Single-
item stress scales are validated measures of subjective stress (e.g>>*.,, and emoji-based scales are frequently
employed in pain research?’.

Current psychological and physiological strain was measured using the Short Form Questionnaire on Current
Strain (KAB3®, a 6-item self-report instrument designed for rapid, repeated assessment of workload and stress
in occupational settings. The KAB comprises six bipolar adjective pairs representing contrasting states: tense-
relaxed, anxious-dissolved, worried-unconcerned, restless-relaxed, skeptical-confident, and uncomfortable-
comfortable. Participants rated their current state on 6-point Likert scales (0-5). Total scores were calculated by
averaging all items, with higher scores indicating greater strain. Internal consistency of the KAB was moderate
to high (Cronbach a: 0.62-0.73).

User experience scale

User experience with the two stress recovery interventions was evaluated using three items from the short
version of the User Experience Questionnaire (UEQ-S¥,. The selected items assessed usefulness (inefficient-
efficient), ease of use (complicated-easy), and enjoyment (boring-exiting). Participants rated each item on a
7-point semantic differential scale (0-6). Each item was analyzed separately.

Stress recovery interventions

A light-based prototype was developed for RB at computer workstations. The device comprised two RGB
LED strips (Adafruit NeoPixel; https://www.adafruit.com/product/1507) with diffusers, housed in 3D-printed
enclosures and mounted vertically on both sides of a computer monitor. Control logic was implemented using
a Raspberry Pi Zero WH. LED control utilized the Adafruit Circuit Python library to generate synchronous,
vertically moving lights that guided breathing patterns: upward motion indicated inhalation, while downward
motion signaled exhalation (see Supplementary Materials Figure S3). The visual pacemaker maintained equal
inhalation/exhalation ratios without breathing pauses. While targeting recommended RB rates of 4, 6, and 8
breaths per minute?’, technical limitations resulted in actual frequencies of 3.6, 5.6, and 8.2 breaths per minute.
Participants could personalize the visual pacemaker by selecting their preferred color (purple, blue, green,
yellow, orange, or red) and brightness at the study’s outset.

The pacemaker was designed to minimize non-image forming light effects. Across all colors, it generated a
maximum of 9 melanopic equivalent daylight illuminance (CIE S 026, 2018) when measured at eye level in a
seated position. This intensity falls below the threshold for affecting alertness or sleep?!. The control condition
involved quiet sitting with the prototype deactivated. Participants were instructed to relax as they normally
would, without additional guidance.

Laboratory conditions were standardized in an 80 m” space with two computer workstations. Closed blinds
eliminated natural light, while artificial ceiling lighting provided 500 Ix desk illuminance at 4000 K, complying
with office lighting standards (EN 12464-1). The research prototype contributed an additional 8 Ix horizontal
illuminance, thus maintaining consistent lighting conditions throughout testing.

Study protocol

Participants first selected their preferred color and brightness level for the visual pacemaker, with settings stored
for subsequent breathing interventions. Individual RB rates were then determined by guiding participants in a
seated position through three breathing frequencies (3.6, 5.6, and 8.2 breaths per minute) for 2.5 min each using
the visual pacemaker, separated by 5-minute breaks. The breathing rate yielding the highest RMSSD was selected
as the individual RB rate. This procedure lasted 20 min. Participants were not assessed for coffee intake, smoking
status, energy drink consumption, or physical activity prior to the experiment.

Following RB calibration, participants were randomly assigned (stratified by sex) to two groups (hereinafter
called ‘group 1’ and ‘group 2} see Fig. 1). All participants then completed the 3-minute mCPT protocol. Group
1 subsequently performed the 5-minute RB stress recovery intervention while group 2 engaged in self-directed
relaxation (control condition). After a 5-minute break, during which participants were instructed to remain
seated and refrain from drinking, smoking, eating, or using smartphones, all participants underwent the
18-minute cognitive stress induction (PASAT-C). Subsequently, the stress recovery interventions were reversed:
group 1 received the control condition while group 2 performed RB.

