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Abstract 

Introduction

Mindfulness-Based Stress Reduction (MBSR) helps counteract the negative conse-

quences of stress. An essential aspect of mind-body therapies is learning to be mindful 

of emotional reactions and bodily sensations, a process defined as interoceptive aware-

ness. This awareness can also be enhanced by providing physiological feedback from a 

smartwatch. However, the impact of using smartwatch-generated physiological signals 

during mindfulness training has not been studied yet. The study aims at verifying, whether 

physiological signals from a smartwatch would support the MBSR.

Methods

We conducted a mixed-design randomized controlled trial to investigate the effects of 

MBSR training, with and without monitoring physiological signals via a smartwatch, on 

mental functioning parameters, with measurements taken at baseline and after 8 weeks. 

Participants were classified into three groups (N = 72): the MBSR group, the MBSR + 

smartwatch group, and the control group. Between measurement sessions, two groups 

of participants were engaged in MBSR training, while the third group did not participate in 

any training.

Results

Results showed a significant reduction in subjectively perceived stress levels, eating 

disorder symptoms, and intrusive ruminations in both groups participating in MBSR, 

compared to the control group. However, a notable difference emerged between the two 

MBSR groups: in the group with smartwatches, a significant increase in mindfulness 

was observed. In contrast, in the MBSR group without smartwatches, there was a signif-

icant decrease across multiple stress-related components, including: anxiety, cognitive 
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impairment, addictions, sleep disorders symptoms, behaviors indicating lack of entertain-

ment, and poor functioning.

Conclusions

The results suggest that supplementing MBSR with monitoring interoceptive signals by a 

smartwatch enhances mindfulness, and maintains the effect of stress and eating disorders 

symptoms reduction but does not decrease anxiety nor improve general mental function-

ing. This imposes the need for further research to investigate mechanisms involved when 

observing interoceptive signals by a smartwatch.

Introduction
Stress is the body’s natural response to the challenges it faces. This response occurs in both 
physical and psychological demands, encompassing physiological, emotional, and behavioral 
reactions [1–3]. According to the World Health Organization, stress is defined as a state of 
worry or mental tension triggered by a difficult situation. It leads to difficulties in relaxation 
and is associated with a broad spectrum of negative emotions, including anxiety and irritabil-
ity. Prolonged high stress plays a key role in developing mental and physical health problems, 
e.g., depression [4], anxiety disorders [5], sleep disturbances [6,7], and an increased risk of 
using psychoactive substances, including alcohol [8,9], among other issues.

It seems that the main pathogenic mechanism of chronic stress is associated with sustained 
excessive arousal [10], often characterized by anxiety [11]. That may lead to the development 
of neurotic and depressive episodes. Chronic stress is rooted in difficulties initiating appro-
priate coping mechanisms to manage this heightened arousal. The self-regulation mechanism 
governs the regulation of emotions, thoughts, attention, and behavior in specific situations 
enabling effective responses to environmental demands [12–14]. Chronic self-regulatory 
failures increase the risk of developing psychopathology conditions [15–17]. For instance, 
chronic perceived failure in self-regulating negative emotions poses a risk for depression 
development [18–20]. Moreover, ineffective self-regulation is linked to impulsivity in atten-
tion deficit hyperactivity disorder (ADHD) [21], a tendency to ruminate in depressive disor-
ders [22,23], emotion dysregulation in anxiety disorder [24,25], and physical health troubles, 
financial decision-making, and engaging in criminal behaviors [26].

One way to improve self-regulation is through the development of mindfulness. Mindful-
ness is a form of awareness characterized by attentively experiencing the present moment in 
a non-judgmental manner [27]. The essence of mindfulness lies in openness, curiosity, and 
acceptance of the arising experiences, combined with a nonreactive orientation. Such experi-
ences encompass thoughts, emotional reactions, body sensations, and noticing stimuli coming 
from the environment [28]. The state of mindfulness is the opposite state of common daily 
mental activities, which are mind wandering [29], operating on autopilot [30], or suppress-
ing unwanted experiences [31]. Enhanced awareness and mindfulness of one’s thoughts, 
feelings, and bodily sensations lead to a reduction in automatic and unreflective behaviors. 
This awareness fosters the recognition of mind wandering, enabling individuals to refocus 
on tasks. In addition, it promotes greater acceptance of unpleasant emotions and thoughts, 
discouraging their suppression. Self-regulation consistent with the idea of mindfulness entails 
directing attention to one’s present moment experiences in an accepting and non-judgmental 
manner. This attitude promotes emotional and behavioral regulation conducive to psycho-
logical well-being [27]. Many mindfulness concepts suggest that self-regulation, among other 
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factors, is a central mechanism responsible for beneficial changes resulting from increased 
mindfulness. Self-regulation is included in the framework of Vago and Silbersweig [32], along-
side mechanisms such as self-awareness and self-transcendence. Improving self- regulation 
involves enhancing several of its aspects, including attention regulation, body awareness, 
emotion regulation, and shifts in self-perception [18,33]. Similarly, Tang et al. highlighted that 
mindfulness promotes effective self-regulation through mechanisms such as effective emotion 
regulation, attention control, and self-awareness [34]. Additionally, Schuman-Olivier et al. 
expanded this framework by incorporating motivation and learning processes as crucial con-
tributors to self-regulatory improvement [35]. Researchers consistently emphasize the aspect 
of emotion regulation [36,37], as well as body awareness [38] as significant for maintaining 
good mental health.

Activation of mindfulness, along with the associated emotional, cognitive, and motiva-
tional processes, is not straightforward and requires appropriate training and practice. One of 
the examples of learning mindfulness is participation in Mindfulness-Based Stress Reduction 
(MBSR). It is a type of training that was developed for patients with stress-related conditions 
and chronic pain [39]. MBSR aims to teach participants to become mindful of their emotional 
reactions and bodily sensations through guided practices (e.g., meditation, body scan, mindful 
yoga, gentle stretching) and by incorporating mindfulness into everyday life. MBSR lasts 
eight weeks and includes weekly two-and-a-half-hour group sessions led by a certified trainer, 
along with daily guided mindfulness practice [40]. It helps treat somatic diseases, including 
cardiovascular diseases, skin conditions, and mental disorders, including anxiety disorders, 
depression, chronic pain, substance abuse, and eating disorders [41–45]. Through training, 
individuals experience an increase in vitality, a decrease in perceived stress and stress-related 
symptoms, and an improvement in overall quality of life. There is also observed change in 
emotional reactivity and behavioral regulation.

Learning to be mindful of emotional reactions and bodily sensations is a critical pro-
cess for mind-body therapies such as mindfulness-based interventions [46–49]. The  
perception of bodily sensations is generally termed interoception [50]. It has been demon-
strated that the positive impact of mindfulness on depressive symptoms was mediated 
by interoceptive awareness, which contributed to an increased ability to avoid becoming 
distracted by unpleasant experiences [47] and a capacity for decentration [49]. Cultivat-
ing mindfulness of one’s sensations and bodily experiences contributes to the growth of 
interoceptive awareness [50,51]. Interoceptive awareness allows individuals to recognize 
physiological processes associated with affective states [52,53]. This awareness is particu-
larly valuable in stressful situations where it facilitates the recognition and regulation of 
emotions [52–56]. Noticing and understanding bodily sensations plays a crucial role in 
human functioning [33,50,56–58]. Conversely, deficits in interoceptive awareness are a 
characteristic feature of emotion disorders [53,59,60]. Furthermore, interoceptive ability 
is weakened due to chronic stress [61].

Interoceptive awareness can also be supported by providing physiological signals from 
the body through electronic equipment. Studies have shown that immediate feedback on 
heartbeats enhances interoceptive awareness related to cardiac functioning [62]. Similarly, 
monitoring blood pressure with commercial smartwatches can contribute to a drop in blood 
pressure, primarily by fostering greater awareness of blood pressure levels and promoting 
self-monitoring [63]. Notably, an 8-week mindfulness program targeted at individuals with 
elevated blood pressure, which incorporated blood pressure monitoring, resulted in improved 
interoceptive awareness, better adherence to dietary recommendations, and significant nutri-
tional changes [64]. Furthermore, emerging research suggests that smart devices can play a 
significant role in stress management [65–68]. Participants in a 4-week mindfulness-based 
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intervention who used a device to assess respiratory patterns reported a greater decrease in 
stress, tension, and anxiety compared to a waitlist control group [68]. Similarly, integrating 
breathing techniques with dedicated brain-sensing devices has been associated with enhanced 
declines in stress, anxiety, and mental fatigue compared to the intervention alone [69]. Many 
studies reveal that smart devices can aid in forming healthy lifestyle habits, promoting phys-
ical activity, managing stress, and improving quality of life [70–73]. Smart devices can detect 
stress, cognitive load, or relaxation state based on heart rate, skin conductance, and accel-
erometers [66,74–76]. It is also possible to identify stress by analyzing heart rate variability, 
cortisol level, or body temperature [77].

Feedback from smart devices, such as smartwatches, can enhance interoceptive 
awareness by monitoring bodily sensations, thereby supporting effective self-regulation. 
Therefore, a stress-focused mind-body intervention such as MBSR may benefit from 
incorporating interoceptive signals provided by a smartwatch. Real-time observation of 
physiological signals and stress level monitoring through automatic feedback enables 
the identification of emotionally challenging situations as well as the body’s reactions to 
them. Smartwatch users can more quickly recognize stress-inducing situations and build 
their self-efficacy in effectively regulating emotions [51,65,67]. Research indicates that 
continuous and non-invasive health monitoring supports the development of new coping 
strategies [78]. Despite the potential inherent in monitoring information generated by 
smartwatches regarding our physiological parameters and its increasing popularity in 
health-related research, it has not yet been investigated whether it can help enhance body 
awareness and self-regulation in MBSR participants. Recent studies have explored the 
use of applications integrated with smart devices that provide guided breathing exercises 
or meditation as a means of emotion regulation [66,68,69]. To our best knowledge, our 
study is the first to complement MBSR with additional physiological parameter moni-
toring via a smartwatch. Unlike studies relying on pre-installed meditation programs in 
smart devices, our participants applied mindfulness principles learned through MBSR. 
We hypothesized that notifications about high stress levels would enable participants to 
identify emotionally challenging situations and subsequently encourage them to directly 
engage in mindfulness practice. Moreover, tracking physiological responses to stress in 
real time may provide users with valuable insights into their body’s reactions, further 
enhancing their ability to regulate emotions effectively. In light of the growing prevalence 
of smartwatches, there is a need to assess their usability and potential for application in 
various contexts.

The study aimed to investigate whether engaging in MBSR training would reduce 
perceived stress and improve mental health. Additionally, it examined whether continuous 
monitoring of physiological parameters via a smartwatch throughout the 8-week MBSR 
program could amplify the effects of mindfulness by influencing self-regulation abilities 
and interoceptive awareness. We hypothesized that the 8-week MBSR training program 
would significantly impact participants’ ability to cope with negative symptoms associated 
with functioning in adverse environmental conditions, such as those related to their work. 
Specifically, we expected that among individuals who had previously experienced the con-
sequences of excessivestress but began attending training sessions regularly, the severity 
of these symptoms would decrease, and indicators of mental health would improve. This 
effect was anticipated to be even stronger in the group whose participants, in addition 
to attending MBSR sessions, regularly monitored their physiological parameters using 
a smartwatch. The reference point for the expected differences described above was the 
results of identical measurements obtained from the control group whose participants 
were not engaged in the MBSR training.
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Materials and methods

Participants
A total of 215 individuals signed up for the study by completing an initial survey posted on 
social media. Participants were informed of the opportunity to partake in the complimentary 
MBSR training, contingent upon their consent to participate in the measurement of subjective 
stress levels and general mental functioning and physiological responses to induced stress, the 
results of which are not presented in this article. The recruitment process began on August 16, 
2021, and ended on February 23, 2022. Despite significant interest in the project, a consider-
able number of individuals did not meet the eligibility criteria for the study. Only individuals 
who declared high level of stress over the past month were invited. Eligibility for the study 
was based on receipt of a score at or above six sten (upper limit of average scores and high 
scores) on the PSS-10 questionnaire. Other inclusion criteria based on the survey were: age 
25–40, being healthy with no chronic diseases, or neurological and psychiatric disorders (e.g., 
hypertension, diabetes, cardiovascular disease, epilepsy, depression, anxiety disorders, sub-
stance use disorder, psychosomatic disorder, chronic pain), not taking medications that could 
affect the central nervous system (e.g., antidepressants, antianxiety drugs, sleeping pills), not 
participating in the psychotherapy, and no prior experience with MBSR. These criteria were 
verified through a prepared questionnaire. Inclusion criteria were established to eliminate 
confounders that could affect physiological parameters (not analysed in this article) e.g., age 
or chronic diseases that may affect physiological processes. In addition, all eligible participants 
underwent an initial interview conducted by a certified MBSR trainer, who assessed potential 
contraindications to participation in the training.

G*Power software determined the sample size [79]. A medium effect size (f = 0.25), alpha 
value of 0.05, and power of 0.80 were used to calculate a minimum total sample size of 42 par-
ticipants. To account for a potential high dropout rate during the MBSR program, the number 
of participants was increased to ensure that at least the recommended 42 individuals com-
pleted the study. Ultimately, 57 female and 15 male subjects participated in the study. Subjects 
were between the ages of 25–40 (M = 29.3; SD = 3.83). As was assumed, most individuals 
received high scores (above seven sten) on the PSS-10 questionnaire.

