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Abstract

The current study examines the effects of mindfulness intervention vs. relaxation-based active control on psychophysiological reactivity measured by heart rate (HR), high-frequency heart rate variability (HF-HRV), skin conductance level (SCL) and number of skin conductance responses (SCR) in adolescents. 
	A total of 110 students of ages 12 and 15 participated from four schools. The conditions of 9-week mindfulness intervention or a relaxation-based active control were randomly assigned to schools. At the baseline (pre-intervention), participants completed a test protocol with three different tasks: an arithmetic task, a minimal stress task and a social stress inducing speech task, divided into argue, oppose, and comment subtasks. The test protocol was repeated post-intervention at 9 weeks and followed up at 26 weeks. 
	For the speech task (oppose), the number of SCRs increased in the control group during the both (9-week and 6-month) follow-ups but stayed at the same level in the intervention group, i.e., the stress response in the control group increased. Additionally, HR and SCL reactivity were close to significance, demonstrating increase in the control group and indicating increased stress. There were no significant differences in HR, HF-HRV and SCL between the intervention and the control group.
	The results of this pilot study suggest that in a highly stressful social situation, mindfulness, as compared to the active control, might have a subtle effect lowering sympathetically driven physiological stress reactivity. Other measures show either no effects or tentative findings, that should be addressed in future studies with larger samples.
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Chronic stress is particularly disruptive for adolescent development and may have persisting consequences in adulthood, increasing the likelihood of anxiety, depression (Eiland & Romeo, 2013; Kovalenko et al., 2014) and behavioral problems (Ortiz & Raine, 2004). The process of maturation is highly sensitive to environmental stimuli, and higher exposure to daily stressors may increase stress sensitivity (Hammen, 2015; Snippe, Dziak, Lanza, Nyklíček, & Wichers, 2017).  Considering the risks, it is important to find ways to manage stress and to understand the mechanisms of programs that have been designed to reduce reactivity to stress and to enhance emotion regulation. 
Stress can be examined as perceived, self-reported and/or as physiological reactivity to a stressor. These two indicators have been found to be only somewhat related in large samples among children and adolescents (Oldehinkel, Ormel, Bosch, Bouma, & Van Roon, 2011), partly linked to different determinants (Evans et al., 2013) and should both be examined to obtain better perspective on stress. School-based interventions offer various models for stress reduction. Among them mindfulness-based programs have shown promise in increasing the general well-being and reducing self-reported stress  (Burke, 2010; Davidson et al., 2012; Meiklejohn et al., 2012; Zenner, Herrnleben-Kurz, & Walach, 2014). However, physiological stress has been previously investigated only in a single mindfulness intervention study among children and adolescents (Schonert-Reichl et al., 2015). Physiological stress measures add objective information on physiological responses, marking potential vulnerability for long term physical and psychological health problems (Greaves-Lord, Ferdinand, Sondeijker, Dietrich, & Oldehinkel, 2007; Lovallo, 2011).
In the present study, we examine the effects of mindfulness intervention vs. relaxation-based active control on stress reactivity measured by HR, HF-HRV, SCL and SCR. Our aim is to explore if the mindfulness intervention has a significant effect on the automatic nervous system in adolescence, that can be detected with psychophysiological measures. Social and cognitive stress were induced by tasks that are loosely based on tasks commonly used in studies on physical (Carson et al., 2017; Määttänen et al., 2018) and mental health issues (Määttänen et al., 2019; Schwerdtfeger & Rosenkaimer, 2011). 
There are only a few studies on the psychophysiological effects of mindfulness vs. other comparable interventions (Grossman, Deuring, Walach, Schwarzer, & Schmidt, 2016; Wahbeh, Goodrich, Goy, & Oken, 2016) and to our knowledge, no studies that would focus on acute and induced stress reactivity. To fill this gap, we will investigate whether the mindfulness intervention compared to relaxation based active control elicits different effects in HR, HF-HRV, SCL and number of SCRs when faced with stressors. Mindfulness programs among school-based interventions have shown promise in reducing self-reported stress  (Burke, 2010; Davidson et al., 2012; Meiklejohn et al., 2012; Zenner, Herrnleben-Kurz, & Walach, 2014) but we still lack evidence on physiological stress reactivity among children and adolescents (Schonert-Reichl et al., 2015) and findings among adults are mixed (e.g. Rådmark, Sidorchuk, Osika, & Niemi, 2019). Physiological stress is associated with long term physical and psychological health problems (Greaves-Lord, Ferdinand, Sondeijker, Dietrich, & Oldehinkel, 2007; Lovallo, 2011) and considering these risks, it is crucial to understand the mechanisms of programs that have been designed to reduce reactivity to stress.

Mindfulness and Stress Reduction

Mindfulness is defined as awareness, directing attention and accepting the experience as it presents itself, non-judgmentally, with curiosity and openness (Kabat - Zinn, 1994; Lutz, Slagter, Dunne, & Davidson, 2008; Shapiro, Carlson, Astin, & Freedman, 2006). In other words, mindfulness guides towards experiencing directly and letting go of associated memories, emotional reactions or expectations towards less self-biased processing (Brown, Ryan, Creswell, & Niemiec, 2008; Holzel et al., 2011). 
Stress buffering hypothesis of mindfulness suggests that mindfulness mitigates stress appraisals and reduces stress reactivity responses (Creswell, 2014; Ludwig & Kabat-Zinn, 2008). Dispositional (trait) mindfulness has been associated with less self-reported negative affects after being exposed to laboratory stressors (Arch & Craske, 2010; Feldman, 2016) and reduction perceived daily stress (Ciesla, Reilly, Dickson, Emanuel, & Updegraff, 2012). Mindfulness training and particularly Mindfulness-Based Stress Reduction (MBSR), an 8-week program (Kabat-Zinn, 1982) is often implemented and studied (Pascoe, Thompson, Jenkins, & Ski, 2017) as a manualized intervention to reduce stress. MBSR shows medium (0.49-0.59) effect sizes on self-reported stress reduction (Baer, 2003; Grossman, Niemann, & Schmidt, 2004). Based on self-reports mindfulness may reduce overall distress and rumination (Hoge et al., 2013; Jain et al., 2007) thereby alleviating and shortening the stress experience often prolonged by rumination and negative stress appraisals (Folkman & Moskowitz, 2004).

