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Abstract

Objectives Mindfulness-Based Stress Reduction (MBSR) has been shown to decrease general feelings of distress. It is
not known to what extent such beneficial effects are associated with attenuation of physiological responses to challenging
psychological situations. The aim of the present study was to examine potential associations between general decreases in
subjective distress and changes in acute cardiac and cortical responses during recall of a recent stressful episode between
pre- and post-MBSR.

Method Fifty-eight MBSR participants (77.6% female, mean age 43.8 years, SD=13.1) took part in a laboratory examination
before and after MBSR. Measurements of the electrocardiogram (ECG) and electroencephalogram (EEG) were performed
during the whole protocol including the stress recall task.

Results The MBSR group showed overall decreases in general negative affect and an increase in heart rate variability from
pre- to post-intervention. Out of six physiological outcomes (heart rate, heart rate variability, theta, alpha, beta, and gamma
power at Fz), only a decreased response of gamma power during the stress task was significant. The subjective and physi-
ological changes were unrelated.

Conclusions The present results suggest that the favourable effects of MBSR on general stress reduction may not be clearly
reflected in cortical electrical wave activity or vagal cardiac response during recall of a recent stressful episode. The few
changes found in cardiac and cortical activity may be due to either effects independent of general subjective feelings or
independent of the intervention altogether.

Preregistration The study is not preregistered.

Keywords Autonomic nervous system, Cardiac vagal tone - EEG - Heart rate variability - Mindfulness intervention - Stress
reactivity

Mindfulness is a construct that has been widely and increas-
ingly studied in the past two decades. Mindfulness may be
defined as “a process of regulating attention in order to bring
a quality of nonelaborative awareness to current experience
and a quality of relating to one’s experience within an ori-
entation of curiosity, experiential openness, and accept-
ance ““ (Bishop et al., 2004, p. 234). It is claimed to be a
favourable state of mind, as it is positively associated with
psychological well-being and negatively with symptoms of
psychopathology (Baer et al., 2006; Brown & Ryan, 2003).
Psychological interventions have been developed, such as
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Mindfulness-Based Stress Reduction (MBSR) interven-
tion (Kabat-Zinn, 1990) and Mindfulness-Based Cognitive
Therapy (Segal et al., 2002), together termed mindfulness-
based interventions (MBIs). Beneficial effects have been
reported on various psychological outcomes, such as symp-
toms of anxiety, depression, and quality of life in a variety
of patient and healthy populations (Goldberg et al., 2018,
2022). Meta-analyses have corroborated these effects typi-
cally showing about medium-sized effects, in both pre—post
and randomized controlled designs (Goldberg et al., 2018,
2022; Khoury et al., 2013, 2015).

As MBSR was originally designed to reduce feelings of
stress, it was hypothesized that MBIs would also favour-
ably affect stress physiological systems, such as the sym-
patho-adreno-medullary system and the hypothalamus—
pituitary—adrenal axis (Creswell & Lindsay, 2014).
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According to such stress-reducing theories, mindfulness is
expected to decrease responses of such systems and facili-
tate recovery by dampening the sympathetic branch of the
nervous system and enhancing the activity of the parasym-
pathetic nervous system.

In psychophysiological research, responsivity of such
systems is traditionally examined using a stress-inducing
protocol, in which peripheral physiological responses,
such as cardiac, vascular, and cortisol responses, to a
stress task are examined (Kirschbaum et al., 1993). How-
ever, such stress-inducing protocols have hardly been
applied in mindfulness-focused research. The few studies
performed have yielded inconsistent findings (Creswell
et al., 2019; Morton et al., 2020). Some studies reported
the hypothesized dampening effects of MBIs on physi-
ological responses, such as blood pressure and cortisol
responses (Lindsay et al., 2018), but others did not find
such outcomes on cardiac autonomic, vascular, and corti-
sol responses (Creswell et al., 2014; Nyklicek et al., 2013).
In addition, some researchers found effects on some physi-
ological systems, but not other systems. For instance, in
one study, a larger recovery of diastolic blood pressure
after a stress recall task was seen in participants of a MBI,
but no such dampening effects on cardiac or systolic blood
pressure responses (Crosswell et al., 2017), while another
study found reduced inflammatory cytokine, but not corti-
sol, responses after a social stress task in MBI participants
(Rosenkranz et al., 2013). These inconsistencies in find-
ings might have to do with the different systems involved,
contextual factors, including which specific MBI or mind-
fulness training has been used, the setting in which meas-
urements are performed, and to what extent the stressor is
ecologically valid and personally relevant.