Subjects were randomly assigned to two groups participating in MBSR training and one 
control group according to a simple randomization procedure with a 1:1:1 allocation. Due 
to the decision of some participants to withdraw from the control group or MBSR participa-
tion because of unavailability on the scheduled session dates, a portion of the initially qual-
ified individuals was, upon providing consent, included in the control group. Sessions for 
both MBSR groups were conducted by the same MBSR trainer on previously scheduled and 
communicated dates. The control group received treatment as usual without participating in 
MBSR. All participants received compensation for their participation in the study. We decided 
to establish a control group that would not participate in the training to ensure that the 
observed changes in the MBSR groups are a result of the training itself rather than the natural 
dynamics of change over time. Additionally, a treatment-as-usual control condition reduces 
the risk of overestimating the effect size [80], which is supported by the observed smaller 
improvement in this condition compared to the waitlist condition All persons who partici-
pated in the required number of MBSR sessions (two absences were allowed) were included 
in the analyses. There were also individuals who resigned from the MBSR training due to the 
excessive time commitment it required or due to contracting COVID-19.

The study was carried out by three independent researchers. One researcher was respon-
sible for recruiting participants, assigning them to one of the three groups, and providing 
them with smartwatches and diaries The second researcher was responsible for conducting 
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measurements according to the standard procedure for all participants, regardless of their 
group assignment, and did not possess detailed knowledge of the tested hypothesis. Similarly, 
the third researcher - the certified MBSR trainer had no information about the study proce-
dure and conducted MBSR training following the standard recommendations. The emerging 
potential differences were verified using appropriate statistical analyses, i.e., checking inter-
group differences during the initial measurement.

The study was conducted according to the guidelines of the Declaration of Helsinki, and 
approved by the Ethics Committee of Cardinal Stefan Wyszynski University in Warsaw. 
Written informed consent was obtained from all subjects involved in the study. In the case of 
participants using smartwatches, written informed consent was obtained for data registration 
by a smartwatch and the use of the data for research purposes. Respondents were assured of 
anonymity and confidentiality of the data.

Procedure
At the beginning of the initial measurement, the baseline level of stress and mental health 
parameters were assessed for each participant. Then, participants were assigned to three 
groups: a) group with MBSR training and monitoring physiological parameters via smart-
watch (N = 26), b) group with MBSR training (N = 25), c) control group (treatment as usual) 
without training (N = 21). During the training phase, which lasted two months, the size of 
groups was reduced because some participants resigned. Finally, 23, 20, and 20 individuals 
remained in the groups, respectively (Fig 1). These individuals took part in a final measure-
ment of stress and mental health parameters.

MBSR training was implemented according to a standard procedure and based on the 
authorized curriculum guide [40]. It lasted eight weeks and included weekly two-and-a-half-
hour sessions and one six-hour silent session. The training consisted of independent exercises 
based on formal practice (e.g., Body Scan, Gentle Hatha Yoga, Sitting Meditation, Walking 

Fig 1. The flow diagram summarizing participant recruitment, exclusions, and randomization.

https://doi.org/10.1371/journal.pone.0322413.g001
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Meditation), informal practice (mindfulness in daily life exercises, i.e., awareness of breath, 
pleasant and unpleasant events), and a theoretical introduction. A certified MBSR trainer 
with experience in leading MBSR groups conducted the training. Training sessions were held 
in a stationary manner in the afternoons in fixed groups of ten individuals. Participants were 
asked to practice at home by guided audio recordings (30–50 minutes daily). Two absences 
were allowed in the group sessions.

The MBSR group with monitoring physiological parameters was requested to wear smart-
watches 24/7. Monitoring bodily functions was performed using an advanced commercial 
smartwatch, the Garmin Venu SQ (Garmin, Ltd; Olathe, KS, USA), purchased before the 
study. This smartwatch model continuously measures some biological indicators, e.g., heart 
rate, breath frequency, and body movements (accelerometer). Based on these parameters, 
devices provide estimated information about all-day stress leve, sleep quality, and Body Bat-
teryTM. All this information is visible on the 1.3” LCD. The choice of model was motivated by 
its popularity. Participants were requested to check the results that appear in the smartwatch 
application twice a day (at the same time of day) and then record them in diaries prepared 
before the study. In particular, participants recorded information on the average stress level 
for the whole day, duration of rest, length of sleep, stages of sleep, average heart rate, number 
of steps, and Body Battery. This information did not contribute data of significant physiolog-
ical value, therefore the data collected by the smartwatches were not analyzed. Smartwatches 
were used only to test the hypothesis that quasi-physiological feedback affects mental health 
while participating in MBSR by improving interoceptive awareness.

During the initial session, participants were provided with smartwatches. Settings tailored 
to each participant’s gender and body type were configured. The functionalities of the smart-
watch were explained, and participants were instructed to monitor the relevant parameters 
using the provided diaries. They were informed that the smartwatch provides real-time stress 
level data and sends notifications when stress levels are elevated. This information aims to 
assist participants in identifying stressful situations and eliciting a stress response, while also 
encouraging them to take appropriate action to reduce stress. Participants were asked to use 
these moments as opportunities to pause, observe their experiences mindfully, in accordance 
with the principles of mindfulness that would be taught during the MBSR program.

Stress and well-being measures
Cohen’s Perceived Stress Scale, PSS-10 [81]. We used a Polish version of the scale adapted by 
Juczyński and Ogińska-Bulik [82]. The scale enables the assessment of the intensity of stress 
related to own life situation over the past month. Eligibility for the study was based on scores 
on the PSS-10 questionnaire. The test has satisfactory psychometric properties in terms of 
relevance and reliability, i.e., the Cronbach alpha index was 0.86. For the study sample, Cron-
bach’s alpha in the initial measurement was 0.85.

Depression Anxiety and Stress Scale, DASS-21 [83]. It is a screening tool for assessing the 
intensity of anxiety, depressive symptoms, and stress level over the past week. The scale was 
used to check changes after 8 weeks. Due to the absence of a validated Polish version of the 
scale during the study period, the scale was translated using the back-translation method for 
research purposes. The structure and the three subscales show good internal consistency, 
convergent validity, and discriminant validity [83–85]. For the study sample, Cronbach’s alpha 
in the initial measurement was 0.81 for stress, 0.83 for anxiety, 0.90 for depression and in the 
final measurement was 0.84 for stress, 0.79 for anxiety, 0.87 for depression.

General Functioning Questionnaire, GFQ-58 [86]. It is a Polish-language screening tool for 
general functioning and severity of psychopathological symptoms in the past seven days. The 
scale was used to check changes after 8 weeks. The psychometric properties of the scale are 
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satisfactory with Cronbach’s alpha of 0.89–0.92. The authors recommend using the subscales 
of the questionnaire rather than interpreting the total score. For this study, the results of the 
following scales were analyzed: poor functioning at work and home (α = 0.32–0.67), lack of 
entertainment (α = 0.65–0.82), poor social relationships (α = 0.63–0.79), cognitive impair-
ments (α = 0.76–0.88), addictions (α = 0.77–0.80), depressive symptoms (α = 0.62–0.86), anxi-
ety symptoms (α = 0.82–0.87), eating disorder symptoms (α = 0.45–0.55), sleep problems (α = 
0.86–0.87), and somatic symptoms (α = 0.69–0.76). For the study sample, Cronbach’s alpha in 
the initial measurement was 0.61 for poor functioning, 0.73 for lack of entertainment, 0.64 for 
poor social relationships, 0.80 for cognitive impairments, 0.75 for addictions, 0.72 for depres-
sive symptoms, 0.84 for anxiety symptoms, 0.16 for eating disorders symptoms, 0.88 for sleep 
problems, 0.44 for somatic symptoms and in the final measurement was 0.64 for poor func-
tioning, 0.73 for lack of entertainment, 0.62 for poor social relationships, 0.78 for cognitive 
impairments, 0.71 for addictions, 0.77 for depressive symptoms, 0.78 for anxiety symptoms, 
0.36 for eating disorders symptoms, 0.86 for sleep problems, 0.63 for somatic symptoms.

Mindful Attention Awareness Scale, MAAS [27]. We used a Polish version of this scale 
adapted by Radoń [87]. The MAAS is used to measure the trait of mindfulness, that is, the ten-
dency to activate a specific state of attention resulting from continuously directing it to what 
is happening in the present moment in a non-evaluating and non-judgmental way. The scale 
was used to check changes after 8 weeks. The psychometric properties of the scale are satisfac-
tory with Cronbach’s alpha of 0.81–0.85. For the study sample, Cronbach’s alpha in the initial 
measurement was 0.89 and in the final measurement was 0.87.

Event Related Rumination Inventory, ERRI [88]. We used a Polish version of this scale adapted 
by Ogińska-Bulik and Juczyński [89]. ERRI scores are treated as responses to a specific negative 
life event and consist of intrusive rumination and deliberate rumination. The scale was used to 
check changes after 8 weeks. The Polish version of ERRI has good psychometric properties with 
Cronbach’s alpha of 0.96 for intrusive rumination and 0.92 for deliberate rumination. For this 
study, we analyzed intrusive rumination. For the study sample, Cronbach’s alpha for intrusive 
rumination in the initial measurement was 0.93 and in the final measurement was 0.96.

Results
We used the Shapiro-Wilk test to check the normality of the distributions of initial and 
final measurements. Since most of the variables did not meet the normality criterion, non- 
parametric tests were employed for their analysis. In the remaining cases, parametric test anal-
yses were performed. The study investigated potential group differences in variable severity 
levels at baseline and post-intervention using either one-way ANOVA or the Kruskal-Wallis 
test (Table 1). Furthermore, the impact of MBSR training on the study variables was assessed 
through paired t-tests or Wilcoxon tests to determine any changes over time. The analyses 
were carried out in the IBM SPSS Statistics 27.

Baseline levels
The analyses revealed that the groups differed in the level of variables only in the case of two 
variables during the baseline measurement, i.e., GFQ-58 sleep problems (χ2(2) = 7.03, p = 
0.03) and ERRI intrusive ruminations (χ2(2) = 7.89, p = 0.019). Post hoc analysis revealed 
that the MBSR+smartwatch group reported a lower level of sleep problems than the control 
group (p = 0.03) and the MBSR group reported a lower level of intrusive ruminations than 
the control group (p = 0.019). These effects could potentially influence the measurements of 
changes relative to the baseline, as described by the Law of Initial Value [90]. But in both cases, 
we observed higher baseline levels of parameters in control groups, and decreasing of them 
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Table 1. Means, standard deviations, and p-values of DASS-21, MAAS, ERRI, and GFQ-58 scales at the initial and final measurement sessions in all groups.

Measurement MBSR+smartwatch MBSR Control group
M ± SD M ± SD M ± SD

DASS-21 Stress Initial 15.91 ± 7.65 17.30 ± 9.37 19.50 ± 7.59 n.s*
Final 10.87a ± 8.52 13.26 ± 6.64 16.70b ± 6.72 p = 0.014* eta2 = 0.10

p = 0.01* p = 0.046 n.s

d Cohena = 0.63 d Cohena = 0.49
DASS-21 Anxiety Initial 7.45 ± 7.15 9.20 ± 9.60 11.10 ± 7.53 n.s*

Final 4.26 ± 4.01 5.79 ± 5.85 8.50 ± 7.67 n.s*

n.s* p = 0.049* n.s*
d Cohena = 0.50

DASS-21 Depression Initial 11.73 ± 8.45 13.40 ± 9.70 13.80 ± 8.53 n.s*
Final 8.96 ± 7.95 10.63 ± 6.96 10.70 ± 7.63 n.s*

n.s* n.s n.s

MASS Initial 53.13 ± 9.80 55.55 ± 13.26 54.61 ± 12.13 n.s
Final 59.57 ± 10.34 59.40 ± 12.10 57.11 ± 10.67 n.s

p = 0.004 n.s n.s
d Cohena = -0.68

GFQ-58 poor functioning Initial 2.99 ± 0.77 2.89 ± 0.74 3.04 ± 0.57 n.s*
Final 2.78 ± 0.66 2.55 ± 0.71 2.73 ± 0.60 n.s*

n.s* p = 0.027 p = 0.007

d Cohena = 0.54 d Cohena = 0.68
GFQ-58 lack of entertainment Initial 2.96 ± 0.67 2.96 ± 0.70 3.16 ± 0.90 n.s*

Final 2.72 ± 0.76 2.53 ± 0.51 2.99 ± 0.89 n.s*
n.s p = 0.01* n.s

d Cohena = 0.69
GFQ-58 poor social relationships Initial 2.17 ± 0.82 2.14 ± 0.66 2.16 ± 0.66 n.s*

Final 1.86 ± 0.67 1.95 ± 0.59 2.09 ± 0.61 n.s*

n.s* n.s n.s

GFQ-58 cognitive impairments Initial 2.71 ± 1.04 2.97 ± 1.00 3.07 ± 0.68 n.s*
Final 2.54 ± 0.72 2.43 ± 0.93 2.78 ± 0.77 n.s*

n.s p = 0.017* n.s

d Cohena = 0.65
GFQ-58 addictions Initial 1.32 ± 0.46 1.61 ± 0.58 1.44 ± 0.53 n.s*

Final 1.23 ± 0.31 1.15 ± 0.33 1.41 ± 0.49 n.s*

n.s* p = 0.004* n.s*
d Cohena = 0.80

GFQ-58 depressive symptoms Initial 2.15 ± 0.67 2.28 ± 0.83 2.20 ± 0.48 n.s*
Final 2.03 ± 0.73 2.00 ± 0.66 1.96 ± 0.53 n.s*

n.s* n.s n.s

GFQ-58 anxiety symptoms Initial 1.91 ± 0.62 2.15 ± 0.73 2.25 ± 0.67 n.s*
Final 1.76 ± 0.64 1.71 ± 0.49 2.08 ± 0.52 n.s*

n.s* p = 0.021 n.s*
d Cohena = 0.56

GFQ-58 eating disorder symptoms Initial 1.74 ± 0.50 1.82 ± 0.74 1.90 ± 0.56 n.s*
Final 1.43a ± 0.48 1.43 ± 0.39 1.80b ± 0.53 p = 0.035* eta2 = 0.12

p = 0.039* p = 0.015* n.s

d Cohena = 0.47 d Cohena = 0.59

(Continued)
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in experimental groups was expected. Therefore, the postulated direction and magnitude of 
changes were opposite to possible artifacts. For all other variables, the inter-group baseline 
differences were small and not statistically significant.