Psychophysiological Stress Reactivity and its Indicators

The autonomic nervous system regulates the peripheral physical response to stress and is divided to sympathetic and parasympathetic nervous system. Sympathetic nervous system and in particular the sympathetic-adrenal-medullary pathway activates the body in face of threat and regulates short term stress responses (i.e., fight-or-flight stress response), whereas parasympathetic nervous system has generally opposing effects (Godoy, Rossignoli, Delfino-Pereira, Garcia-Cairasco, & de Lima Umeoka, 2018). Heart rate (HR) and high-frequency heart rate variability (HF-HRV) indicate the levels of activation in sympathetic and parasympathetic nervous systems and are regarded as reliable indicators of psychophysiological stress response (Berntson et al., 1997). Both HR and HF-HRV can be measured by electrocardiography (ECG). Lower HR and higher HF-HRV are associated with more parasympathetic activity and therefore lower stress levels (Borchini et al., 2018; Gordan, Gwathmey, & Xie, 2015; Thayer, Ahs, Fredrikson, Sollers, & Wager, 2012).
Another often employed method to examine the autonomic activation is electrodermal activity (EDA). Sweat glands are controlled by the sympathetic nervous system, thus increased skin conductance serves as an indication of psychological or physiological arousal (Boucsein et al., 2012). EDA measures indicate the electrical conductance of the skin, which varies due to the moisture level of the skin. Skin conductance responses (SCR) indicate fast-changing signal in response to stimulus (rise 1-3 seconds from stimulus onset, recovery 2-10 s), whereas skin conductance level (SCL) presents the tonic, slowly changing (minutes) level of conductance (sympathetic tone) (Benedek & Kaernbach, 2010; Dawson, Schell, & Filion, 1990). SCL is also linked to the activation of behavioral inhibition system that promotes inhibition in aversive situations (Fowles, 2000). Lower number of SCRs is associated with less event related sympathetic activity and therefore lower stress response (Benedek & Kaernbach, 2010). Lower SCL is associated with more consistent change in sympathetic tone (SCL), indicating lower stress level (Boucsein et al., 2012).

The Effects of Mindfulness on Autonomic Nervous System

Several studies have shown that mindfulness interventions affect autonomic nervous system functioning. There is some evidence suggesting that mindfulness might alter the sympathetic-adrenal-medullary activation by reducing sympathetic response and its principal neurotransmitters  (Creswell, 2014; Lush et al., 2009) or by increasing activity in the parasympathetic nervous system via the vagal nerve (Thayer & Lane, 2000). Short mindfulness meditation compared to silent sitting/relaxation has been associated with increases in respiratory sinus arrhythmia (a measure almost synonymous with HRV, associated with parasympathetic activity; Ditto, Eclache, & Goldman, 2006) and decreased sympathetic activity measured by HR, SCR and increased HF-HRV  (Tang et al., 2009). Studies seem to indicate that reduced central parasympathetic activity contributes to the reduction of HRV (Gorman & Sloan, 2000) and there may be a correlation between high HRV and the individual’s capacity to self-regulate attention, emotions, and behavior (Burg & Wolf, 2012). So far, studies in the field have indicated that MBSR may increase HRV (Krick & Felfe, 2019; Nijjar et al., 2014) where others have found no effect on HR measurements (Nyklíček, Mommersteeg, van Beugen, Ramakers, & van Boxtel, 2013). 
It is possible that different kind of practices have different effects, i.e., MBSR may improve autonomic balance and so normalize the ratio of LF/HF activity (Owens et al., 2016). A meta-analysis where resting, stress test or ambulatory HR (14 studies) and HF-HRV (3 studies) were measured (Pascoe et al., 2017) found that in open monitoring type of meditation (including mindfulness) resting HR was decreased by 3.11BPM, while HF-HRV was not impacted. In aforementioned studies the assessment was conducted pre- and -post-intervention (non-meditative state). Another meta-analysis found no significant evidence of effects of mindfulness-based interventions on HRV parameters, partly due to the lack of large, rigorously conducted RCTs (Rådmark, Sidorchuk, Osika, & Niemi, 2019). A most recent review among the more rigorously designed and executed studies of mindfulness-based intervention, found an increase in HRV reactivity (Christodoulou, Salami, & Black, 2020). It is also worth noting that, in general, mindfulness effects seem to be more prominent in high stress populations and high stress conditions (Arch & Craske, 2010; Brown, Weinstein, & Creswell, 2012).
Based on self-reports by children, adolescents and their parents, mindfulness may reduce perceived stress and stress related symptoms in elementary school children (Biegel, Brown, Shapiro, & Schubert, 2009; Flook et al., 2010; Schonert-Reichl & Stewart Lawlor, 2010; Weijer-Bergsma, Langenberg, Brandsma, Oort, & Bögels, 2014). However, so far only one study has examined effects of mindfulness intervention on psychophysiological outcomes among children and adolescents, and to our knowledge, there are no studies measuring HF-HRV or EDA, or indeed physiological reactivity to acute stress. The existing study (Schonert-Reichl et al., 2015) found no difference in cortisol secretion (associated with stress levels) between those in the mindfulness-based intervention group as compared to the active control group among the 9- to 11-year-olds (n= 99). In a broader context, the effects of breathing focused meditation have been studied and compared to active control (health education) group among African-American 11- to 12-year-olds and 15-year-olds (Barnes, A., Davis, Murzynowski, & Treiber, 2004; Barnes, V., Pendergrast, Harshfield, & Treiber, 2008) measuring stress reactivity with blood pressure, HR and sodium secretion (n= 73). The results showed decrease in all measures in the intervention group.

Present Study

This study is exploratory by nature, due to insufficient previous evidence to form hypotheses. We expect that the findings will give us better understanding of the potential benefits for adolescents in managing the stress response after a mindfulness intervention. The intervention potentially mitigates stress appraisals and reduces stress reactivity responses. As we know that chronic stress may have long-lasting consequences in increasing anxiety and depression (Eiland & Romeo, 2013; Kovalenko et al., 2014) it is essential to find how these risks can be minimized. 