Subjective stress (stress scale) was assessed immediately before and after each stress induction and following
recovery periods. Psychological and physiological strain (KAB) were measured after each stress recovery period.
Additionally, user experience was evaluated using three items from the UEQ-S. Interbeat interval (IBI) data were
continuously recorded throughout the study using the Polar H10 chest belt.

The study was approved by the University of Innsbruck Ethics Committee (No. 93/2023). Participants
provided written informed consent and received €45 compensation, with an additional €5 for mCPT completion

Scientific Reports |

(2025) 15:40953 | https://doi.org/10.1038/s41598-025-24813-y nature portfolio


https://www.adafruit.com/product/1507
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

mCPT

| (3 min)

recovery

recovery Kk PASAT-C
(5 min)

(5 min) | break *|' (20 min) * K

o

e (5min) I

group 1 (n=40) | preathing ’m
group 2 (n=40) [N =[[ breathing

* Stressscale
% KAB, UEQ-S (3 items)

Fig. 1. Study protocol.

or superior performance. Data collection took place during morning (9-12 am) or afternoon (2-5 pm) sessions
between December 2023 and April 2024.

Statistics
Demographic and health parameters were compared between groups using independent samples t-tests and
Fisher exact tests.

Changes in subjective stress (stress scale) and physiological parameters (RMSSD, HR) were analyzed using
mixed analyses of variance (ANOVAs) with time as a within-subject factor and intervention as a between-subject
factor. Significant interactions were followed by post-hoc tests with Bonferroni correction. Differences between
the stress recovery interventions in psychological and physiological strain (KAB) and user experiences (three
items of the UEQ-S) were examined using independent samples t-tests.

As data collection occurred during both morning and afternoon sessions, we conducted additional ANOVAs
to examine time-of-day-specific intervention effects. The time of day factor was not statistically significant (see
Supplementary Materials Table S1, Table S2, and Table S3).

Temporal HR and RMSSD dynamics were visualized through time course plots showing means with 95%
confidence intervals. Point-by-point comparisons assessed intervention differences during stress recovery at
2-second intervals. Differences were identified as significant when one intervention’s mean fell outside the
other’s 95% confidence interval (as indicated by horizontal lines).

Data are presented as mean (M)+standard deviation (SD). Figures display means with 95% confidence
intervals (CI). All tests were two-tailed (a=0.05). Effect sizes are reported as partial eta squared (n 2) for
ANOVAs and Cohen’s d for t-tests.

Results

Study sample

Eighty students participated with an equal gender distribution (mean age=22.8 years). The majority were
psychology students (N=57; 71%) and enrolled in undergraduate programs (N=62; 78%). Participants
demonstrated normal color perception (Ishihara test) and good health status (WHOQOL-BREF). For 71% of
participants (N=57), the personalized breathing rate was 5.6 breaths per minute. Preferred visual pacemaker
settings included dimmed orange (35%), blue (20%), and green (20%) lighting (see Table 1). No significant
differences were observed between groups for demographics or intervention parameters (all p >.05; see Table 1).

Stress induction 1 (mCPT)
Effectiveness of mCPT
Four participants (5%) discontinued the mCPT before the 3-minute threshold (stopping at 73, 91, 97, and 160 s).
The mCPT did not significantly change subjective stress (stress scale) ratings (pre: 1.4+1.0; post: 1.3+1.0),
t(79) =0.803, p=.424, d=0.09. Physiological analyses revealed that HR increased initially (from 94.8 + 16.4 beats
per minute to 98.7 + 17.4 beats per minute) within 15 s, then decreased over 120 s, stabilizing at 85.7 + 15.4 beats
per minute until protocol completion (Fig. 2A). RMSSD increased during the first 120 s (from 30.4+ 14.5 ms to
41.6+25.0 ms) and maintained this level until the end of the stress induction procedure (Fig. 2B).