The effect of training
A change in the average level of several variables was observed in both MBSR participant groups 
after 8 weeks of practice, regardless of smartwatch usage (details are presented in Fig 2). Sig-
nificant reductions in stress levels were observed in both MBSR participant groups, i.e., in the 
MBSR+smartwatch group (Z = -2.57, p = 0.01) and the MBSR group (t(18) = 2.15, p = 0.046). 
Additionally, these groups exhibited decreases in eating disorder symptoms, as measured by the 
GFQ-58, in both the MBSR+smartwatch group (Z = -2.06, p = 0.039) and the MBSR group (Z = 
-2.43, p = 0.015), as well as decreases in intrusive rumination, as measured by the ERRI, in both the 
MBSR+smartwatch group (t(22) = 2.10, p = 0.048) and the MBSR group (t(19) = 2.87, p = 0.01).

In the MBSR+smartwatch group, a specific significant increase in mindfulness (MASS) was 
observed after completing the MBSR training (t(22) = -3.24, p = 0.004). This effect did not 
occur in any other group.

In the MBSR group, different benefits of participating in the training were observed, 
which did not appear in individuals using a smartwatch nor in the control group. The results 
indicate a significant decrease in the severity of anxiety symptoms, as measured by DASS-A 
(Z = -1.97, p = 0.049) and GHQ-anxiety symptoms (t(19) = 2.52, p = 0.021). There was an 
improvement in overall functioning at work and outside of work, including GFQ-poor func-
tioning (t(19) = 2.40, p = 0.027) and GFQ-lack of entertainment (Z = -2.59, p = 0.01), as well 
as a decrease in experienced cognitive difficulties - GFQ-cognitive impairments (Z = -2.40, p 
= 0.017), addictive tendencies - GFQ-addiction (Z = -2.85, p = 0.004), and sleep problems - 
GFQ-sleep problems (Z = -2.55, p = 0.011).

We also observed some changes among the participants of the control group - a significant 
decrease in GFQ-poor functioning (t(19) = 3.05, p = 0.007) appeared after 8 weeks of treat-
ment. Details of all results are presented in Table 1.

Measurement MBSR+smartwatch MBSR Control group
M ± SD M ± SD M ± SD

GFQ-58 sleep problems Initial 1.88a ± 0.84 2.50 ± 1.06 2.65b ± 1.11 p = 0.030* eta2 = 0.11

Final 1.82 ± 0.73 1.87a ± 1.08 2.31b ± 0.78 p = 0.032* eta2 = 0.06

n.s* p = 0.011* n.s

d Cohena = 0.58
GFQ-58 somatic symptoms Initial 1.92 ± 0.64 1.94 ± 0.64 1.98 ± 0.53 n.s*

Final 1.67 ± 0.50 1.89 ± 0.60 1.89 ± 0.60 n.s*
n.s n.s* n.s*

ERRI intrusive rumination Initial 21.96 ± 5.52 18.30a ± 6.44 23.65b ± 6.04 p = 0.019 eta2 = 0.12
Final 18.43 ± 7.17 13.75a ± 7.36 21.20b ± 7.84 p = 0.008 eta2 = 0.15

p = 0.048 p = 0.01 n.s*
d Cohena = 0.44 d Cohena = 0.64

The table shows results for comparisons between groups (in rows) and between the initial and final measurements (in columns) with p-value and effect size.

a, b Results of pairwise comparisons between group means are shown by letters - means with different letters in the same row are significantly different (p<.05, Bonfer-
roni). Analyses were carried out using parametric and non-parametric tests according to the distribution of results of the variables.
*Analysis performed using non-parametric tests.

https://doi.org/10.1371/journal.pone.0322413.t001

Table 1. (Continued)

https://doi.org/10.1371/journal.pone.0322413.t001
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Discussion
We expected that both groups participating in the 8-week MBSR training would experience a 
reduction in stress levels and an improvement in well-being, with a stronger effect observed 
among participants who received additional support through interoceptive signal monitoring 
via a smartwatch. The results of our study showed that participants after the MBSR training 
without smartwatches (the MBSR group) experienced a decrease in stress levels (DASS-S) 
and anxiety symptoms (DASS-A, GFQ-anxiety). We also observed improvement in overall 
well-being (GFQ), including a decline in experienced cognitive difficulties, addictive tenden-
cies, sleep problems, eating disorder symptoms, and general poor functioning at work and 
outside of work. Additionally, individuals in the MBSR group also reported a reduction in 
intrusive rumination (ERRI). It is worth emphasizing that some of these effects also occurred 
in the MBSR group supported by smartwatches, including reductions in stress levels, symp-
toms of eating disorders, and intrusive rumination. These observations, particularly the stress 
reduction, confirm the effectiveness of MBSR as an intervention designed for individuals 

Fig 2. The mean scores from the initial and final measurements for all study groups. Statistically significant differences (p < 0.05) 
between each group’s initial and final measurements are marked with an asterisk (*). Error bars indicate standard deviations.

https://doi.org/10.1371/journal.pone.0322413.g002

https://doi.org/10.1371/journal.pone.0322413.g002
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experiencing difficult situations [41,43]. Consistent with our results, previous research has 
shown that MBSR helps reduce substance abuse [91], improve sleep quality [92,93], influence 
cognitive functioning [94], change eating behaviors [95,96], as well as overall functioning in 
many aspects of life [97]. MBSR has been associated with decreased rumination [98,99]. The 
consistent reduction in anxiety symptoms observed in our study, regardless of the question-
naire used, aligns with findings from other studies [100–103].

Although the MBSR training by its nature should influence mindful abilities, in our study 
this influence was quite limited. We observed a significant increase in the MAAS score after 8 
weeks of practice only in a group equipped with smartwatches. It is worth noting, however, that 
a meta-analysis of intervention studies based on mindfulness indicated that half of these studies 
failed to demonstrate an increase in subjectively perceived mindfulness [104]. Importantly, 
the absence of a significant increase in mindfulness did not preclude the benefits of partici-
pating in MBSR training. Participants experienced numerous advantages, including improve-
ments in their overall emotional functioning. The lack of the expected significant increase in 
mindfulness, as assessed by MASS, may partially result from the method used to measure this 

Fig 2. Continued.
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construct. Several challenges have been identified in the assessment of mindfulness. Firstly, 
there is no universally accepted definition of mindfulness [105,106]. Some questionnaires 
reduce this concept to one dimension, such as the MASS [27], while others evaluate it across 
several dimensions [107]. Single-dimensional measures have been criticized, as some research-
ers argue that mindfulness relates to multiple factors contributing to mindful functioning 
[107,108]. Secondly, concerns have been raised about the design of the MASS itself, particu-
larly its reliance on reverse-scored questions. These questions primarily assess the absence of 
mindfulness or lapses of inattentiveness to the present moment as more readily identifiable 
by the general population [106]. The MASS scale itself includes the level of attention to, and 
awareness of, what is occurring in the present moment [27]. Despite those criticisms, the MASS 
remains one of the most commonly used mindfulness questionnaires, and meta-analysis did 
not show that this questionnaire differed from others in sensitivity to detecting changes in 
self-report mindfulness [104]. Furthermore, researchers have suggested that mindfulness may 
not be fully captured through self-report questionnaires [106]. In non-clinical samples, mind-
fulness training tends to produce only a small effect on self- reported mindfulness [109]. Studies 
involving active control groups also fail to show significant differences in mindfulness levels 

Fig 2. Continued.
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between those groups and participants undergoing mindfulness-based intervention [104]. As 
highlighted by researchers, a mechanism that plays a greater role in improving well-being may 
be more effective self-regulation [104,110].

We also failed to confirm the impact of MBSR on reducing depressive symptoms, despite 
this effect being reported in many other studies [111–114]. The observed reduction in stress 
levels and anxiety symptoms in the MBSR group, without a corresponding decrease in 
depressive symptoms, may result from differences in their characteristics. According to the 
theoretical framework underlying the DASS-21 scale, the depressive state is divergent from 
stress or anxiety, being primarily associated with an absence of positive affect symptoms, such 
as sadness, hopelessness, and an inability to experience pleasure, which can negatively impact 
self-esteem and sense of efficacy [83,115]. Therefore it can be assumed that this aspect of func-
tioning was less influenced by the MBSR training. However, researchers have noted that the 
impact of MBSR on depressive symptoms is not always straightforward [116]. Different anal-
yses show that the effect size for reducing depressive symptoms through MBSR is generally 

Fig 2. Continued.
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small [117]. Furthermore, MBSR yields better effects in patients with clinical diseases than 
in non-clinical populations [118], as well as where depressive symptoms are more severe 
[114,116].

Our research has shown that enhancing the self-regulation process through increased 
body awareness and interoceptive skills, facilitated by smartwatch monitoring of physio-
logical signals, can yield both beneficial and adverse effects on functioning across various 
domains. The analysis revealed that integrating a smartwatch into MBSR neither hindered nor 
enhanced the stress-reducing effect (DASS-S) typically associated with MBSR. On the other 
hand, using a smartwatch strengthened participants’ mindfulness tendencies (MASS) more 
than training without a smartwatch as well as reduced eating disorder symptoms (GFQ) and 
intrusive rumination (ERRI). However, the necessity of continuous monitoring of parameters 
via the smartwatch limited the effects of MBSR in areas related to overall defined comfort at 
work and outside of work. It also weakened the effects of MBSR-induced reduction in anxiety, 
addictive tendencies, sleep problems, or experiencing cognitive difficulties.

Our research results demonstrate that the effect of stress reduction under the influence of 
MBSR is predominant [41,43,45,91,119–121]. This effect appeared in both groups, regardless 
of whether they received additional support in the form of extra information provided by the 
smartwatch. Our study showed that interoceptive signals related to stress levels and other 
body-generated signals, delivered via the smartwatch, enhance the effect of stress reduction 
observed under the influence of MBSR. By observing in real-time the impact of their behavior 
on reducing stress levels, participants who use the smartwatch could better leverage the skills 
acquired during MBSR, resulting in an even greater stress reduction. Since this effect was evi-
dent in the domain of stress but not in anxiety symptoms, it can be presumed that this infor-
mation contributed to an increase in the ability to identify negative emotions, which are the 
core of stress [83–85]. Emotional control is one of the elements of self-regulation of emotion, 
and the belief in one’s ability to control emotions reduces stress [122]. In our study, the ability 
to use information provided by the smartwatch supported the process of self-observation and 
control of affective states, contributing to a reduction in subjectively experienced life stress.

The previously mentioned observation indicated that smartwatch users experienced a 
stress reduction after MBSR training, while changes in anxiety symptoms measured by DASS-
21 and GFQ-58 were not significant. It allows us to assume that stress and anxiety are not 
completely identical phenomena. According to the concept of a tripartite structure of anxi-
ety and depression [115] on which the DASS-21 scale [83] is based, the presence of negative 
affect is specific to stress [83–85]. Stress-tension in the DASS-21 includes difficulty relaxing, 
irritability, agitation, persistent tension, a low threshold for becoming upset or frustrated, and 
a tendency to overreact to stressful events. Stress is also related to chronic worry [123]. On the 
other hand, in these questionnaires anxiety is specifically defined by a physiological hyper-
arousal. The distinction described above indicates that the MBSR training efficiently reduces 
negative affect (stress level), as well as physiological hyperarousal (anxiety level), but for some 
reason, using smartwatches limits this effect only to the stress area. It is important to note 
that anxiety questionnaires used in this study assess perceived rather than actual physiologi-
cal hyperarousal indicators. This kind of interoception could have been distorted by various 
psychological factors, such as expectations and attention to bodily states. Using a smartwatch 
to observe actual physiological parameters naturally reduces perceptual distortions and 
allows for a more accurate assessment of the physiological state. Therefore, it cannot be ruled 
out that participants in the non-smartwatch MBSR group overestimated the extent of their 
anxiety symptoms reduction after the training. Research indicates that physiological arousal 
does not necessarily correspond to a similar level of perceived stress [124]. A significant role is 
played by negative thought patterns or unhelpful beliefs [125–128], as well as personality traits 
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such as high neuroticism [129–133]. It is also worth noting that anxiety can arise not only in 
response to an immediately affecting stimulus but also as a result of anticipating its occur-
rence. Therefore, the information provided by the smartwatch may have supported coping 
with the directly experienced stress, but not with the anticipated threat.