Methods

Study Participants

The study protocol was reviewed by the ethical review board of the MASKED FOR REVIEW (Statement 1/2014). A written informed consent was requested from all participants and their parents. The participants were informed they could end their participation at any time if they so wished. Study data was gathered in 2014-2015. Study participants were 12- and 15-year-old children and adolescents from schools in two cities: Helsinki (capital city in Southern Finland, population 600 000) and Turku (in Southwest Finland, population 200 000). 
The schools were randomly assigned to mindfulness intervention schools and active control schools. First, the schools were matched into three groups based on school location and the average apartment price per square meter, to account for socioeconomic differences, then the random allocation sequence was implemented (Volanen, S-M. et al., 2016). Two comprehensive schools with 67 students in thein the 8th grade (15 y) from Helsinki participated in the spring-term 2014: one intervention school and one control school. Two comprehensive schools with 64 students in the 6th grade (12 y) participated from Turku in the autumn-term 2014: one intervention school and one control school. 
All students from the selected grades were asked to participate in an intensive research protocol, including psychophysiological testing. Of the 194 invited students, an informed consent form was obtained from 131 (68%) students and their parents. A few students (n= 13) were absent from school and some (n= 8) changed their minds when the research period started. Finally, 110 students (from the 6th and 8th grades) were able to participate in the intervention/active relaxation control sessions, psychophysiological testing, and filling in the research questionnaire in the chosen four schools (please see Supplementary Figure S1, Flow chart for psychophysiological tests). 

Stress Tasks

The stress tasks were a set of three different assignments that were given to students during one session. The flow of the tasks is presented in Figure 1.
The cognitive stress inducing task included a set of arithmetic problems. The problems were chosen from Wechsler Intelligence Scale for Children (III) arithmetic section (Wechsler, 1991), but instead of a verbal presentation, they were written on a sheet. Arithmetic is often seen as stress inducing, although this is highly dependent on the participants’ skills and attitudes towards problem solving. These tasks tend to result in an elevated heart rate and reduced parasympathetic activity (Jain et al. 2001).
The minimal stress task was included to measure the stress related to the experimental situation in general (Dickerson & Kemeny, 2004; Nater et al., 2006). Each participant was given a set of cards with hobbies and they were instructed to order them according to personal preference. Participants were given 5 minutes to work with the task.
The social stress inducing task was modelled for each participant who was asked to give three small speeches (each 1-2 minutes) in front of a researcher and research assistants. The topic of speech was given by the researcher and each study phase (baseline, 9 weeks and 26 weeks) introduced a new topic. The topics debated were ‘is it good to have many different hobbies/interests’ at the baseline, ‘is it important to have a varying diet (eat many kinds of food)’ at 9 weeks and ‘are school trips a good way to learn about different places’ at 26 weeks.  In the first round, the 1st speaker was instructed to state a given argument (speech A). The 2nd speaker was instructed to act as the opponent, i.e., oppose the position of the first speaker (speech O). The 3rd speaker was instructed to comment freely from own experience (speech C). Three rounds were conducted with alternating the roles for each speaker, role changes were noted by labeling the physical data. Social stress is often considered the most effective task to produce a heightened stress response (Dickerson & Kemeny, 2004; Gruenewald, Kemeny, Aziz, & Fahey, 2004; Kirschbaum, Pirke, & Hellhammer, 2004).

Demographic Data

Questionnaires and other tests were completed as a part of the RCT in 2014-15 and they included baseline demographic data: grade, gender and socio-economic status (SES). Questionnaires were filled in at the baseline, 9 weeks, and 26 weeks during the normal school hours. Students’ parental SES was considered in the main analyses as a potential confounder. In this study, SES was measured as a subjective assessment by the students themselves, a method considered valid in previous research (Currie, Elton, & Todd, 1997). Students were presented with the following question: “what do you think about the financial situation in your family”, measured by four response categories. Of all the responses 46.6% were in the income group 1 (manages very well financially), 35.9% in group 2 (manages moderately well), 14.6% in the group 3 (manages not very well) and 2.9% in group 4 (manages not at all well financially). There were no significant differences at the baseline between the intervention and active control group on SES (p=0.889). 

Procedure

The study was initiated with a baseline phase when participants were tested using psychophysiological measures (HR, HF-HRV, SCL and SCR). In the intervention phase, both the intervention and the active control group took part in a 9-week program consisting of weekly 45 minute long group sessions at school and daily 1-15-minutes home practices. In the follow-up phase at 9 weeks and at 26 weeks, participants were again tested using psychophysiological measures. 

Baseline phase
In the baseline phase, three students were tested at the same time, in the same space but on separate working stations. The testing environment was in the school premises where the normal noise and pace of the school day were present, offering a realistic picture of the performance in school conditions. The test session lasted about 30 minutes and was conducted by trained psychology students. The test session consisted of three different tasks 1) cognitive stress inducing task; 2) minimal stress inducing task and 3) social stress inducing task, intermediated with relaxation phases. Each individual session began with a different task, sequence of tasks running in the same order (Figure 1). 
The session was started with general instructions about the session and followed by basal or resting measurement. Students were instructed to relax by sitting comfortably, putting on noise-cancelling earphones and closing their eyes until the researcher would signal the end of 5 minutes. Otherwise, they were not given any particular instructions on how to relax but were free to choose their preferred method. Then the stress inducing task was presented, and the change in physiological response (i.e., stress reactivity) relative to the resting baseline in the beginning of session was measured. Each task was followed by a resting period. 