Prior ice-bathing experience did not influence physiological responses to the mCPT (see Supplementary
Materials S2).

Stress recovery after mCPT
A mixed ANOVA revealed no significant time x intervention interaction for subjective stress (F(1,78)=0.017,
p=.898, n, 2=0.00) or main effect of intervention (F(1,78)=1.637, p=.204, r] =0.02). However, the factor time
showed a 51gn1ﬁcant main effect with a large effect size, indicating decreased sub)ectlve stress during recovery for
both interventions (F(1,78) =14.023, p<.001, n, 2=0.15). Subjective strain (KAB), measured once after recovery,
did not differ between the two stress recovery interventions (t(78)=0.213, p=.645, d=0.08). Means and standard
deviations for the stress scale and KAB are shown in Supplementary Materials Table S4.

For RMSSD, a significant interaction effect with a large effect size was observed (F(1,78) =24.193, p<.001,
npz =0.24). Post-hoc analyses revealed significant RMSSD increases under RB (p <.001) and significant differences
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Variable ’(I:t:ilm) group 1 (n=40) | group 2 (n=40) | Statistics
Age, M+SD 22.8+2.8 |22.6+2.7 23.1+2.9 17:.366§
Sex, n (%) p=.823"
Female 40 (50) 21(52) 19 (48)
Male 40 (50) 19 (48) 21 (52)
Study Cycle, n (%) p=.423"
Bachelor 62 (78) 33 (83) 29 (73)
Master 18 (22) 7(17) 11(27)
Ice Bathing - yes, n (%) 23(29) 8(20) 15 (38) p=.137*
Ishihara test, M+ SD 97.7+3.7 |98.2+34 97.2+4.0 P =.248%
World Health Organization Quality of Life - Short Form (WHOQOL-BREF)
physical health, M+ SD 80.5+11.4 | 80.2+11.7 80.9+11.2 p=.784%
psychological health, M+SD | 71.8+10.8 | 72.4+10.9 71.1+10.6 p=.610°
social health, M+ SD 744+16.7 | 744+17.3 74.4+16.1 17:.999§
environmental health, M+SD | 83.3+7.6 |82.9+8.2 83.8+6.9 p=.616°
Resonant breathing rates
3.6 breaths per minute, n (%) |9 (11) 6 (15) 3(8)
5.6 breaths per minute, n (%) | 57 (71) 26 (65) 31(78) p=.616"
8.2 breaths per minute, n (%) | 14 (18) 8(20) 6 (15)
Selected light specifications for the visual pacemaker
Light color, n (%)
purple 8 (10) 5(13) 3(8)
blue 16 (20) 8(20) 8(20)
green 16 (20) 6 (15) 10 (25)

p=.263"
yellow 7(9) 1(3) 6 (15)
orange 28 (35) 17 (43) 11 (28)
red 5(6) 3(8) 2(5)
Brightness, dim level (%) 42+18 41+19 43+17 p=.584%

Table 1. Study sample parameters. Note: ® independent samples t-test; * Fisher’s exact test.

in RMSSD scores during recovery between the two interventions (p=.005); see Fig. 3. HR showed no significant
interaction (F(1, 78)=0.148; p=.702, an:0.00) or main effects of time (F(1, 78)=2.105; p=.151, 1 2=0.03) or
intervention (F(1,78)=0.366; p=.547,1 2=0.01). Means and standard deviations for RMSSD and HR scores are
shown in Supplementary Materials Table S5.

Temporal dynamics analyses confirmed these findings. HR was significantly higher under the control
condition during seconds 20-30 (Cohen’s d: 0.20 +0.10; small effect size) compared to RB; see Fig. 4A. RMSSD
scores were significantly higher under RB beginning at second 30 (Cohen’s d: 0.57 +0.18; moderate-to-large
effect size); see Fig. 4B.