Analysis of the results showed that only three effects were consistent in both MBSR groups, 
regardless of whether they were equipped with a smartwatch or not. Besides the reduction of 
stress levels which was described earlier, we also observed the parallel reduction in perceived 
eating disorders (GFQ-58 score) and the reduction in intrusive ruminations (ERRI score). The 
first one is not surprising, because mindful eating practice is a component of the MBSR [39]. 
We hypothesize that the MBSR training may eliminate the emotion regulation strategy based 
on eating. Many studies have shown that using eating to cope with difficult emotions is usu-
ally inefficient [134–136]. The effectiveness of mindfulness has been previously demonstrated 
among individuals who use eating as an emotion regulation factor, as well as those suffering 
from eating disorders [137]. The possible shift in emotion regulation strategies, moving away 
from eating-based regulation, coupled with the improvement in emotion control associated 
with stress reduction, suggests that the MBSR training may enhance emotional regulation 
skills and that smartwatches with physiological parameters monitoring function can support 
this effect.

The other consistent effect observed in both MBSR groups was a reduction in the fre-
quency of intrusive ruminations, which can be defined as a component of worry and stress 
reactions [98,99,123]. However, among smartwatch users, the change in this domain was not 
associated with a change in anxiety, which was primarily measured by perceived physiological 
symptoms such as hyperarousal and somatic tension. In the non-smartwatch MBSR group, 
the decrease in ruminations was associated with a reduction in anxiety. This difference in the 
specific patterns of change observed in response to the MBSR training in both groups can be 
explained by separating the concept of anxiety into anxious apprehension and anxious arousal 
[138–143]. Previous studies show that each of these parts of anxiety is driven by distinct 
biological mechanisms and is reflected in different patterns of brain activity [139]. Anxious 
apprehension is characterized by worry, negative repetitive thinking, and verbal rumination, 
encompassing the cognitive aspect, whereas anxious arousal refers to symptoms of physiologi-
cal hyperarousal and somatic tension, involving the physiological or somatic aspect. The ques-
tionnaires used in our study to measure anxiety (the DASS-21 and GFQ-58 anxiety scales) 
were more focused on indicators aligned with the definition of anxious arousal, while the 
measurement of intrusive ruminations aligned with the definition of anxious apprehension. 
This interpretation is consistent with our earlier conclusion that the MBSR training effectively 
impacts the perceived affective and cognitive components of stress or worry. However, using 
smartwatches to observe actual physiological parameters strongly influences the perception of 
anxiety dimensions related to bodily sensations.

Prolonged use of a smartwatch facilitates the control of bodily signals important for 
self-regulation and well-being, yet simultaneously necessitates continuous engagement of 
attention. Therefore, the participants of the MBSR group using a smartwatch could experi-
ence both benefits and drawbacks. Continuously engaged attention contributed to increased 
awareness of these signals, as well as to stress reduction by gaining control over these signals 
and improving emotional regulation skills. However, this impeded improvement in overall 
psychological comfort. The improvements were manifested primarily in the affective domain 
(e.g., reduction in negative emotions specific for stress) and the cognitive domain (e.g., reduc-
tion in worry and intrusive ruminations), but without an impact on the perceived decrease 
in physiological arousal or somatic tension measured by the DASS scale. Given that effective 
self-regulation - encompassing the control of attention, emotions, thoughts, and behavior - is 
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a key mechanism by which mindfulness improves mental health, our study suggests that both 
groups could enhance a different aspect of self-regulation. Smartwatch users could train one 
aspect of self-regulation, namely the ability to intentionally direct attention to signals from 
the body and information about experienced stress, and through an increased sense of control 
over these signals, effectively regulate their negative emotions. Improvements in various 
aspects of self-regulation among both groups participating in MBSR may have contributed to 
the observed changes. Smartwatch users, due to the necessity of directing attention to bodily 
signals to a greater extent than those who did not use a smartwatch, demonstrated enhanced 
mindfulness. However, in our study, the ability to regulate attention did not translate into 
behavioral regulation, particularly in areas such as workplace and non-work functioning, sleep 
quality, substance use, and adaptive forms of entertainment. Moreover, it has been shown that 
two aspects of interoception, namely interoceptive attention and interoceptive sensing, may 
differently moderate the relationship between smartwatch-derived information and perceived 
stress levels. On the one hand, awareness of stress levels enables individuals to implement 
appropriate strategies to reduce stress [51,67]. Directing attention can either amplify or 
diminish the experience of an ongoing physiological stress response, leading to an increase or 
decrease in perceived stress levels, respectively [144,145].

It appears that, despite their potential benefits in modifying health habits, smartwatches 
could be a distraction for mindfulness learners. The use of smartwatches may have resulted 
in greater involvement of one mechanism and suppression of others. The importance of 
smartwatches for stress management may not be as straightforward as it initially seems. For 
example, Pope et al. showed that wearing a smartwatch complementary to an educational 
intervention did not provide the expected additional benefits [146]. In this study, participants 
reported annoyance with wearing a smartwatch and the model’s limited functionality. The 
attitude towards the smartwatch hindered self-regulation based on observed parameters and 
did not contribute to achieving favorable changes. Similarly in a study by Smith et al. respon-
dents who participated in mindfulness-based training using an app combined with monitor-
ing of physiological parameters, mainly changes in breathing, had more significant decreases 
in stress levels and perceived anxiety after the intervention but no effect on improvements in 
global emotional experience [68]. In another research, it was found that the intrusiveness of 
sensors may even weaken the beneficial effect of stress intervention [147].

Conclusions
In conclusion, despite the limitations imposed by the smartwatch on certain aspects of 
functioning, the strengthening effect of stress reduction observed in our study is noteworthy. 
Monitoring interoceptive signals by smartwatch may support the ability to recognize negative 
emotions and bodily signals associated with these emotions. This heightened awareness of 
emotions can contribute to improved control over negative emotions, resulting in reduced 
stress levels, and improved emotional regulation skills. Also worth noting is the increase 
in mindfulness among participants who monitored bodily signals using a smartwatch. The 
findings suggest that the use of smartwatches may enhance mindfulness toward bodily sensa-
tions, in our study to a degree even greater than participating in MBSR. However, increased 
awareness of these signals does not necessarily translate into improved well-being if it is not 
accompanied by non-worrying and acceptance of those sensations’ attitudes. In other words, 
just being aware of body signals is not sufficient. In this context, the training focused on 
understanding the relationship between physiological parameters and mental health could be 
beneficial. Excessive focus on bodily symptoms may exacerbate anxiety-related symptoms. 
For example, biased attention to bodily sensations and an over-sensitivity in interpreting these 
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sensations is observed in people with emotion regulation difficulties [53]. Therefore, psycho-
education on interoception would be critical for fully unlocking the functionality of smart-
watches. It is crucial to understand how users perceive and trust physiological stress data to 
design intuitive technologies that aid decision-making and well-being.

It is also important to highlight that the smartwatch model used in our study was preparing 
information on the probable stress level, which made it much easier to interpret and facilitated 
stress reduction. The application of signals from smartwatch for other aspects of emotional 
functioning proved to be more complex and possibly too challenging for improvements in 
these areas. In this context, it is worth mentioning that immediate feedback about the body, 
such as notifications of high stress level at a specific moment, can enhance the ability to 
recognize early signs of stress and identify the characteristics of situations that trigger it [148]. 
Real-time information may play a distinct role in developing interoceptive awareness com-
pared to data presented as aggregated averages. The ability to utilize these signals to adapt the 
body to environmental demands is particularly significant. However, the literature highlights 
that devices monitoring physiological signals and presenting information as numerical values 
or graphs may fail to integrate with a coherent body image. This disconnect can lead to distor-
tions in body perception and potentially impair self-awareness [149]. The results of our study 
also suggest that the simultaneous learning of MBSR techniques and enhancement of intero-
ception through smartwatches may be overly demanding for participants.

It is worth noting that the results we observed may be distorted due to the fact that a large 
percentage of participants withdrew from the study before it began. This may have led to a 
specific selection of participants who were distinguished by some trait or type of motivation. 
Additionally, the dropout during the study did not occur evenly across groups. The highest 
number of dropouts was in the MBSR group. It can be assumed that participants who gained 
the least benefit from MBSR chose to withdraw. This fact may have influenced the observed 
larger change in the MBSR group.

Furthermore, individual differences between participants may have affected the observed 
results. We have tried to counter this in various ways. Potential differences in resting stress 
levels and other aspects of mental health were verified using appropriate statistical methods. 
We also applied strict inclusion criteria to increase homogeneity of groups. Nevertheless, the 
impact of personality traits on the results, especially on the observed differences in anxiety 
symptoms, remained not completely assessed.

Our results show, however, that additional support for MBSR training through the provision 
of physiological signals generated by the smartwatch, along with simple information about stress 
levels, may enhance the stress reduction effect. Furthermore, additional monitoring of bodily 
sensations could contribute to an increase in mindfulness. However, the smartwatch provided 
to individuals with high stress levels limits its utility in other areas of mental health, such as not 
contributing to the reduction of anxiety levels. Smartwatches can therefore support MBSR in 
stress reduction, but their impact on other mental health benefits of MBSR is limited.

Limitations
The limitation of our study is its exclusive reliance on self-report measures, without incor-
porating an analysis of objective physiological data. Additionally, it is important to empha-
size that our findings apply only to individuals experiencing high levels of stress. Due to the 
study’s eligibility criterion of elevated stress levels, our results should not be generalized to 
the broader population. Another limitation is the absence of a second control group that 
would have used smartwatches for 8 weeks without participating in the MBSR intervention. 
The inclusion of such a group would have allowed us to isolate the effects of monitoring 
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interoceptive signals from smartwatches on mental health and to determine whether this 
alone could contribute to stress reduction in individuals experiencing high level of stress. 
Furthermore, our study did not assess subjective body awareness or interoceptive awareness. 
Incorporating these measures could help clarify whether these factors influence the observed 
changes among MBSR participants, both with and without smartwatch use.

Future research may benefit from integrating additional psychoeducational components to 
optimize smartwatch features for enhancing emotional regulation. Providing supplementary 
psychoeducation on the interplay between emotions, thoughts, behaviors, and physiological 
responses could facilitate the development of self-regulation skills and contribute to improved 
mental health outcomes. Additionally, the feedback generated by smartwatches regarding 
stress levels was more easily interpreted by users who had improved their stress management 
abilities. However, utilizing simple stress level notifications to enhance overall mental health 
may not be straightforward and could require additional support beyond the current func-
tionalities of smart devices.

Supporting information
S1 Dataset.   Scale scores of all participants.
(XLSX)

Author contributions
Conceptualization: Sylwia Sumińska, Andrzej Rynkiewicz.
Data curation: Sylwia Sumińska.
Formal analysis: Sylwia Sumińska, Andrzej Rynkiewicz.
Investigation: Sylwia Sumińska.
Methodology: Sylwia Sumińska.
Project administration: Sylwia Sumińska.
Resources: Sylwia Sumińska.
Visualization: Sylwia Sumińska, Andrzej Rynkiewicz.
Writing – original draft: Sylwia Sumińska.
Writing – review & editing: Sylwia Sumińska, Andrzej Rynkiewicz.

References
 1. Cannon WB. The wisdom of the body. New York: W W Norton & Co; 1932.

 2. Selye H. The stress of life. New York: McGraw-Hill; 1956.Selye H.

 3. Lazarus RS, Folkman S. Stress, appraisal, and coping. New York: Springer Publishing Company; 1984.

 4. Park C, Rosenblat JD, Brietzke E, Pan Z, Lee Y, Cao B, et al. Stress, epigenetics and depression: 
A systematic review. Neurosci Biobehav Rev. 2019;102:139–52. https://doi.org/10.1016/j.neu-
biorev.2019.04.010 PMID: 31005627

 5. Juruena MF, Eror F, Cleare AJ, Young AH. the role of early life stress in HPA axis and anxiety. Adv Exp 
Med Biol. 2020;1191:141–53. https://doi.org/10.1007/978-981-32-9705-0_9 PMID: 32002927

 6. Kalmbach DA, Anderson JR, Drake CL. The impact of stress on sleep: pathogenic sleep reactivity 
as a vulnerability to insomnia and circadian disorders. J Sleep Res. 2018;27(6):e12710. https://doi.
org/10.1111/jsr.12710 PMID: 29797753

 7. Gardani M, Bradford DRR, Russell K, Allan S, Beattie L, Ellis JG, et al. A systematic review and 
meta-analysis of poor sleep, insomnia symptoms and stress in undergraduate students. Sleep Med 
Rev. 2022;61:101565. https://doi.org/10.1016/j.smrv.2021.101565 PMID: 34922108

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322413.s001
https://doi.org/10.1016/j.neubiorev.2019.04.010
https://doi.org/10.1016/j.neubiorev.2019.04.010
http://www.ncbi.nlm.nih.gov/pubmed/31005627
https://doi.org/10.1007/978-981-32-9705-0_9
http://www.ncbi.nlm.nih.gov/pubmed/32002927
https://doi.org/10.1111/jsr.12710
https://doi.org/10.1111/jsr.12710
http://www.ncbi.nlm.nih.gov/pubmed/29797753
https://doi.org/10.1016/j.smrv.2021.101565
http://www.ncbi.nlm.nih.gov/pubmed/34922108


PLOS ONE | https://doi.org/10.1371/journal.pone.0322413 April 23, 2025 20 / 26

PLOS ONE MBSR supplemented with physiological signals from smartwatch improves mindfulness and reduces stress

 8. Guinle MIB, Sinha R. The role of stress, trauma, and negative affect in alcohol misuse and alcohol 
use disorder in women. Alcohol Res. 2020;40(2):05. https://doi.org/10.35946/arcr.v40.2.05 PMID: 
32832310

 9. Weera MM, Gilpin NW. Biobehavioral interactions between stress and alcohol. Alcohol Res. 
2019;40(1):arcr.v40.1.04. https://doi.org/10.35946/arcr.v40.1.04 PMID: 31649835

 10. Selye H. The story of the adaptational syndrome. Montreal; 1952.

 11. Lazarus RS. From psychological stress to the emotions: a history of changing outlooks. Annu Rev 
Psychol. 1993;44:1–21. https://doi.org/10.1146/annurev.ps.44.020193.000245 PMID: 8434890

 12. Boekaerts M, Pintrich PR, Zeidner M, eds. Handbook of self-regulation. Academic Press; 2000.

 13. Siegel DJ. Mindful awareness, mindsight, and neural integratio. Humanistic Psychol. 2009;37(2):137–
58. https://doi.org/10.1080/08873260902892220

 14. Posne MI, Rothbart MK. Developing mechanisms of self-regulation. Dev Psychopathol. 
2000;12(3):427–41. https://doi.org/10.1017/s0954579400003096 PMID: 11014746

 15. Strauman TJ. Self-regulation and psychopathology: toward an integrative translational research 
paradigm. Annu Rev Clin Psychol. 2017;13:497–523. https://doi.org/10.1146/annurev-clin-
psy-032816-045012 PMID: 28375727

 16. Karoly P. Psychopathology as dysfunctional self-regulation: When resilience resources are compro-
mised. Handbook Adult Resilience. 2010:146–70.