Effects on brain activity associated with stress reduction
in the context of MBIs are even less studied. The few excep-
tions include a pilot randomized trial of combat veterans
with post-traumatic stress disorder, of which those who
received an MBI showed stronger anterior cingulate cor-
tex and smaller insula responses to trauma-related stimuli
(Bremner et al., 2017). Another small, randomized trial
showed reduced amygdala response to fearful pictures in
middle-school children after meditation training (Bauer
et al., 2019). Finally, using electroencephalography (EEG),
lower late positive potential was reported in a small group
of experienced meditators compared to non-meditators in
response to unpleasant visual stimuli (Sobolewski et al.,
2011). It has been proposed that such findings might be
the result of fear extinction through exposure to present-
moment experience during mindfulness practice (Kummar
et al., 2019). Outside stress-related protocols, mindfulness
meditation has been correlated with EEG spectral power in
lower frequency bands, such as alpha and theta, reflecting a
more relaxed state (Chiesa & Serretti, 2010).
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It may be expected that any acute physiological stress reac-
tivity reducing effects of MBIs would predominantly work by
decreasing emotional states associated with stress responsivity
(Creswell & Lindsay, 2014), mainly anxiety (Miller & Kirsch-
baum, 2019) and anger (Pauls & Stemmler, 2003). However,
there is a paucity of studies examining interrelations between
subjective stress reduction effects of MBIs and physiological
responses, especially regarding peripheral physiological sys-
tems. An exception is a study reporting an absence of a sig-
nificant correlation between subjective and cortisol responses
to a social stress task (Creswell et al., 2014). In the field of
affective neuroscience, a few small studies have reported cor-
relations between mindfulness-related subjective stress effects
and brain activity, yielding mixed findings (Bauer et al., 2019;
Eddy et al., 2015).

The findings discussed above together with the paucity of
studies on psychophysiological working mechanisms of stress
responsivity call for a study using a full standardized MBI
program examining combined changes of several physiological
systems, such as cardiac and cortical activity during a stressful
task, together with changes in subjective stress indices. More
insight into such combined changes and their interrelations
are important to better understand the existence of a potential
positive impact of MBIs on physiological systems.

Therefore, in the present study, we aimed at examining
the associations of the standard 8-week group MBSR pro-
gram (Kabat-Zinn, 1990) with subjective affective, cardiac,
and cortical activity in an experimental setting, in which
exposure to a personally relevant stressor was part of the
protocol. We hypothesized that after the intervention, the
MBSR group would show lower stress response and/or
stronger recovery after stress as reflected in lower negative
affect, smaller heart rate variability decrease (as an index of
parasympathetic cardiac drive), and smaller cortical EEG
alpha and theta decrease (as index of more relaxed state)
and beta and gamma increase (as index of higher cognitive
activity) during a stressful laboratory protocol compared to
pre-intervention. In addition, we examined if any changes
found in the cardiac and cortical activity indices would be
correlated with any changes in overall decrease in subjec-
tive negative affect (i.e. anxiety and anger) and increase in
mindfulness skills over the course of the intervention. Spe-
cifically, we hypothesized that any decrease in physiological
responsivity would be correlated with overall decreases in
anxiety and anger and increases in mindfulness skills.