Intervention phase
The intervention and the active relaxation control groups were each taught by a different facilitator. Mindfulness intervention facilitators were trained to teach the intervention program. Facilitators were not school staff, but they were classroom teachers by profession or otherwise experienced in working with groups of adolescents. Facilitators were given training and their teaching (delivery of manualized material) was assessed before the study started. Facilitators were given a random lesson to teach, teaching was recorded on video and evaluated by the team to satisfy the requirements of consistency. 
In schools randomly selected for the intervention, the participants were taught the mindfulness based intervention curriculum (Stop & Breathe, .b) (Huppert & Johnson, 2010) which consists of nine weekly 45 min group sessions and short home practices (the recommended amount of practice being 5–6 times per week, approx. 3–15 min at a time) designed to improve emotional awareness, sustained attention, and attentional and emotional regulation. Practices included breathing, scanning body sensations and observing thoughts. Preliminary research suggest it to be effective in decreasing depressive symptoms, lowering stress and enhancing psychological well-being (Kuyken et al., 2013; Volanen, S. -M et al., 2020) (https://mindfulnessinschools.org/teach-dot-b/dot-b-curriculum/). Sessions started with a psychoeducational introduction to the themed lesson, including short formal or informal practices, group discussion and ending with a longer practice. Mindfulness home practices were available to download from the course website (Volanen et al., 2016).
In schools randomly selected for the active control group, the participants were taught “Relax”, a program based on Chilla by Folkhälsan Förbundet (www.folkhalsan.fi/barn/professionella/lilla-chilla/) aiming to train relaxation skills and produce holistic wellbeing. The frequency and duration of the weekly sessions (i.e., dose) of the Relax-program is equal to the Stop & Breathe-program including nine weekly 45 min group sessions and home practices (the recommended amount of practice being 5–6 times per week). The sessions consisted of psychoeducational presentations relating to wellbeing (e.g., stress, sleep, nutrition) relaxation exercises, pair and group discussions and group assignments. Relaxation practices were available online to listen at home (Volanen et al., 2016).

Follow-up phase
In the follow-up phase, 9 weeks after the baseline data collection, participants were tested with the same protocol during their school day, and the same procedure was repeated at 26 weeks after the baseline data collection. 

Psychophysiological Recording and Signal Processing 

The electrocardiograms were conducted with three mobile devices (two NeXus-10 MKI and one NeXus-10 MKII, Mind Media, The Netherlands) and with BioTrace+ software. Electrocardiography (ECG) was recorded with pre-gelled bipolar electrodes (Ambu BlueSensor M) at right and left side of the chest, while using a separate ground electrode beneath the left rib cage. Electrodermal activity was measured using NeXus dry electrodes (velcro straps) positioned on palmar surface of the middle phalanges of digits 2 and 3 of the non-dominant hand. Sampling rates were 256 Hz for the ECG and 32 Hz for the EDA (Stern, Stern, Ray, & Quigley, 2001).
Signal processing was done in Matlab R2014a (The MathWorks Inc., USA). ECG was digitally filtered (0.5 – 45 Hz, 3rd order Butterworth) and epoched according to the event markers used in each experimental condition. R-peaks were extracted using QRS-detection method by Hooman Sedghamiz (Sedghamiz, 2014). Inter-beat intervals (IBI) above 850 ms and below 350 ms were discarded from the analysis. The discarded sample points were interpolated using the previous and the next valid IBI value. It was validated by manual inspection that all discarded values were caused by the artifacts and not e.g., because of low heart rate. Average heart rate was calculated over the valid IBI values in each condition. For calculating the HRV, the IBI vectors were Fourier transformed (50% overlap, window size of 16384 samples resulting 0.0156 Hz resolution). Mean values of frequency windows for low frequency (LF, 0.04 – 0.15 Hz) and high frequency (HF, 0.15 – 0.4 Hz) were further calculated from the log-transformed (dB) spectra.
EDA signals were digitally low-pass filtered (8 Hz, 8th order Butterworth) and epoched according to event markers. SCL was calculated, and SCRs were detected using algorithms by Robert Schleicher (Schleicher, 2014). The TonicEDA-algorithm was parameterized to split the EDA signal into chunks of 10 s and then give the median of the windowed signals. The mean of these median values was used in the analysis. The SimpleEDA-algorithm detects spontaneous fluctuations in a signal by thresholding slope speed (first derivative). The threshold parameter for minimum slope speed was 0.0001 µS/s and 700 ms for the minimum interval between two consecutive SCRs. The number, average magnitude, and average slope speed of SCRs were calculated for each condition.
Data Analysis

A two-sample t-test was used to test the baseline differences in psychophysiological measurements between intervention and active relaxation control groups. All data recorded for each test session was analyzed for HR, HF-HRV (0.15 – 0.4 Hz), SCL and SCR. These variables were subsequently divided by the individual baseline measurement, i.e., first relaxation phase of each test session to calculate the task-related reactivity. The intervention effects were analyzed with repeated measures analysis of variance. Restricted maximum likelihood estimation method was used to obtain unbiased estimates for longitudinal data with missing values. The unstructured covariance structure was used to account for the correlation between repeated measurements. The repeated measures model included the main effects of group (intervention vs. control), gender (girls vs. boys), grade (grade 6 vs. 8) and time (9 weeks vs. baseline, 26 weeks vs. baseline) and the interaction effect between group and time (group × time effect). Interaction effect indicated the difference in change in outcomes between the intervention and control groups. In sum, we analyzed three different group x time interaction effects: (1) overall interaction effect, (2) group x time interaction effect at 9 weeks (group × T9 interaction effect), and (3) group x time interaction effect at 26 weeks (group × T26 interaction effect).
HF-HRV, SCL and SCR variables were log-transformed for statistical analyses due to positively skewed distributions. The follow-up measurements were compared to the baseline with Dunnett’s adjustment in pairwise comparisons. Effect sizes (Cohen's d) were calculated for the difference in 9 weeks and 26 weeks changes between intervention and control groups (group × T9 or group × T26) divided by the pooled standard deviation at the baseline. Statistical analysis was performed with SAS for Windows (version 9.4, SAS Institute Inc., Cary, NC). Two-sided statistical tests with 0.05 level of significance were used, and no adjustments were made for multiplicity.

Results

Descriptive Statistics

The number of participants varied by test (Supplementary Table S1) due to variable functioning of equipment or other measurement errors (e.g., dry skin prevented in 6 cases skin conductance measurements). There were no significant differences between the intervention and active relaxation control group on the study variables at the baseline. All variables were tested at baseline, at 9 weeks and at 26 weeks for both the intervention and the active control group.