 17. Klenk MM, Strauman TJ, Higgins ET. regulatory focus and anxiety: a self-regulatory model of gad- 
depression comorbidity. Pers Individ Dif. 2011;50(7):935–43. https://doi.org/10.1016/j.paid.2010.12.003 
PMID: 21516196

 18. Carver C, Scheier M. Self-regulation of action and affect. Handbook of self-regulation. Guilford; 
2011:3–21.

 19. Strauman TJ, Kolden GG, Stromquist V, Davis N, Kwapil L, Heerey E, et al. Cognitive Therapy Res. 
2001;25(6):693–712. https://doi.org/10.1023/a:1012915205800

 20. Beauregard M, Paquette V, Lévesque J. Dysfunction in the neural circuitry of emotional self- 
regulation in major depressive disorder. Neuroreport. 2006;17(8):843–6. https://doi.org/10.1097/01.
wnr.0000220132.32091.9f PMID: 16708026

 21. Barkley RA. Differential diagnosis of adults with ADHD: the role of executive function and self- 
regulation. J Clin Psychiatry. 2010;71(7):e17. https://doi.org/10.4088/JCP.9066tx1c PMID: 20667287

 22. Aldao A, Nolen-Hoeksema S, Schweizer S. Emotion-regulation strategies across psychopathology: 
a meta-analytic review. Clin Psychol Rev. 2010;30(2):217–37. https://doi.org/10.1016/j.cpr.2009.11.004 
PMID: 20015584

 23. Nolen-Hoeksema S, Wisco BE, Lyubomirsky S. Rethinking rumination. Perspect Psychol Sci. 
2008;3(5):400–24. https://doi.org/10.1111/j.1745-6924.2008.00088.x PMID: 26158958

 24. Mennin DS, Fresco DM, Ritter M, Heimberg RG. An open trial of emotion regulation therapy for gener-
alized anxiety disorder and cooccurring depression. Depress Anxiety. 2015;32(8):614–23. https://doi.
org/10.1002/da.22377 PMID: 25945946

 25. Campbell-Sills L, Barlow DH. Incorporating emotion regulation into conceptualizations and treatments 
of anxiety and mood disorders. Handbook of emotion regulation. 2007:542–59.

 26. Moffitt TE, Arseneault L, Belsky D, Dickson N, Hancox RJ, Harrington H, et al. A gradient of childhood 
self-control predicts health, wealth, and public safety. Proc Natl Acad Sci U S A. 2011;108(7):2693–8. 
https://doi.org/10.1073/pnas.1010076108 PMID: 21262822

 27. Brown KW, Ryan RM. The benefits of being present: mindfulness and its role in psychological well- 
being. J Pers Soc Psychol. 2003;84(4):822–48. https://doi.org/10.1037/0022-3514.84.4.822 PMID: 
12703651

 28. Quaglia J, Brown K, Lindsay E, Creswell J, Goodman R. From conceptualization to operationalization 
of mindfulness. Handbook of mindfulness: theory, research, and practice. 2015:151–70.

 29. Killingsworth MA, Gilbert DT. A wandering mind is an unhappy mind. Science. 2010;330(6006):932. 
https://doi.org/10.1126/science.1192439 PMID: 21071660

 30. Bargh JA, Chartrand TL. The unbearable automaticity of being. Am Psychol. 1999;54(7):462–79. 
https://doi.org/10.1037/0003-066x.54.7.462

 31. Kang Y, Gruber J, Gray JR. Mindfulness and De-Automatization. Emotion Rev. 2012;5(2):192–201. 
https://doi.org/10.1177/1754073912451629

https://doi.org/10.35946/arcr.v40.2.05
http://www.ncbi.nlm.nih.gov/pubmed/32832310
https://doi.org/10.35946/arcr.v40.1.04
http://www.ncbi.nlm.nih.gov/pubmed/31649835
https://doi.org/10.1146/annurev.ps.44.020193.000245
http://www.ncbi.nlm.nih.gov/pubmed/8434890
https://doi.org/10.1080/08873260902892220
https://doi.org/10.1017/s0954579400003096
http://www.ncbi.nlm.nih.gov/pubmed/11014746
https://doi.org/10.1146/annurev-clinpsy-032816-045012
https://doi.org/10.1146/annurev-clinpsy-032816-045012
http://www.ncbi.nlm.nih.gov/pubmed/28375727
https://doi.org/10.1016/j.paid.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21516196
https://doi.org/10.1023/a:1012915205800
https://doi.org/10.1097/01.wnr.0000220132.32091.9f
https://doi.org/10.1097/01.wnr.0000220132.32091.9f
http://www.ncbi.nlm.nih.gov/pubmed/16708026
https://doi.org/10.4088/JCP.9066tx1c
http://www.ncbi.nlm.nih.gov/pubmed/20667287
https://doi.org/10.1016/j.cpr.2009.11.004
http://www.ncbi.nlm.nih.gov/pubmed/20015584
https://doi.org/10.1111/j.1745-6924.2008.00088.x
http://www.ncbi.nlm.nih.gov/pubmed/26158958
https://doi.org/10.1002/da.22377
https://doi.org/10.1002/da.22377
http://www.ncbi.nlm.nih.gov/pubmed/25945946
https://doi.org/10.1073/pnas.1010076108
http://www.ncbi.nlm.nih.gov/pubmed/21262822
https://doi.org/10.1037/0022-3514.84.4.822
http://www.ncbi.nlm.nih.gov/pubmed/12703651
https://doi.org/10.1126/science.1192439
http://www.ncbi.nlm.nih.gov/pubmed/21071660
https://doi.org/10.1037/0003-066x.54.7.462
https://doi.org/10.1177/1754073912451629


PLOS ONE | https://doi.org/10.1371/journal.pone.0322413 April 23, 2025 21 / 26

PLOS ONE MBSR supplemented with physiological signals from smartwatch improves mindfulness and reduces stress

 32. Vago DR, Silbersweig DA. Self-awareness, self-regulation, and self-transcendence (S-ART): a 
framework for understanding the neurobiological mechanisms of mindfulness. Front Hum Neurosci. 
2012;6:296. https://doi.org/10.3389/fnhum.2012.00296 PMID: 23112770

 33. Hölzel BK, Lazar SW, Gard T, Schuman-Olivier Z, Vago DR, Ott U. How does mindfulness meditation 
work? proposing mechanisms of action from a conceptual and neural perspective. Perspect Psychol 
Sci. 2011;6(6):537–59. https://doi.org/10.1177/1745691611419671 PMID: 26168376

 34. Tang Y-Y, Hölzel BK, Posner MI. The neuroscience of mindfulness meditation. Nat Rev Neurosci. 
2015;16(4):213–25. https://doi.org/10.1038/nrn3916 PMID: 25783612

 35. Schuman-Olivier Z, Trombka M, Lovas DA, Brewer JA, Vago DR, Gawande R, et al. Mindful-
ness and Behavior Change. Harv Rev Psychiatry. 2020;28(6):371–94. https://doi.org/10.1097/
HRP.0000000000000277 PMID: 33156156

 36. Freudenthaler L, Turba JD, Tran US. Emotion regulation mediates the associations of mindfulness on 
symptoms of depression and anxiety in the general population. Mindfulness (N Y). 2017;8(5):1339–44. 
https://doi.org/10.1007/s12671-017-0709-y PMID: 28989550

 37. Tran US, Cebolla A, Glück TM, Soler J, Garcia-Campayo J, von Moy T. The serenity of the meditat-
ing mind: a cross-cultural psychometric study on a two-factor higher order structure of mindfulness, 
its effects, and mechanisms related to mental health among experienced meditators. PLoS One. 
2014;9(10):e110192. https://doi.org/10.1371/journal.pone.0110192 PMID: 25330072

 38. Burzler MA, Voracek M, Hos M, Tran US. Mechanisms of mindfulness in the general population. Mind-
fulness. 2018;10(3):469–80. https://doi.org/10.1007/s12671-018-0988-y

 39. Kabat-Zinn J. Full catastrophe living: Using the wisdom of your body and mind to face stress, pain, 
and illness. Dell Publishing; 1990.

 40. Santorelli SF, Kabat-Zinn J, Blacker M, Meleo-Meyer F, Koerbel L. Mindfulness-Based Stress Reduc-
tion (MBSR) Authorized Curriculum Guide. Center for Mindfulness in Medicine, Health Care, and 
Society (CFM). University of Massachusetts Medical School; 2017.

 41. Baer RA. Mindfulness training as a clinical intervention: a conceptual and empirical review. Clin Psy-
chol Sci Pract. 2003;10(2):125–143. doi: 10.1093/clipsy.bpg015

 42. Creswell JD. Mindfulness interventions. Annu Rev Psychol. 2017;68:491–516. https://doi.org/10.1146/
annurev-psych-042716-051139 PMID: 27687118

 43. Grossman P, Niemann L, Schmidt S, Walach H. Mindfulness-based stress reduction and health 
benefits. A meta-analysis. J Psychosom Res. 2004;57(1):35–43. https://doi.org/10.1016/S0022-
3999(03)00573-7 PMID: 15256293

 44. Keng S-L, Smoski MJ, Robins CJ. Effects of mindfulness on psychological health: a review of empir-
ical studies. Clin Psychol Rev. 2011;31(6):1041–56. https://doi.org/10.1016/j.cpr.2011.04.006 PMID: 
21802619

 45. Reibel DK, Greeson JM, Brainard GC, Rosenzweig S. Mindfulness-based stress reduction 
and health-related quality of life in a heterogeneous patient population. Gen Hosp Psychiatry. 
2001;23(4):183–92. https://doi.org/10.1016/s0163-8343(01)00149-9 PMID: 11543844

 46. Mehling WE, Wrubel J, Daubenmier JJ, Price CJ, Kerr CE, Silow T, et al. Body awareness: a phe-
nomenological inquiry into the common ground of mind-body therapies. Philos Ethics Humanit Med. 
2011;6:6. https://doi.org/10.1186/1747-5341-6-6 PMID: 21473781

 47. de Jong M, Lazar SW, Hug K, Mehling WE, Hölzel BK, Sack AT, et al. Effects of mindfulness-based 
cognitive therapy on body awareness in patients with chronic pain and comorbid depression. Front 
Psychol. 2016;7:967. https://doi.org/10.3389/fpsyg.2016.00967 PMID: 27445929

 48. Duncan LG, Cohn MA, Chao MT, Cook JG, Riccobono J, Bardacke N. Benefits of preparing for child-
birth with mindfulness training: a randomized controlled trial with active comparison. BMC Pregnancy 
Childbirth. 2017;17(1):140. https://doi.org/10.1186/s12884-017-1319-3 PMID: 28499376

 49. Fissler M, Winnebeck E, Schroeter T, Gummersbach M, Huntenburg JM, Gaertner M, et al. An inves-
tigation of the effects of brief mindfulness training on self-reported interoceptive awareness, the ability 
to decenter, and their role in the reduction of depressive symptoms. Mindfulness. 2016;7(5):1170–81. 
https://doi.org/10.1007/s12671-016-0559-z

 50. Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. Nat 
Rev Neurosci. 2002;3(8):655–66. https://doi.org/10.1038/nrn894 PMID: 12154366