User experience after mCPT

No significant differences were observed between the two stress recovery interventions for perceived usefulness
(RB: 5.1+ 1.1; control: 5.3+ 1.1; p=.316, d=0.23) or ease of use (RB: 4.6 + 1.4; control: 4.2+ 1.5; p=.220, d=0.27).
However, RB was perceived as significantly more enjoyable (RB: 4.3 + 1.4; control: 3.3+1.9; p=.012, d=0.57).

Stress induction 2 (PASAT-C)

Effectiveness of PASAT-C

The PASAT-C significantly increased subjective stress (stress scale) with a large effect size (pre: 0.8 £0.8; post:
2.7+ 1.1), (t(79)=14.197, p<.001, d=1.59. HR remained relatively stable (79.9+14.2 beats per minute) with a
brief elevation when difficulty level 3 started at 480 s (84.2+14.3 beats per minute); see Fig. 5A. RMSSD was
elevated during difficulty level 1 (38.9 +25.6 ms), decreased steadily during level 2 to 33.3+19.6 ms, and reached
minimum levels after 7 min of level 3 (30.1 +16.9 ms) before showing slight recovery; see Fig. 5B.

Stress recovery after PASAT-C

A mixed ANOVA showed no significant time x intervention interaction for subjective stress (F(1,78)=0.048,
p=.827, r]pz =0.00) or main effect of intervention (F(1,78) =2.989, p=.09, r]pz =0.04). The factor time demonstrated
a significant main effect with a large effect size, showing decreased stress under both stress recovery interventions
(F(1,78)=130.596, p<.001, n 2=0.63). In contrast, perceived strain (KAB) was significantly higher (with a
moderate effect size) after standard rest (control) compared to RB (RB: 4.0 +0.9; control: 4.6 £ 0.6; t(78) = 3.698,
p<.001,d=0.83). Means and standard deviations for both scales are shown in Supplementary Materials Table S4.
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Fig. 2. Temporal dynamics in HR (A) and RMSSD (B) during mCPT (n=_80).
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Fig. 5. Temporal dynamics in HR (A) and RMSSD (B) during PASAT-C (n=280).
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For RMSSD, a significant interaction effect with a large effect size was observed (F(1,78)=13.621, p<.001,
nPZ:O.IS). Post-hoc tests revealed significant RMSSD increases for both RB (p<.001) and control (p<.001),
and a significant difference in RMSSD scores between the two stress recovery interventions (p =.040); see Fig. 6.
HR showed no significant interaction (F (1, 78) =0.258; p=.613, nPZ:O.OO) or main effect of intervention (F (1,
78)=0.361; p=.550, nPZ:O.Ol), but the main factor time reached significance with a moderate effect size (F (1,
78)=10.180; p=.002, npz =0.12), indicating lower HR during recovery compared to during the PASAT-C. Means
and standard deviations for RMSSD and HR scores are shown in Supplementary Materials Table S5.

Temporal analyses revealed minimal HR differences except for brief periods (seconds 5-8 and 223-225,
Cohen’s d: 0.17 +0.13; see Fig. 7A). RMSSD scores were significantly higher under RB during the first half of the
recovery period for 93 s (between seconds 42-143; Cohen’s d: 0.21 +0.18), see Fig. 7B.

User experiences after PASAT-C

RB demonstrated significantly higher perceived usefulness (greater efficiency, with a moderate effect size)
compared to the control condition (RB: 4.3 +1.4; control :3.3+1.9), t(78) =2.565, p=.012, d=0.57. In contrast,
ease of use was significantly lower (with a moderate effect size) for RB (4.0+£1.7) compared to the control
condition (5.0+1.0); t(78)=3.176, p=.002, d=0.71. RB was perceived as significantly more enjoyable (more
exiting) with a large effect size (RB: 4.4+ 1.3; control: 2.4 £1.6); t(78) =5.931, p<.001, d=1.33.