Intervention Effects on Psychophysiological Stress Reactivity

Tables 1-2 show the age and gender adjusted results regarding intervention effects on psychophysiological measures. Changes within the intervention and the active control group are summarized in the text. Main results for intervention vs. active control group together with effect sizes are presented in Figure 2. 

Heart rate
The interaction between group (mindfulness intervention vs. relaxation) and time in predicting HR during the cognitive stress was not significant (overall group × time effect p = 0.064). Comparing the two time-points to the baseline (9 weeks vs baseline and 26 weeks vs baseline) we found that the interaction between group and time was not significant at 9-weeks (group × T9 estimate -0.002, SE = 0.029, p = 0.955) but significant at 26-week follow-up (group × T26 estimate -0.055, SE = 0.027, p = 0.043) (Figure 3, panel A). There was no change in reactivity for the intervention group (time effect p = 0.729), whereas for the control group HR, reactivity seemed to increase nearly significantly from the baseline to 26 weeks although this did not reach statistical significance (time effect estimate 0.039, 95% CI -0.001 – 0.080, p = 0.057). 

High-frequency heart rate variability
There were no significant interaction effects in HF-HRV between the intervention group and the active control group in any of the tasks.

Skin conductance level
The interaction between group (mindfulness intervention vs. relaxation) and time in predicting SCL during the speech task A (argue) was not significant (overall group × time effect p = 0.137). 
Overall group x time difference in SCL reactivity during the speech task O (oppose) was not significant (overall group × time effect p = 0.061). Comparing the two timepoints to the baseline (9 weeks vs baseline and 26 weeks vs baseline) we found that the interaction between group and time was significant at the 9-weeks follow-up (group × T9 estimate -0.397, SE = 0.194, p = 0.019) but not significant at 26 weeks follow-up (group × T26 estimate -0.032, SE = 0.218, p = 0.152, please see Table 1 and Figure 3, panel C). SCL for speech task O did not change in the intervention group (time effect p = 0.471), whereas the increase was nearly significant in the control group at the 9-week follow-up (time effect estimate 0.304, 95% CI -0.032 – 0.640, p = 0.082).
For the speech task C (comment) overall group x time difference of SCL reactivity was not significant (overall group × time effect p = 0.062). Comparing the two timepoints to the baseline (9 weeks vs baseline and 26 weeks vs baseline) we found that the interaction between group and time was significant at the 9 weeks follow-up (group × T9 estimate -0.428, SE = 0.179, p = 0.046, please see Table 1 and Figure 3, panel C) but not significant at the 26 weeks follow-up (group × T26 estimate -0.313, SE = 0.176, p = 0.081). Non-significant decrease at the 9-week follow-up was detected for SCL (speech task C) in the intervention group (time effect estimate -0.269, 95% CI -0.607 – 0.068, p = 0.138) and the control group change was not significant (time effect p = 0.631).

Skin conductance responses
The interaction between group (mindfulness vs relaxation) and time in predicting SCR during the speech task O (oppose) was significant (overall group × time effect p = 0.023). Comparing the two timepoints (9 weeks vs baseline and 26 weeks vs baseline) to the baseline we found that the interaction between group and time was not significant at the 9-weeks follow-up (group × T9 estimate -0.124, SE = 0.584, p = 0.833) but significant at the 26-weeks follow-up (group × T26 estimate -1.403, SE = 0.525, p = 0.011) (Table 1 and Figure 3, panel D). The number of SCRs increased in the control group at 26-week follow-up (time effect estimate 0.928, 95% CI 0.116 – 1.739, p = 0.023) but stayed at the same level in the intervention group (time effect p = 0.460). 

Effect Sizes

Effect sizes were calculated for the difference in 9 weeks and 26 weeks changes between intervention and control groups (Figure 2). A moderate effect size was seen in HR for arithmetic at 26 weeks (d = -0.64). Effect sizes from moderate to large were seen in SCL for speech task A at 9 weeks and 26 weeks (d = -0.71 and d = -0.51, respectively), in SCL for speech task O at 9 weeks (d = -0.75) and in SCL for speech task C at 9 weeks and 26 weeks (d = -0.97 and d = -0.77, respectively). Effect sizes from moderate to large were seen in SCR for speech task O at 26 weeks (d = -1.04) and in SCR for speech task C at the 26-week follow-up (d = -0.62).

Discussion

We examined whether a mindfulness intervention program influences the stress reactivity among 12- and 15 –year-old students. To our knowledge, this was the first study in the field to investigate the psychophysiological reactivity with both electrocardiography (HR, HF-HRV) and electrodermal activity (SCL, SCR) among children and adolescents, and the first study in any age group continuing past the immediate post-intervention assessments with follow-up at 26 weeks. Our results indicate that a mindfulness intervention is not significantly different from relaxation-based control program in terms of psychophysiological measures. However, some tentative findings with moderate to large effect sizes offer encouragement for further research. Subtle sympathetically driven differences can be detected in a highly stressful situation, i.e., during a public speaking task.