 51. Price CJ, Hooven C. Interoceptive awareness skills for emotion regulation: theory and approach 
of mindful awareness in body-oriented therapy (MABT). Front Psychol. 2018;9:798. https://doi.
org/10.3389/fpsyg.2018.00798 PMID: 29892247

https://doi.org/10.3389/fnhum.2012.00296
http://www.ncbi.nlm.nih.gov/pubmed/23112770
https://doi.org/10.1177/1745691611419671
http://www.ncbi.nlm.nih.gov/pubmed/26168376
https://doi.org/10.1038/nrn3916
http://www.ncbi.nlm.nih.gov/pubmed/25783612
https://doi.org/10.1097/HRP.0000000000000277
https://doi.org/10.1097/HRP.0000000000000277
http://www.ncbi.nlm.nih.gov/pubmed/33156156
https://doi.org/10.1007/s12671-017-0709-y
http://www.ncbi.nlm.nih.gov/pubmed/28989550
https://doi.org/10.1371/journal.pone.0110192
http://www.ncbi.nlm.nih.gov/pubmed/25330072
https://doi.org/10.1007/s12671-018-0988-y
doi: 10.1093/clipsy.bpg015
https://doi.org/10.1146/annurev-psych-042716-051139
https://doi.org/10.1146/annurev-psych-042716-051139
http://www.ncbi.nlm.nih.gov/pubmed/27687118
https://doi.org/10.1016/S0022-3999(03)00573-7
https://doi.org/10.1016/S0022-3999(03)00573-7
http://www.ncbi.nlm.nih.gov/pubmed/15256293
https://doi.org/10.1016/j.cpr.2011.04.006
http://www.ncbi.nlm.nih.gov/pubmed/21802619
https://doi.org/10.1016/s0163-8343(01)00149-9
http://www.ncbi.nlm.nih.gov/pubmed/11543844
https://doi.org/10.1186/1747-5341-6-6
http://www.ncbi.nlm.nih.gov/pubmed/21473781
https://doi.org/10.3389/fpsyg.2016.00967
http://www.ncbi.nlm.nih.gov/pubmed/27445929
https://doi.org/10.1186/s12884-017-1319-3
http://www.ncbi.nlm.nih.gov/pubmed/28499376
https://doi.org/10.1007/s12671-016-0559-z
https://doi.org/10.1038/nrn894
http://www.ncbi.nlm.nih.gov/pubmed/12154366
https://doi.org/10.3389/fpsyg.2018.00798
https://doi.org/10.3389/fpsyg.2018.00798
http://www.ncbi.nlm.nih.gov/pubmed/29892247


PLOS ONE | https://doi.org/10.1371/journal.pone.0322413 April 23, 2025 22 / 26

PLOS ONE MBSR supplemented with physiological signals from smartwatch improves mindfulness and reduces stress

 52. Craig AD. How do you feel? an interoceptive moment with your neurobiological self. Princeton, NJ: 
Princeton University Press; 2015.

 53. Khalsa SS, Adolphs R, Cameron OG, Critchley HD, Davenport PW, Feinstein JS, et al. Interoception 
and Mental Health: A Roadmap. Biol psychiatry cogn neurosci neuroimaging. 2018;3(6):501–13. 
https://doi.org/10.1016/j.bpsc.2017.12.004 PMID: 29884281

 54. Craig AD. Interoception: the sense of the physiological condition of the body. Curr Opin Neurobiol. 
2003;13(4):500–5. https://doi.org/10.1016/s0959-4388(03)00090-4 PMID: 12965300

 55. Critchley HD, Garfinkel SN. Interoception and emotion. Curr Opin Psychol. 2017;17:7–14. https://doi.
org/10.1016/j.copsyc.2017.04.020 PMID: 28950976

 56. Maister L, Tang T, Tsakiris M. Neurobehavioral evidence of interoceptive sensitivity in early infancy. 
Elife. 2017;6:e25318. https://doi.org/10.7554/eLife.25318 PMID: 28784203

 57. Mehling WE, Gopisetty V, Daubenmier J, Price CJ, Hecht FM, Stewart A. Body awareness: construct 
and self-report measures. PLoS One. 2009;4(5):e5614. https://doi.org/10.1371/journal.pone.0005614 
PMID: 19440300

 58. Farb N, Daubenmier J, Price CJ, Gard T, Kerr C, Dunn BD, et al. Interoception, contemplative practice, 
and health. Front Psychol. 2015;6:763. https://doi.org/10.3389/fpsyg.2015.00763 PMID: 26106345

 59. Paulus MP, Stein MB. Interoception in anxiety and depression. Brain Struct Funct. 2010;214(5–
6):451–63. https://doi.org/10.1007/s00429-010-0258-9 PMID: 20490545

 60. Khalsa SS, Lapidus RC. Can interoception improve the pragmatic search for biomarkers in psychia-
try?. Front Psychiatry. 2016;7:121. https://doi.org/10.3389/fpsyt.2016.00121 PMID: 27504098

 61. Schulz A, Vögele C. Interoception and stress. Front Psychol. 2015;6:993. https://doi.org/10.3389/
fpsyg.2015.00993 PMID: 26257668

 62. Ring C, Brener J, Knapp K, Mailloux J. Effects of heartbeat feedback on beliefs about heart rate and 
heartbeat counting: a cautionary tale about interoceptive awareness. Biol Psychol. 2015;104:193–8. 
https://doi.org/10.1016/j.biopsycho.2014.12.010 PMID: 25553874

 63. Yen H-Y, Huang W-H. The efficacy of commercial smartwatches with a blood pressure-monitoring fea-
ture: a pilot randomized controlled trial. J Nurs Scholarsh. 2022;54(3):324–31. https://doi.org/10.1111/
jnu.12740 PMID: 34791761

 64. Loucks EB, Kronish IM, Saadeh FB, Scarpaci MM, Proulx JA, Gutman R, et al. Adapted mindfulness 
training for interoception and adherence to the dash diet: a phase 2 randomized clinical trial. JAMA 
Netw Open. 2023;6(11):e2339243. https://doi.org/10.1001/jamanetworkopen.2023.39243 PMID: 
37917063

 65. Chalmers T, Hickey BA, Newton P, Lin C-T, Sibbritt D, McLachlan CS, et al. Stress watch: the use of 
heart rate and heart rate variability to detect stress: a pilot study using smart watch wearables. Sen-
sors (Basel). 2021;22(1):151. https://doi.org/10.3390/s22010151 PMID: 35009696

 66. Jerath R, Syam M, Ahmed S. The future of stress management: integration of smartwatches and hrv 
technology. Sensors (Basel). 2023;23(17):7314. https://doi.org/10.3390/s23177314 PMID: 37687769

 67. González Ramírez ML, García Vázquez JP, Rodríguez MD, Padilla-López LA, Galindo-Aldana GM, 
Cuevas-González D. Wearables for stress management: a scoping review. Healthcare (Basel). 
2023;11(17):2369. https://doi.org/10.3390/healthcare11172369 PMID: 37685403

 68. Smith EN, Santoro E, Moraveji N, Susi M, Crum AJ. Integrating wearables in stress management 
interventions: Promising evidence from a randomized trial. Int J Stress Manage. 2020;27(2):172–82. 
https://doi.org/10.1037/str0000137

 69. Balconi M, Fronda G, Crivelli D. Effects of technology-mediated mindfulness practice on stress: psy-
chophysiological and self-report measures. Stress. 2019;22(2):200–9. https://doi.org/10.1080/1025389
0.2018.1531845 PMID: 30472901

 70. Arigo D. Promoting physical activity among women using wearable technology and online social 
connectivity: a feasibility study. Health Psychol Behav Med. 2015;3(1):391–409. https://doi.org/10.108
0/21642850.2015.1118350

 71. Helbostad JL, Vereijken B, Becker C, Todd C, Taraldsen K, Pijnappels M, et al. Mobile health applica-
tions to promote active and healthy ageing. Sensors (Basel). 2017;17(3):622. https://doi.org/10.3390/
s17030622 PMID: 28335475

 72. Reeder B, David A. Health at hand: a systematic review of smart watch uses for health and wellness. 
J Biomed Inform. 2016;63:269–76. https://doi.org/10.1016/j.jbi.2016.09.001 PMID: 27612974

 73. Yen H-Y. Smart wearable devices as a psychological intervention for healthy lifestyle and quality of 
life: a randomized controlled trial. Qual Life Res. 2021;30(3):791–802. https://doi.org/10.1007/s11136-
020-02680-6 PMID: 33104939

https://doi.org/10.1016/j.bpsc.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29884281
https://doi.org/10.1016/s0959-4388(03)00090-4
http://www.ncbi.nlm.nih.gov/pubmed/12965300
https://doi.org/10.1016/j.copsyc.2017.04.020
https://doi.org/10.1016/j.copsyc.2017.04.020
http://www.ncbi.nlm.nih.gov/pubmed/28950976
https://doi.org/10.7554/eLife.25318
http://www.ncbi.nlm.nih.gov/pubmed/28784203
https://doi.org/10.1371/journal.pone.0005614
http://www.ncbi.nlm.nih.gov/pubmed/19440300
https://doi.org/10.3389/fpsyg.2015.00763
http://www.ncbi.nlm.nih.gov/pubmed/26106345
https://doi.org/10.1007/s00429-010-0258-9
http://www.ncbi.nlm.nih.gov/pubmed/20490545
https://doi.org/10.3389/fpsyt.2016.00121
http://www.ncbi.nlm.nih.gov/pubmed/27504098
https://doi.org/10.3389/fpsyg.2015.00993
https://doi.org/10.3389/fpsyg.2015.00993
http://www.ncbi.nlm.nih.gov/pubmed/26257668
https://doi.org/10.1016/j.biopsycho.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25553874
https://doi.org/10.1111/jnu.12740
https://doi.org/10.1111/jnu.12740
http://www.ncbi.nlm.nih.gov/pubmed/34791761
https://doi.org/10.1001/jamanetworkopen.2023.39243
http://www.ncbi.nlm.nih.gov/pubmed/37917063
https://doi.org/10.3390/s22010151
http://www.ncbi.nlm.nih.gov/pubmed/35009696
https://doi.org/10.3390/s23177314
http://www.ncbi.nlm.nih.gov/pubmed/37687769
https://doi.org/10.3390/healthcare11172369
http://www.ncbi.nlm.nih.gov/pubmed/37685403
https://doi.org/10.1037/str0000137
https://doi.org/10.1080/10253890.2018.1531845
https://doi.org/10.1080/10253890.2018.1531845
http://www.ncbi.nlm.nih.gov/pubmed/30472901
https://doi.org/10.1080/21642850.2015.1118350
https://doi.org/10.1080/21642850.2015.1118350
https://doi.org/10.3390/s17030622
https://doi.org/10.3390/s17030622
http://www.ncbi.nlm.nih.gov/pubmed/28335475
https://doi.org/10.1016/j.jbi.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27612974
https://doi.org/10.1007/s11136-020-02680-6
https://doi.org/10.1007/s11136-020-02680-6
http://www.ncbi.nlm.nih.gov/pubmed/33104939


PLOS ONE | https://doi.org/10.1371/journal.pone.0322413 April 23, 2025 23 / 26

PLOS ONE MBSR supplemented with physiological signals from smartwatch improves mindfulness and reduces stress

 74. Can YS, Chalabianloo N, Ekiz D, Ersoy C. Continuous stress detection using wearable sensors in 
real life: algorithmic programming contest case study. Sensors (Basel). 2019;19(8):1849. https://doi.
org/10.3390/s19081849 PMID: 31003456

 75. Masoumian Hosseini M, Masoumian Hosseini ST, Qayumi K, Hosseinzadeh S, Sajadi Tabar SS. 
Smartwatches in healthcare medicine: assistance and monitoring; a scoping review. BMC Med Inform 
Decis Mak. 2023;23(1):248. https://doi.org/10.1186/s12911-023-02350-w PMID: 37924029

 76. Chen J, Abbod M, Shieh J-S. Pain and stress detection using wearable sensors and devices-a review. 
Sensors (Basel). 2021;21(4):1030. https://doi.org/10.3390/s21041030 PMID: 33546235

 77. Morales A, Barbosa M, Morás L, Cazella SC, Sgobbi LF, Sene I, et al. Occupational stress monitoring 
using biomarkers and smartwatches: a systematic review. Sensors (Basel). 2022;22(17):6633. https://
doi.org/10.3390/s22176633 PMID: 36081096

 78. Herold M, Simbula S, Gallucci M. Can smartphone applications and wearable technologies 
improve workplace well-being and help manage stress? a systematic review. Curr Psychol. 
2024;43(36):28650–73. https://doi.org/10.1007/s12144-024-06534-z

 79. Faul F, Erdfelder E, Buchner A, Lang A-G. Statistical power analyses using G*Power 3.1: tests for cor-
relation and regression analyses. Behav Res Methods. 2009;41(4):1149–60. https://doi.org/10.3758/
BRM.41.4.1149 PMID: 19897823

 80. Cuijpers P, Miguel C, Harrer M, Ciharova M, Karyotaki E. The overestimation of the effect sizes of 
psychotherapies for depression in waitlist controlled trials: a meta-analytic comparison with usual care 
controlled trials. Epidemiol Psychiatr Sci. 2024;33:e56. https://doi.org/10.1017/S2045796024000611 
PMID: 39501660

 81. Cohen S, Kamarck T, Mermelstein R. A global measure of perceived stress. J Health Soc Behav. 
1983;24(4):385. https://doi.org/10.2307/2136404

 82. Juczyński Z, Ogińska-Bulik N. Narzędzia Pomiaru Stresu i Radzenia Sobie ze Stresem [Stress Mea-
surement and Coping Tools]. Pracownia Testów Psychologicznych, Polskie Towarzystwo Psycholog-
iczne, 2009.