Discussion

This controlled laboratory study investigated the psychophysiological stress recovery effects of light-guided RB
following exposure to two distinct stress induction protocols. The findings demonstrate that RB significantly
enhances parasympathetic recovery, as evidenced by increased HRV (RMSSD), following both modified physical
(mCPT) and cognitive (PASAT-C) stress induction protocols. The study revealed differential stress recovery
responses between stressor types, with RB showing particularly pronounced benefits following cognitive stress
exposure. These results provide novel insights into stressor-intervention specificity and potential applications in
occupational settings.

Distinct Psychophysiological stress responses to different stressors
The two stress induction protocols generated markedly different psychophysiological response patterns,
emphasizing the importance of stressor specificity in stress recovery research*2.

Unlike traditional cold pressor paradigms?>*, the mCPT showed initial sympathetic activation (increased
HR) followed by parasympathetic compensation with decreasing HR and increasing RMSSD. This cardiac
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Fig. 6. Changes in mean RMSSD scores during and after PASAT-C.
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Fig. 7. Temporal dynamics in HR (A) and RMSSD (B) during the 5-minute stress recovery period following
PASAT-C.

autonomic response extends results from a recent meta-analysis showing enhanced PNS activity during cold
water immersion4. Notably, the mCPT did not significantly alter subjective stress levels. This absence of perceived
stress increase, despite a distinct cardiovascular response, reveals a dissociation between physiological reactions
and subjective appraisals of study participants. This finding suggests that the competitive context may have
reframed the stressor from a threat into a manageable challenge (95% succeeded), aligning with biopsychosocial
challenge-threat models*. Additionally, Psychology students, who comprised 71% of the sample and actively
train stress management skills, may have further contributed to unexpectedly low subjective stress ratings.

In contrast, the PASAT-C induced robust subjective and cardiovascular stress responses®®. Temporal
dynamics revealed higher initial parasympathetic activity during difficulty level 1, followed by systematic PNS
decline as cognitive demands intensified. This pattern aligns with cognitive load theories and executive resource
depletion models*®, demonstrating protocol effectiveness for simulating sustained workplace cognitive stress.

Differential stress recovery responses
RB effects differed markedly between stress induction procedures, revealing important insights into intervention
specificity.

RMSSD changes after both stress protocols provide evidence for RB efficacy in enhancing autonomic
recovery, supporting previous research demonstrating that slow breathing promotes parasympathetic
activation!®!!. However, temporal dynamics differed notably different between stressors: RB generated sustained
parasympathetic activation during 5-minute recovery after mCPT, but elicited fast, temporally limited activation
after PASAT-C. These patterns suggest that RB effects after mCPT may build upon existing PNS activation,
whereas RB after PASAT-C initially compensated for comprehensive psychophysiological stress in a more
transient manner. The exact mechanisms underlying this temporally limited response following cognitive stress
warrant further investigation.

HR showed distinct recovery patterns that varied by preceding stressor. After mCPT, which had already
decreased HR during the stressor itself, HR did not further decrease during recovery under either intervention.
After PASAT-C, which had no significant HR effect but generated a marked decrease in RMSSD and increase
in subjective stress, both interventions produced significant HR reductions during recovery. Since HR reflects
both sympathetic and parasympathetic input, these findings suggest that HR may serve as a more sensitive stress
recovery marker after comprehensive stress responses, such as those observed with PASAT-C in this study?’.

Subjective stress, measured with a 1-item pictorial Likert scale, decreased with large effect sizes to similar
extents during both recovery interventions after both stress protocols, indicating that a 5-minute break provides
substantial subjective stress relief regardless of specific recovery activity.

Notably, RB resulted in significantly lower psychological and physiological strain compared to passive rest
only after cognitive stress recovery. Since cognitive stressors provoke both cognitive and emotional responses,
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RB may reduce subjective strain by regulating both emotional and physiological arousal?’. This finding aligns
with the dual-process model of stress recovery*s, which suggests that effective interventions must address both
cognitive-emotional and physiological components of the stress response.