Theoretical Implications

As compared to the relaxation, mindfulness intervention did not influence basal HR and HF-HRV reactivity. However, trending interactions between group and time in predicting HR for cognitive stress were found. The trend indicated that the active control group had increased HR reactivity, suggesting elevated sympathetic activation. In terms of HF-HRV our findings differ from previous research, although a recent systematic review among adults concluded that only half of the RCTs included with the active control groups found that the mindfulness interventions have a significant effect on HF-HRV (Christodoulou et al., 2020). Our findings are preliminary, and we will need further research among children and adolescents to compare with the adult studies. There were no significant differences between groups in SCL, but some trending differences in change over time were found in SCL reactivity during speech tasks (oppose and comment). The trend indicated decrease in sympathetic tone for intervention group and increase for control group and these findings are in line with previous research (Lush et al., 2009). It should also be noted that rather than assessing more consistent change in sympathetic tone (SCL) (Boucsein et al., 2012) SCR measures the momentary stimulus arousal and transient stress response, which may be easier to detect during brief stress tasks. 
We found a significant difference in the change of SCR reactivity over time between mindfulness intervention group and active relaxation control group in opponent speech tasks. The difference was due to increase of SCR in the control group. We propose that the stress task may have elicited higher stress response in the control group, as they were not trained in mindfulness skills that might e.g., increase adaptive regulation of emotions, including coping with negative affect (Erisman & Roemer, 2010).  
Considering the significantly trending results indicating increased sympathetic activity in the control group, pre-task anxiety may also have contributed to these results. Participants may have anticipated the experience of stress in post-intervention and follow-up measurements. It has been suggested that the mindful state of mind would trigger less sympathetic activity as it involves less worry and rumination over past or future concerns (Kadziolka, Di Pierdomenico, & Miller, 2016) and thereby alleviate the anxiety of anticipation.
The test condition showing significant results was public speaking and opposing the previous speaker. Social stress (public speaking) is generally more a potent stressor than other types of stressors (e.g., arithmetics) (Kirschbaum et al., 2004). Among both adults (Dickerson & Kemeny, 2004) and adolescents (Stroud et al., 2009) stressors involving social evaluative threat (risk for negative judgement from others) and uncontrollable outcomes elicit the strongest reactions compared to other environmental stressors. In line with this, the task requiring the student deviate from peer opinion (opposing classmate) (Stroud et al., 2009) elicited differences between mindfulness intervention and the active control group. It is possible that these differences could only be found when the task had high enough potential to evoke stress. This finding is congruent with previous notions that the stress buffering effects of mindfulness may be more consistently found in high stress conditions (Brown et al., 2012).

Practical Implications

Social stress among adolescents may be one of the underlying causes for anxiety and depression in later life. Studies have given indication that social isolation is particularly damaging in adolescence (Fuhrmann, Knoll, & Blakemore, 2015). As noted, the functioning of sweat glands indicates sympathetic activation in terms of psychological or physiological arousal, and our findings give support for mindfulness training having an effect on the sympathetic activity, in line with the mindfulness stress buffering hypothesis (Creswell, 2014). If a brief, 9-week mindfulness training can have any, even small, effects on stress and emotion regulation during the sensitive periods of adolescence, these effects should be studied and further, increasing perhaps the dose and length of the intervention. Being able to better manage the stress response and to regulate emotions is one of the foremost skills enhancing adolescent wellbeing.

Methodological considerations

There are some limitations that should be taken into account in interpreting the findings of this study. First of all, with short intervention period it may be difficult to find differences between mindfulness and relaxation training, which both share common elements of calming, breath-focused practices. As expected, the intensive testing procedure had an impact on the number of participants and some of the participants dropped out due to this. A relatively small sample size reduced the power to find significant results. Small samples have been observed as a common challenge in psychophysiological studies in general, in meta-analysis ranging from 7 to 118 participants (Pascoe et al., 2017). Since our sample was small and we have not adjusted for multiple tests (Bonferroni correction) there is increased risk for type I error especially as we found differences in only one test condition. Cluster randomization with a small number of schools is also not as effective as randomization protocol requires, increasing the likelihood of external influences (e.g. school atmosphere). However, considering the moderate to large effect sizes we are inclined to interpret the results as promising, and encouraging further studies with larger samples. 
There are also some measurement related limitations that should be noted. The testing situation involved participant movement (writing, placing cards) where the body movements are not controlled. This may increase the signal-noise ratio of recording and diminish the measured effects.  We still know little of HRV measurements and their reliability in short (under 24 hours) recordings.  According to some guidelines, 1 minute is the shortest interval where HF-HRV can be measured  (Shaffer & Ginsberg, 2017), whereas our measurements were 5-15 minutes in length. Detection of SCRs was done automatically. Due to individual differences in skin conductance signals the algorithm may give different results than detection based on manual inspection.
Our study has also several strengths. We had laboratory quality measurements brought to an everyday school environment. All students had an equal opportunity to participate during the day, and participation was not limited or influenced by e.g., parental motivation to visit a clinic.  As we had the unique opportunity to record physiological reactivity in familiar environment, we gained information beyond laboratory conditions on stressful situations that children and adolescents may experience during their school day. This was also the first study in the field of psychophysiological measurement to include a follow-up past the immediate post-intervention assessments.

Conclusions

Our study indicated that a mindfulness intervention (Stop & Breathe) as compared to the active relaxation control may reduce stress reactivity measured by skin conductance responses, but due to the small sample and finding association only for one of our physiological measures in one task, our results should be considered tentative. This is a pilot-study in examining the effects of mindfulness intervention on psychophysiological reactivity among adolescents, encouraging further research on this topic. Our findings show promise and, if confirmed in future studies with larger samples, may be utilized to address the disruptive effects of adolescent stress for mental and physical health. 
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	Table 1. Results of repeated measures ANOVA: Age and gender intervention effects on electrocardiac measures (ECG) through tasks (values relative to individual baseline)

	Psychophysio-logical measures
	Estimate
	SE**
	p-value
	Estimate      
	SE
	p-value
	Estimate
	SE
	p-value
	Estimate
	SE
	p-value
	Estimate
	SE
	p-value

	Task
	 
	Arithmetic
	General
	Speech A (argue)
	Speech O (oppose)
	Speech C (comment)

	Heart rate (HR)
	Group, Intervention vs. control
	0.000
	0.013
	0.978
	-0.006
	0.016
	0.718
	0.011
	0.206
	0.595
	0.028
	0.017
	0.096
	0.013
	0.019
	0.505

	
	Time
	
	
	0.420
	
	
	0.367
	
	
	0.277
	
	
	0.261
	
	
	-0.032

	
	 9 weeks vs. baseline
	-0.005
	0.015
	0.911
	0.005
	0.018
	0.945
	-0.017
	0.020
	0.615
	-0.019
	0.021
	0.587
	-0.029
	0.019
	0.242

	
	26 weeks vs. baseline
	0.012
	0.013
	0.567
	0.020
	0.016
	0.333
	-0.032
	0.020
	0.209
	-0.027
	0.016
	0.177
	-0.014
	0.019
	0.704

	
	Group × Time
	
	
	0.064
	
	
	0.934
	
	
	0.328
	
	
	0.304
	
	
	0.179

	
	 9 weeks vs. baseline
	-0.002
	0.029
	0.955
	-0.000
	0.036
	0.993
	-0.042
	0.038
	0.274
	-0.065
	0.042
	0.127
	-0.036
	0.037
	0.330