 83. Lovibond S, Lovibond P. Manual for the depression anxiety stress scales. Psychology Foundation, 
1995.

 84. Brown TA, Chorpita BF, Korotitsch W, Barlow DH. Psychometric properties of the Depression Anxiety 
Stress Scales (DASS) in clinical samples. Behav Res Ther. 1997;35(1):79–89. https://doi.org/10.1016/
s0005-7967(96)00068-x PMID: 9009048

 85. Antony MM, Bieling PJ, Cox BJ, Enns MW, Swinson RP. Psychometric properties of the 42-item and 
21-item versions of the Depression Anxiety Stress Scales in clinical groups and a community sample. 
Psychol Assess. 1998;10(2):176–81. https://doi.org/10.1037/1040-3590.10.2.176

 86. Styła R, Kowalski J. Psychometric properties of the General Functioning Questionnaire (GFQ-58) 
used for screening for symptoms of psychopathology and overall level of functioning. Psychiatr Pol. 
2020;54(1):83–100. https://doi.org/10.12740/PP/99564 PMID: 32447358

 87. Radoń S. Validation of the polish version of mindful attention awareness scale. Studia Psychologica 
UKSW. 2014;14(1):50–69.

 88. Cann A, Calhoun LG, Tedeschi RG, Triplett KN, Vishnevsky T, Lindstrom CM. Assessing posttraumatic 
cognitive processes: the event related rumination inventory. Anxiety Stress Coping. 2011;24(2):137–
56. https://doi.org/10.1080/10615806.2010.529901 PMID: 21082446

 89. Ogińska-Bulik N, Juczyński Z. Inwentarz Ruminacji o Negatywnym Zdarzeniu. PsycTESTS Dataset. 
2015. https://doi.org/10.1037/t62687-000

 90. Berntson GG, Uchino BN, Cacioppo JT. Origins of baseline variance and the law of initial values. Psy-
chophysiology. 1994;31(2):204–10. https://doi.org/10.1111/j.1469-8986.1994.tb01042.x PMID: 8153258

 91. Chiesa A, Serretti A. Mindfulness-based stress reduction for stress management in healthy people: 
a review and meta-analysis. J Altern Complement Med. 2009;15(5):593–600. https://doi.org/10.1089/
acm.2008.0495 PMID: 19432513

 92. Winbush NY, Gross CR, Kreitzer MJ. The effects of mindfulness-based stress reduction on 
sleep disturbance: a systematic review. Explore (NY). 2007;3(6):585–91. https://doi.org/10.1016/j.
explore.2007.08.003 PMID: 18005910

 93. Chen T-L, Chang S-C, Hsieh H-F, Huang C-Y, Chuang J-H, Wang H-H. Effects of mindfulness-based 
stress reduction on sleep quality and mental health for insomnia patients: A meta-analysis. J Psycho-
som Res. 2020;135:110144. https://doi.org/10.1016/j.jpsychores.2020.110144 PMID: 32590218

https://doi.org/10.3390/s19081849
https://doi.org/10.3390/s19081849
http://www.ncbi.nlm.nih.gov/pubmed/31003456
https://doi.org/10.1186/s12911-023-02350-w
http://www.ncbi.nlm.nih.gov/pubmed/37924029
https://doi.org/10.3390/s21041030
http://www.ncbi.nlm.nih.gov/pubmed/33546235
https://doi.org/10.3390/s22176633
https://doi.org/10.3390/s22176633
http://www.ncbi.nlm.nih.gov/pubmed/36081096
https://doi.org/10.1007/s12144-024-06534-z
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.3758/BRM.41.4.1149
http://www.ncbi.nlm.nih.gov/pubmed/19897823
https://doi.org/10.1017/S2045796024000611
http://www.ncbi.nlm.nih.gov/pubmed/39501660
https://doi.org/10.2307/2136404
https://doi.org/10.1016/s0005-7967(96)00068-x
https://doi.org/10.1016/s0005-7967(96)00068-x
http://www.ncbi.nlm.nih.gov/pubmed/9009048
https://doi.org/10.1037/1040-3590.10.2.176
https://doi.org/10.12740/PP/99564
http://www.ncbi.nlm.nih.gov/pubmed/32447358
https://doi.org/10.1080/10615806.2010.529901
http://www.ncbi.nlm.nih.gov/pubmed/21082446
https://doi.org/10.1037/t62687-000
https://doi.org/10.1111/j.1469-8986.1994.tb01042.x
http://www.ncbi.nlm.nih.gov/pubmed/8153258
https://doi.org/10.1089/acm.2008.0495
https://doi.org/10.1089/acm.2008.0495
http://www.ncbi.nlm.nih.gov/pubmed/19432513
https://doi.org/10.1016/j.explore.2007.08.003
https://doi.org/10.1016/j.explore.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18005910
https://doi.org/10.1016/j.jpsychores.2020.110144
http://www.ncbi.nlm.nih.gov/pubmed/32590218


PLOS ONE | https://doi.org/10.1371/journal.pone.0322413 April 23, 2025 24 / 26

PLOS ONE MBSR supplemented with physiological signals from smartwatch improves mindfulness and reduces stress

 94. Im S, Stavas J, Lee J, Mir Z, Hazlett-Stevens H, Caplovitz G. Does mindfulness-based inter-
vention improve cognitive function?: A meta-analysis of controlled studies. Clin Psychol Rev. 
2021;84:101972. https://doi.org/10.1016/j.cpr.2021.101972 PMID: 33582570

 95. Katterman SN, Kleinman BM, Hood MM, Nackers LM, Corsica JA. Mindfulness meditation as an 
intervention for binge eating, emotional eating, and weight loss: a systematic review. Eat Behav. 
2014;15(2):197–204. https://doi.org/10.1016/j.eatbeh.2014.01.005 PMID: 24854804

 96. Warren JM, Smith N, Ashwell M. A structured literature review on the role of mindfulness, mindful 
eating and intuitive eating in changing eating behaviours: effectiveness and associated potential 
mechanisms. Nutr Res Rev. 2017;30(2):272–83. https://doi.org/10.1017/S0954422417000154 PMID: 
28718396

 97. Zhang D, Lee EKP, Mak ECW, Ho CY, Wong SYS. Mindfulness-based interventions: an overall 
review. Br Med Bull. 2021;138(1):41–57. https://doi.org/10.1093/bmb/ldab005 PMID: 33884400

 98. Deyo M, Wilson KA, Ong J, Koopman C. Mindfulness and rumination: does mindfulness train-
ing lead to reductions in the ruminative thinking associated with depression?. Explore (NY). 
2009;5(5):265–71. https://doi.org/10.1016/j.explore.2009.06.005 PMID: 19733812

 99. Bagherzadeh R, Sohrabineghad R, Gharibi T, Mehboodi F, Vahedparast H. Effects of mindfulness- 
based stress reduction training on rumination in patients with breast cancer. BMC Womens Health. 
2022;22(1):552. https://doi.org/10.1186/s12905-022-02124-y PMID: 36575482

 100. Zhou X, Guo J, Lu G, Chen C, Xie Z, Liu J, et al. Effects of mindfulness-based stress reduction 
on anxiety symptoms in young people: A systematic review and meta-analysis. Psychiatry Res. 
2020;289:113002. https://doi.org/10.1016/j.psychres.2020.113002 PMID: 32438210

 101. Bamber MD, Morpeth E. Effects of mindfulness meditation on college student anxiety: a meta- 
analysis. Mindfulness. 2018;10(2):203–14. https://doi.org/10.1007/s12671-018-0965-5

 102. Borquist-Conlon DS, Maynard BR, Brendel KE, Farina ASJ. Mindfulness-based interventions for 
youth with anxiety: a systematic review and meta-analysis. Res Soc Work Practice. 2017;29(2):195–
205. https://doi.org/10.1177/1049731516684961

 103. Halladay JE, Dawdy JL, McNamara IF, Chen AJ, Vitoroulis I, McInnes N, et al. Mindfulness for the 
mental health and well-being of post-secondary students: a systematic review and meta-analysis. 
Mindfulness. 2018;10(3):397–414. https://doi.org/10.1007/s12671-018-0979-z

 104. Visted E, Vøllestad J, Nielsen MB, Nielsen GH. The impact of group-based mindfulness training on 
self-reported mindfulness: a systematic review and meta-analysis. Mindfulness. 2014;6(3):501–22. 
https://doi.org/10.1007/s12671-014-0283-5

 105. Garland E, Gaylord S. Envisioning a future contemplative science of mindfulness: fruitful methods 
and new content for the next wave of research. Complement Health Pract Rev. 2009;14(1):3–9. 
https://doi.org/10.1177/1533210109333718 PMID: 20671798

 106. Grossman P, Van Dam NT. Mindfulness, by any other name: trials and tribulations of sati in western 
psychology and science. Contemp Buddhism. 2011;12(1):219–39. https://doi.org/10.1080/14639947.2
011.564841

 107. Baer RA, Smith GT, Hopkins J, Krietemeyer J, Toney L. Using self-report assessment 
methods to explore facets of mindfulness. Assessment. 2006;13(1):27–45. https://doi.
org/10.1177/1073191105283504 PMID: 16443717

 108. Bishop SR, Lau M, Shapiro S, Carlson L, Anderson ND, Carmody J, et al. Mindfulness: a proposed 
operational definition. Clin Psychol Sci Pract. 2004;11(3):230–41. https://doi.org/10.1093/clipsy.
bph077

 109. Eberth J, Sedlmeier P. The Effects of mindfulness meditation: a meta-analysis. Mindfulness. 
2012;3(3):174–89. https://doi.org/10.1007/s12671-012-0101-x

 110. Shapiro SL, Carlson LE, Astin JA, Freedman B. Mechanisms of mindfulness. J Clin Psychol. 
2006;62(3):373–86. https://doi.org/10.1002/jclp.20237 PMID: 16385481

 111. Klainin-Yobas P, Cho MAA, Creedy D. Efficacy of mindfulness-based interventions on depressive 
symptoms among people with mental disorders: a meta-analysis. Int J Nurs Stud. 2012;49(1):109–
21. https://doi.org/10.1016/j.ijnurstu.2011.08.014 PMID: 21963234

 112. Hofmann SG, Gómez AF. Mindfulness-based interventions for anxiety and depression. Psychiatr 
Clin North Am. 2017;40(4):739–49. https://doi.org/10.1016/j.psc.2017.08.008 PMID: 29080597

 113. Marciniak R, Šumec R, Vyhnálek M, Bendíčková K, Lázničková P, Forte G, et al. The effect of 
mindfulness-based stress reduction (mbsr) on depression, cognition, and immunity in mild cognitive 
impairment: a pilot feasibility study. Clin Interv Aging. 2020;15:1365–81. https://doi.org/10.2147/CIA.
S249196 PMID: 32848377

https://doi.org/10.1016/j.cpr.2021.101972
http://www.ncbi.nlm.nih.gov/pubmed/33582570
https://doi.org/10.1016/j.eatbeh.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24854804
https://doi.org/10.1017/S0954422417000154
http://www.ncbi.nlm.nih.gov/pubmed/28718396
https://doi.org/10.1093/bmb/ldab005
http://www.ncbi.nlm.nih.gov/pubmed/33884400
https://doi.org/10.1016/j.explore.2009.06.005
http://www.ncbi.nlm.nih.gov/pubmed/19733812
https://doi.org/10.1186/s12905-022-02124-y
http://www.ncbi.nlm.nih.gov/pubmed/36575482
https://doi.org/10.1016/j.psychres.2020.113002
http://www.ncbi.nlm.nih.gov/pubmed/32438210
https://doi.org/10.1007/s12671-018-0965-5
https://doi.org/10.1177/1049731516684961
https://doi.org/10.1007/s12671-018-0979-z
https://doi.org/10.1007/s12671-014-0283-5
https://doi.org/10.1177/1533210109333718
http://www.ncbi.nlm.nih.gov/pubmed/20671798
https://doi.org/10.1080/14639947.2011.564841
https://doi.org/10.1080/14639947.2011.564841
https://doi.org/10.1177/1073191105283504
https://doi.org/10.1177/1073191105283504
http://www.ncbi.nlm.nih.gov/pubmed/16443717
https://doi.org/10.1093/clipsy.bph077
https://doi.org/10.1093/clipsy.bph077
https://doi.org/10.1007/s12671-012-0101-x
https://doi.org/10.1002/jclp.20237
http://www.ncbi.nlm.nih.gov/pubmed/16385481
https://doi.org/10.1016/j.ijnurstu.2011.08.014
http://www.ncbi.nlm.nih.gov/pubmed/21963234
https://doi.org/10.1016/j.psc.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/29080597
https://doi.org/10.2147/CIA.S249196
https://doi.org/10.2147/CIA.S249196
http://www.ncbi.nlm.nih.gov/pubmed/32848377


PLOS ONE | https://doi.org/10.1371/journal.pone.0322413 April 23, 2025 25 / 26

PLOS ONE MBSR supplemented with physiological signals from smartwatch improves mindfulness and reduces stress

 114. Chi X, Bo A, Liu T, Zhang P, Chi I. Effects of mindfulness-based stress reduction on depression in 
adolescents and young adults: a systematic review and meta-analysis. Front Psychol. 2018;9:1034. 
https://doi.org/10.3389/fpsyg.2018.01034 PMID: 29977221