User experiences of stress recovery interventions

RB was consistently perceived as more enjoyable after both stressors, with particularly strong preferences
emerging after cognitive stress. Enjoyment is critical for long-term adherence to stress management practices®’,
suggesting that the light-guided breathing intervention may have substantial potential for sustained use in real-
world settings.

User experience profiles also differed between stressors. Following mCPT, RB showed no differences in
perceived usefulness or ease of use compared to passive rest. This suggests that while participants found the
breathing intervention pleasant, they may not have perceived clear functional benefits for stress recovery after
mCPT. This finding is substantiated by similar levels of perceived strain after both recovery interventions.

Following cognitive stress, RB demonstrated higher perceived usefulness but lower ease of use compared to
passive rest. This finding indicates that participants recognized RB effectiveness for cognitive stress recovery but
also acknowledged the cognitive effort required to engage with the intervention. From a practical perspective,
this finding suggests that RB may be most valuable for cognitively demanding work situations where employees
are motivated to invest effort in active recovery strategies.

Theoretical implications

These findings contribute to several theoretical frameworks in stress and recovery research. First, they support
the concept of stressor-recovery specificity, suggesting that optimal recovery interventions should match the
nature of the preceding stressor™. The differential effectiveness of RB aligns with the conservation of resources
theory®!, which posits that recovery activities should replenish specific resources depleted by stress exposure.
Second, our results extend the understanding of RB mechanisms. The sustained parasympathetic activation
following mCPT versus the transient response following cognitive stress suggests that RB may operate through
different pathways depending on the autonomic starting point. This observation supports the allostatic load
model®, which emphasizes flexible physiological responses to changing demands. Third, integrating visual
guidance through workplace-compatible lighting represents a novel approach to breathing interventions.
High enjoyment ratings suggest that environmental design elements can enhance the acceptability of stress
management techniques, supporting ecological approaches to workplace wellbeing®*.

Study limitations

Several limitations warrant consideration. First, although the intervention demonstrated the effectiveness of a
single RB session in a controlled laboratory setting, further research is needed to examine its effectiveness in real-
world workplace environments. Second, the stress induction methods did not address emotional stress, which
plays a critical role in occupational stress?!. Third, the 1-item pictorial stress scale may have lacked sensitivity
to detect intervention-specific changes in subjective stress. Future studies should include multidimensional
stress measures. Fourth, emerging evidence suggests that specific breathing techniques may have differential
effects on stress modulation®*. However, no explicit breathing instructions were given in this study, nor were
breathing rates objectively monitored. Fifth, RB was conducted at the workstation in a seated position. However,
promoting stress recovery while remaining seated may reinforce sedentary behavior, which is a known risk factor
of reduced health>>%¢. Future studies could explore the combined effects of light physical activity with breathing
exercises. Sixth, the study applied RB without real-time physiological feedback. HRV biofeedback training has
shown strong effects on stress'> and in simulated work settings'”’. Future studies should investigate the non-
inferiority of RB compared to HRV biofeedback. Seventh, the sample consisted of healthy young university
students, which limits the generalizability of the findings to broader populations, including older workers or
those with pre-existing health conditions. Finally, this study did not control for individual differences in daily-
life stress recovery methods, which may have influenced results.

Conclusions

This study provides robust evidence that light-guided RB represents an effective intervention for workplace
stress recovery. The differential benefits across stressor types highlight the importance of considering stressor-
intervention specificity in the design and implementation of workplace stress management programs. The
rapid autonomic recovery effects, combined with positive user experiences, support the potential of RB as
occupational health intervention. These findings contribute to the growing evidence for brief, targeted stress
recovery strategies that can be seamlessly integrated into modern work environments. The development of
personalized, context-aware stress recovery interventions that adapt to individual needs and workplace demands
represents a promising direction for occupational health research.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.
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