	
	 26 weeks vs. baseline
	-0.055
	0.027
	0.043
	0.009
	0.032
	0.777
	-0.054
	0.040
	0.181
	-0.020
	0.032
	0.536
	-0.071
	0.038
	0.069

	High frequency heart rate variability (HF-HRV)*
 
	Intervention vs control
	0.214
	0.218
	0.331
	0.010
	0.230
	0.967
	0.237
	0.237
	0.321
	0.280
	0.210
	0.187
	0.161
	0.207
	0.441

	
	Time
	
	
	0.474
	
	
	0.128
	
	
	0.274
	
	
	0.072
	
	
	0.380

	
	 9 weeks vs. baseline
	0.015
	0.244
	0.997
	-0.243
	0.226
	0.432
	-0.432
	0.270
	0.197
	-0.600
	0.284
	0.070
	-0.079
	0.224
	0.905

	
	26 weeks vs. baseline
	0.365
	0.243
	0.848
	0.138
	0.235
	0.758
	-0.129
	0.793
	0.795
	0.018
	0.244
	0.996
	0.185
	0.221
	0.594

	
	Group × Time
	
	
	0.684
	
	
	0.339
	
	
	0.895
	
	
	0.969
	
	
	0.711

	
	 9 weeks vs. baseline
	0.091
	0.048
	0.851
	-0.664
	0.450
	0.144
	0.111
	0.531
	0.834
	0.063
	0.557
	0.911
	-0.036
	0.441
	0.936

	
	26 weeks vs. baseline
	0.402
	0.488
	0.142
	-0.516
	0.469
	0.275
	-0.119
	0.457
	0.795
	0.121
	0.488
	0.804
	-0.306
	0.442
	0.491

	* Log-transformed values were used in statistical analyses

	** Standard error





	
Table 2. Results of repeated measures ANOVA: Age and gender adjusted intervention effects on electrodermal measures (EDA) through tasks (values relative to individual baseline)

	Psychophysiological measures
	Estimate
	SE**
	p-value
	Estimate
	SE
	p-value
	Estimate
	SE
	p-value
	Estimate
	SE
	 p-value
	Estimate
	SE
	p-value

	Task
	 
	Arithmetic
	General
	Speech A (argue)
	Speech O (oppose)
	Speech C (comment)

	Skin conductance level (SCL)*
	Intervention vs control
	0.039
	0.083
	0.641
	0.091
	0.081
	0.262
	-0.192
	0.080
	0.019
	-0.179
	0.081
	0.031
	0.128
	0.085
	0.134

	
	Time
	
	
	0.474
	
	
	0.885
	
	
	0.336
	
	
	0.647
	
	
	0.792

	
	9 weeks vs. baseline
	-0.128
	0.125
	0.504
	-0.024
	0.118
	0.972
	-0.203
	0.138
	0.258
	0.090
	0.116
	0.673
	-0.071
	0.114
	0.779

	
	26 weeks vs. baseline
	0.023
	0.091
	0.956
	-0.046
	0.092
	0.845
	-0.062
	0.090
	0.730
	-0.025
	0.109
	0.967
	-0.036
	0.088
	0.899

	
	Group × Time
	
	
	0.401
	
	
	0.552
	
	
	0.137
	
	
	0.061
	
	
	0.062

	
	 9 weeks vs. baseline
	-0.200
	0.210
	0.342
	0.014
	0.190
	0.941
	-0.411
	0.226
	0.074
	-0.428
	0.179
	0.019
	-0.397
	0.194
	0.046

	
	26 weeks vs. baseline
	0.078
	0.183
	0.671
	0.180
	0.184
	0.333
	-0.293
	0.182
	0.111
	-0.032
	0.218
	0.152
	-0.313
	0.176
	0.081

	Skin conductance responses (SCR)*
 
	Intervention vs control
	-0.242
	0.213
	0.263
	0.155
	0.215
	0.475
	-0.202
	0.239
	0.401
	-0.209
	0.246
	0.398
	0.139
	0.268
	0.607

	
	Time
	
	
	0.061
	
	
	0.579
	
	
	0.201
	
	
	0.636
	
	
	0.124

	
	 9 weeks vs. baseline
	-0.235
	0.315
	0.683
	0.355
	0.338
	0.484
	0.544
	0.354
	0.238
	-0.030
	0.325
	0.994
	0.037
	0.323
	0.991

	
	26 weeks vs. baseline
	0.376
	0.218
	0.162
	0.122
	0.296
	0.889
	0.387
	0.304
	0.366
	0.2264
	0.259
	0.610
	0.727
	0.362
	0.095

	
	Group × Time
	
	
	0.710
	
	
	0.789
	
	
	0.995
	
	
	0.023
	
	
	0.239

	
	9 weeks vs. baseline
	0.193
	0.566
	0.734
	-0.017
	0.618
	0.978
	-0.018
	0.610
	0.977
	-0.124
	0.584
	0.833
	0.403
	0.555
	0.471

	
	26 weeks vs. baseline
	-0.207
	0.440
	0.641
	-0.369
	0.593
	0.536
	-0.062
	0.608
	0.919
	-1.403
	0.525
	0.011
	-0.838
	0.732
	0.258

	* Log-transformed values were used in statistical analyses

	** Standard error
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Figure 2. Main results: p-values for group × time interaction effects and effect sizes between intervention and active control groups
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Figure 3. Significant and near-significant group×time interaction effects over 26 weeks. Values are shown as means; log-transformed values were used for skin conductance level (speech task C and O) and skin conductance responses (speech task O). 