 115. Clark LA, Watson D. Tripartite model of anxiety and depression: psychometric evidence and 
taxonomic implications. J Abnorm Psychol. 1991;100(3):316–36. https://doi.org/10.1037//0021-
843x.100.3.316 PMID: 1918611

 116. Ding F, Wu J, Zhang Y. Can mindfulness-based stress reduction relieve depressive symp-
toms? A systematic review and meta-analysis. J Pacific Rim Psychol. 2023;17. https://doi.
org/10.1177/18344909221145814

 117. Bohlmeijer E, Prenger R, Taal E, Cuijpers P. The effects of mindfulness-based stress reduction ther-
apy on mental health of adults with a chronic medical disease: a meta-analysis. J Psychosom Res. 
2010;68(6):539–44. https://doi.org/10.1016/j.jpsychores.2009.10.005 PMID: 20488270

 118. Zoogman S, Goldberg SB, Hoyt WT, Miller L. Mindfulness interventions with youth: a meta-analysis. 
Mindfulness. 2014;6(2):290–302. https://doi.org/10.1007/s12671-013-0260-4

 119. Gu J, Strauss C, Bond R, Cavanagh K. How do mindfulness-based cognitive therapy and  
mindfulness-based stress reduction improve mental health and wellbeing? A systematic review 
and meta-analysis of mediation studies. Clin Psychol Rev. 2015;37:1–12. https://doi.org/10.1016/j.
cpr.2015.01.006 PMID: 25689576

 120. Khoury B, Lecomte T, Fortin G, Masse M, Therien P, Bouchard V, et al. Mindfulness-based therapy: 
a comprehensive meta-analysis. Clin Psychol Rev. 2013;33(6):763–71. https://doi.org/10.1016/j.
cpr.2013.05.005 PMID: 23796855

 121. Li SYH, Bressington D. The effects of mindfulness-based stress reduction on depression, anx-
iety, and stress in older adults: a systematic review and meta-analysis. Int J Ment Health Nurs. 
2019;28(3):635–56. https://doi.org/10.1111/inm.12568 PMID: 30656813

 122. Leahy RL. Emotional schema therapy. New York, NY: The Guilford Press; 2015.

 123. Brown TA, Barlow DH, Liebowitz MR. The empirical basis of generalized anxiety disorder. Am J 
Psychiatry. 1994;151(9):1272–80. https://doi.org/10.1176/ajp.151.9.1272 PMID: 8067480

 124. Campbell J, Ehlert U. Acute psychosocial stress: does the emotional stress response corre-
spond with physiological responses?. Psychoneuroendocrinology. 2012;37(8):1111–34. https://doi.
org/10.1016/j.psyneuen.2011.12.010 PMID: 22260938

 125. Ramos-Cejudo J, Salguero JM. Negative metacognitive beliefs moderate the influence of perceived 
stress and anxiety in long-term anxiety. Psychiatry Res. 2017;250:25–9. https://doi.org/10.1016/j.
psychres.2017.01.056 PMID: 28135644

 126. Sariçam H. Metacognition and happiness: The mediating role of perceived stress. Studia Psycholog-
ica. 2015;57(4):271–283. doi: 10.21909/sp.2015.03.699

 127. Spada MM, Nikčević AV, Moneta GB, Wells A. Metacognition, perceived stress, and negative emo-
tion. Person Individ Differ. 2008;44(5):1172–81. https://doi.org/10.1016/j.paid.2007.11.010

 128. Wells A. Metacognitive therapy for anxiety and depression. New York: Guilford Press; 2009.

 129. Luo J, Zhang B, Cao M, Roberts BW. The stressful personality: a meta-analytical review of the 
relation between personality and stress. Pers Soc Psychol Rev. 2023;27(2):128–94. https://doi.
org/10.1177/10888683221104002 PMID: 35801622

 130. Ebstrup JF, Eplov LF, Pisinger C, Jørgensen T. Association between the Five Factor personality 
traits and perceived stress: is the effect mediated by general self-efficacy?. Anxiety Stress Coping. 
2011;24(4):407–19. https://doi.org/10.1080/10615806.2010.540012 PMID: 21213153

 131. Jiang JM, Seng EK, Zimmerman ME, Sliwinski M, Kim M, Lipton RB. Evaluation of the reliability, 
validity, and predictive validity of the subscales of the perceived stress scale in older adults. J Alz-
heimers Dis. 2017;59(3):987–96. https://doi.org/10.3233/JAD-170289 PMID: 28671128

 132. Banjongrewadee M, Wongpakaran N, Wongpakaran T, Pipanmekaporn T, Punjasawadwong Y, 
Mueankwan S. The role of perceived stress and cognitive function on the relationship between neu-
roticism and depression among the elderly: a structural equation model approach. BMC Psychiatry. 
2020;20(1):25. https://doi.org/10.1186/s12888-020-2440-9 PMID: 31959135

 133. Xin Y, Wu J, Yao Z, Guan Q, Aleman A, Luo Y. The relationship between personality and the 
response to acute psychological stress. Sci Rep. 2017;7(1):16906. https://doi.org/10.1038/s41598-
017-17053-2 PMID: 29203876

 134. Brockmeyer T, Skunde M, Wu M, Bresslein E, Rudofsky G, Herzog W, et al. Difficulties in emotion 
regulation across the spectrum of eating disorders. Compr Psychiatry. 2014;55(3):565–71. https://doi.
org/10.1016/j.comppsych.2013.12.001 PMID: 24411653

https://doi.org/10.3389/fpsyg.2018.01034
http://www.ncbi.nlm.nih.gov/pubmed/29977221
https://doi.org/10.1037//0021-843x.100.3.316
https://doi.org/10.1037//0021-843x.100.3.316
http://www.ncbi.nlm.nih.gov/pubmed/1918611
https://doi.org/10.1177/18344909221145814
https://doi.org/10.1177/18344909221145814
https://doi.org/10.1016/j.jpsychores.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/20488270
https://doi.org/10.1007/s12671-013-0260-4
https://doi.org/10.1016/j.cpr.2015.01.006
https://doi.org/10.1016/j.cpr.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25689576
https://doi.org/10.1016/j.cpr.2013.05.005
https://doi.org/10.1016/j.cpr.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23796855
https://doi.org/10.1111/inm.12568
http://www.ncbi.nlm.nih.gov/pubmed/30656813
https://doi.org/10.1176/ajp.151.9.1272
http://www.ncbi.nlm.nih.gov/pubmed/8067480
https://doi.org/10.1016/j.psyneuen.2011.12.010
https://doi.org/10.1016/j.psyneuen.2011.12.010
http://www.ncbi.nlm.nih.gov/pubmed/22260938
https://doi.org/10.1016/j.psychres.2017.01.056
https://doi.org/10.1016/j.psychres.2017.01.056
http://www.ncbi.nlm.nih.gov/pubmed/28135644
doi: 10.21909/sp.2015.03.699
https://doi.org/10.1016/j.paid.2007.11.010
https://doi.org/10.1177/10888683221104002
https://doi.org/10.1177/10888683221104002
http://www.ncbi.nlm.nih.gov/pubmed/35801622
https://doi.org/10.1080/10615806.2010.540012
http://www.ncbi.nlm.nih.gov/pubmed/21213153
https://doi.org/10.3233/JAD-170289
http://www.ncbi.nlm.nih.gov/pubmed/28671128
https://doi.org/10.1186/s12888-020-2440-9
http://www.ncbi.nlm.nih.gov/pubmed/31959135
https://doi.org/10.1038/s41598-017-17053-2
https://doi.org/10.1038/s41598-017-17053-2
http://www.ncbi.nlm.nih.gov/pubmed/29203876
https://doi.org/10.1016/j.comppsych.2013.12.001
https://doi.org/10.1016/j.comppsych.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24411653


PLOS ONE | https://doi.org/10.1371/journal.pone.0322413 April 23, 2025 26 / 26

PLOS ONE MBSR supplemented with physiological signals from smartwatch improves mindfulness and reduces stress

 135. Macht M. How emotions affect eating: a five-way model. Appetite. 2008;50(1):1–11. https://doi.
org/10.1016/j.appet.2007.07.002 PMID: 17707947

 136. Prefit A-B, Cândea DM, Szentagotai-Tătar A. Emotion regulation across eating pathology: a 
meta-analysis. Appetite. 2019;143:104438. https://doi.org/10.1016/j.appet.2019.104438 PMID: 
31479694

 137. Mühlichen M, Doblhammer G. Social differences in cause-specific infant mortality at the dawn of the 
demographic transition: new insights from German church records. Popul Environ. 2025;47(1):15. 
https://doi.org/10.1007/s11111-025-00483-w PMID: 40092059

 138. De Saedeleer L, Pourtois G. Evaluative priming reveals dissociable effects of cognitive versus 
physiological anxiety on action monitoring. Emotion. 2016;16(4):498–514. https://doi.org/10.1037/
emo0000149 PMID: 26709858

 139. Nitschke JB, Heller W, Palmieri PA, Miller GA. Contrasting patterns of brain activity in anxious 
apprehension and anxious arousal. Psychophysiology. 1999;36(5):628–37. https://doi.org/10.1017/
s0048577299972013 PMID: 10442031

 140. Nitschke JB. Cognitive Therapy and Research. 2001;25(1):1–22. https://doi.
org/10.1023/a:1026485530405

 141. Watson D, Weber K, Assenheimer JS, Clark LA, Strauss ME, McCormick RA. Testing a tripartite 
model: I. Evaluating the convergent and discriminant validity of anxiety and depression symptom 
scales. J Abnorm Psychol. 1995;104(1):3–14. https://doi.org/10.1037//0021-843x.104.1.3 PMID: 
7897050

 142. Barlow D. The nature of anxiety: Anxiety, depression, and emotional disorders. Chronic anxiety: 
generalized anxiety disorder and mixed anxiety-depression. New York, NY: The Guilford Press; 
1991:142.

 143. Borkovec TD, Robinson E, Pruzinsky T, DePree JA. Preliminary exploration of worry: some 
characteristics and processes. Behav Res Ther. 1983;21(1):9–16. https://doi.org/10.1016/0005-
7967(83)90121-3 PMID: 6830571

 144. Schulz A, Schultchen D, Vögele C. Interoception, stress, and physical symptoms in stress- 
associated diseases. Eur J Health Psychol. 2020;27(4):132–53. https://doi.org/10.1027/2512-8442/
a000063

 145. Solano Durán P, Morales J-P, Huepe D. Interoceptive awareness in a clinical setting: the need to 
bring interoceptive perspectives into clinical evaluation. Front Psychol. 2024;15:1244701. https://doi.
org/10.3389/fpsyg.2024.1244701 PMID: 38933585

 146. Pope ZC, Barr-Anderson DJ, Lewis BA, Pereira MA, Gao Z. Use of wearable technology and social 
media to improve physical activity and dietary behaviors among college students: a 12-week 
randomized pilot study. Int J Environ Res Public Health. 2019;16(19):3579. https://doi.org/10.3390/
ijerph16193579 PMID: 31557812

 147. Millings A, Morris J, Rowe A, Easton S, Martin JK, Majoe D, et al. Can the effectiveness of an 
online stress management program be augmented by wearable sensor technology?. Internet Interv. 
2015;2(3):330–9. https://doi.org/10.1016/j.invent.2015.04.005

 148. Foerster D. Sensing a heartbeat: a new perspective on self-tracking technologies through the 
integration of interoception. Body & Society. 2024;30(2):37–58. https://doi.org/10.1177/13570
34x241245994

 149. Boldi A, Rapp A. Quantifying the body: body image, body awareness and self-tracking technologies. 
Quantifying quality of life: incorporating daily life into medicine, health informatics. Cham: Springer 
International Publishing; 2022:189–207.

https://doi.org/10.1016/j.appet.2007.07.002
https://doi.org/10.1016/j.appet.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17707947
https://doi.org/10.1016/j.appet.2019.104438
http://www.ncbi.nlm.nih.gov/pubmed/31479694
https://doi.org/10.1007/s11111-025-00483-w
http://www.ncbi.nlm.nih.gov/pubmed/40092059
https://doi.org/10.1037/emo0000149
https://doi.org/10.1037/emo0000149
http://www.ncbi.nlm.nih.gov/pubmed/26709858
https://doi.org/10.1017/s0048577299972013
https://doi.org/10.1017/s0048577299972013
http://www.ncbi.nlm.nih.gov/pubmed/10442031
https://doi.org/10.1023/a:1026485530405
https://doi.org/10.1023/a:1026485530405
https://doi.org/10.1037//0021-843x.104.1.3
http://www.ncbi.nlm.nih.gov/pubmed/7897050
https://doi.org/10.1016/0005-7967(83)90121-3
https://doi.org/10.1016/0005-7967(83)90121-3
http://www.ncbi.nlm.nih.gov/pubmed/6830571
https://doi.org/10.1027/2512-8442/a000063
https://doi.org/10.1027/2512-8442/a000063
https://doi.org/10.3389/fpsyg.2024.1244701
https://doi.org/10.3389/fpsyg.2024.1244701
http://www.ncbi.nlm.nih.gov/pubmed/38933585
https://doi.org/10.3390/ijerph16193579
https://doi.org/10.3390/ijerph16193579
http://www.ncbi.nlm.nih.gov/pubmed/31557812
https://doi.org/10.1016/j.invent.2015.04.005
https://doi.org/10.1177/1357034x241245994
https://doi.org/10.1177/1357034x241245994