	Table S1. Decriptive analysis by intervention and control group*
	 
	 
	 
	 
	 

	Variable
	Task
	
	Intervention group
	
	Control group

	
	
	N
	Mean 
	SD
	N
	Mean 
	SD

	
	Baseline
	
	
	
	
	
	

	Heart rate (HR)
	Arithmetic
	44
	1.036
	0.089
	40
	1.011
	0.088

	
	General
	37
	1.027
	0.080
	37
	1.030
	0.093

	
	Speech A (argue)
	35
	0.115
	0.097
	35
	1.068
	0.087

	
	Speech O (oppose)
	42
	1.083
	0.087
	40
	1.033
	0.103

	
	Speech C (comment)
	39
	1.096
	0.076
	37
	1.055
	0.077

	High-frequency heart rate variability (HF-HRV)*
	Arithmetic
	45
	-0.724
	0.483
	41
	-0.682
	0.158

	
	General
	42
	0.063
	0.293
	42
	-0.305
	0.561

	
	Speech A (argue)
	42
	0.181
	0.368
	40
	0.049
	0.192

	
	Speech O (oppose)
	44
	0.174
	0.242
	40
	0.055
	0.147

	
	Speech C (comment)

	42
	0.079
	0.289
	40
	-0.139
	0.228

	
	
	
	
	
	
	
	

	Skin conductance level (SCL)*
	Arithmetic
	43
	0.431
	0.455
	41
	0.367
	0.453

	
	General
	41
	0.426
	0.527
	39
	0.353
	0.346

	
	Speech A (argue)
	36
	0.512
	0.338
	36
	0.469
	0.456

	
	Speech O (oppose)
	41
	0.496
	0.365
	38
	0.427
	0.428

	
	Speech C (comment)
	40
	0.585
	0.295
	37
	0.483
	0.270

	Skin conductance responses (SCR)*
	Arithmetic
	24
	0.183
	0.453
	26
	1.049
	0.576

	
	General
	24
	0.655
	0.446
	28
	0.509
	0.255

	
	Speech A (argue)
	21
	-0.260
	0.334
	25
	-0.197
	0.182

	
	Speech O (oppose)
	23
	0.176
	0.341
	25
	-0.379
	0.224

	
	Speech C (comment)
	22
	-0.231
	0.325
	24
	-0.772
	0.251

	
	
	
	
	
	
	
	

	
	9 weeks
	
	
	
	
	
	

	Heart rate (HR)
	Arithmetic
	23
	1.031
	0.064
	31
	1.005
	0.076

	
	General
	26
	1.033
	0.093
	30
	1.041
	0.072

	
	Speech A (argue)
	18
	1.074
	0.090
	28
	1.051
	0.084

	
	Speech O (oppose)
	24
	1.022
	0.089
	30
	1.025
	0.078

	
	Speech C (comment)
	24
	1.043
	0.078
	26
	1.025
	0.096

	High-frequency heart rate variability (HF-HRV)*
	Arithmetic
	24
	-0.600
	0.576
	28
	-0.710
	0.150

	
	General
	28
	-0.382
	0.283
	29
	-0.121
	0.249

	
	Speech A (argue)
	23
	-0.022
	0.642
	30
	-0.304
	0.298

	
	Speech O (oppose)
	26
	-0.288
	0.687
	31
	-0.491
	0.426

	
	Speech C (comment)
	25
	0.071
	0.242
	27
	-0.099
	0.201

	
	
	
	
	
	
	
	

	Skin conductance level (SCL)*
	Arithmetic
	18
	0.285
	0.376
	23
	0.369
	0.283

	
	General
	18
	0.423
	0.216
	22
	0.375
	0.250

	
	Speech A (argue)
	17
	0.267
	0.487
	22
	0.480
	0.198

	
	Speech O (oppose)
	18
	0.375
	0.175
	18
	0.547
	0.234

	
	Speech C (comment)
	17
	0.329
	0.399
	17
	0.497
	0.252

	Skin conductance responses (SCR)*
	Arithmetic
	14
	0.332
	0.690
	19
	0.312
	0.185

	
	General
	17
	0.237
	0.267
	18
	1.027
	0.224

	
	Speech A (argue)
	14
	0.092
	0.435
	18
	0.408
	0.665

	
	Speech O (oppose)
	15
	0.229
	0.180
	19
	0.095
	1.080

	
	Speech C (comment)
	14
	0.094
	0.615
	15
	-0.532
	0.112

	
	
	
	
	
	
	
	

	
	26 weeks
	
	
	
	
	
	

	Heart rate
	Arithmetic
	22
	1.013
	0.065
	33
	1.049
	0.099

	
	General
	23
	1.047
	0.066
	32
	1.048
	0.074

	
	Speech A (argue)
	22
	1.043
	0.091
	28
	1.067
	0.091

	
	Speech O (oppose)
	22
	1.040
	0.080
	30
	1.012
	0.077

	
	Speech C (comment)
	21
	1.042
	0.093
	30
	1.062
	0.099

	High-frequency heart rate variability (HF-HRV)*
	Arithmetic
	25
	-0.098
	0.203
	32
	-0.523
	0.291

	
	General
	24
	-0.179
	0.251
	33
	0.011
	0.205

	
	Speech A (argue)
	25
	0.069
	0.280
	33
	-0.016
	0.340

	
	Speech O (oppose)
	22
	0.250
	1.023
	34
	0.057
	0.432

	
	Speech C (comment)
	24
	0.149
	0.228
	32
	0.229
	0.235

	
	
	
	
	
	
	
	

	Skin conductance level (SCL)*
	Arithmetic
	23
	0.471
	0.306
	35
	0.353
	0.372

	
	General
	24
	0.433
	0.338
	34
	0.294
	0.447

	
	Speech A (argue)
	22
	0.380
	0.374
	28
	0.524
	0.275

	
	Speech O (oppose)
	23
	0.367
	0.582
	30
	0.544
	0.390

	
	Speech C (comment)
	23
	0.456
	0.466
	30
	0.567
	0.376

	Skin conductance responses (SCR)*
	Arithmetic
	12
	0.331
	0.338
	20
	0.714
	0.682

	
	General
	11
	0.599
	0.686
	18
	1.030
	0.152

	
	Speech A (argue)
	15
	-0.077
	0.331
	18
	0.280
	0.406

	
	Speech O (oppose)
	15
	-0.344
	0.169
	17
	0.479
	0.393

	 
	Speech C (comment)
	13
	-0.015
	0.435
	18
	0.318
	0.556

	*Log-transformed values were used in statistical analyses
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