Method
Participants

Consecutive participants of a standard 8-week MBSR
(Kabat-Zinn, 1990) intervention (n=140) at a local
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meditation centre were asked to participate in a laboratory
experiment before and after the intervention. Exclusion cri-
teria were current psychopathology, i.e. severe depression,
acute burnout, or psychoticism tendency. The participants
received a € 32 discount on the training fee. Fifty-nine
(42.1%) agreed to participate. One participant did not adhere
to the protocol and dropped out of the study before the first
measurement, resulting in 58 participants. This number was
deemed sufficient according to the sample size computation
using GPower 3.1.9.2 for a within-group effect of a repeated-
measures ANOVA with at least a small-to-medium effect
size (partial eta squared of 0.04), alpha of 0.05, and power
of 0.80, resulting in a required estimated sample size of 36
participants. However, for correlations between outcomes,
the present sample would be somewhat underpowered, with
a power of 0.66.

Procedure

The intervention involved the standard 8-week MBSR pro-
gram (Kabat-Zinn, 1990), which was delivered in groups
of 8—15 participants at a local centre. Participants from 13
such groups were recruited for the current study. The MBSR
program consists of 8 weekly group sessions and a silent
retreat of a day in the sixth week. The eight sessions consist
of a combination of psychoeducation on themes relating to
stress and mindfulness, mindfulness meditation and yoga
practices, and sharing of experiences during the practices.
The trainer was experienced (having supervised >30 MBSR
groups before start of the study) and was the same for all
groups.

Because of the pre—post design, all participants were
asked to individually visit the laboratory at Tilburg Uni-
versity twice, with an 8—10-week interval between the two
sessions, as the intervention lasted 8 weeks. First, they were
asked to complete online questionnaires on demographics,
psychological health, general affect, and mindfulness skills
before their visit to the lab.

The laboratory protocol was part of a larger study on
psychophysiological responses to various tasks in the con-
text of MBSR, of which the stress recall task was part of.
Participants were asked to refrain from consuming caffein-
ated beverages, alcohol, or nicotine at least 3 hr prior to the
experiment sessions.

The protocol was identical at the two occasions and
included the following tasks, in total lasting for about
90 min. After the physiological equipment was attached,
the order of the tasks was as follows: (i) baseline assessment
(5 min), during which participants were asked just to relax;
(ii) first momentary affect self-report (GMS, see below); (iii)
several tasks during which participants were asked to moni-
tor aspects of their momentary experience (e.g. breathing,
bodily sensations, and thoughts), of about 30 min duration

in total (Burg & Michalak, 2011; Nyklicek, 2020), which
is a part of another investigation and will be reported on
elsewhere. Then (iv) an adapted 5-min version of a stress
recall task was administered (Sinha et al., 2000), see below
for details, after which (v) there was a recovery period of
10 min. Finally, (vi) the second affect self-report (GMS)
was completed, after which the participants were debriefed.

During the stress recall task, participants were asked to
vividly recall and think about “the most stressful situation
that took place in the past two months; situations like for
example a quarrel, during which you clearly felt an emo-
tion such as anger, anxiety, or sadness”. The participants
were first given time to search their memory for a suitable
event and to indicate when an event was found. No instruc-
tions were provided regarding whether the recalled event
should be the same or different at both occasions. The test
leader asked if the situation was specific and stressful, in
which case the participant was asked to close their eyes and
imagine they were in that situation again. The test leader
prompted the participant to imagine being in the situation
as vividly as possible by asking four specific questions about
the context, sensory input, others’ behavior, and one’s own
behavior and emotions (first 2 min). After these questions,
the participant was asked to further imagine being again in
that situation by their own, for 3 more minutes (total stress
recall time being 5 min).

Measures
Self-report Measures

Questions were asked to assess demographic and health-
related variables, including sex, age, educational level, his-
tory of psychotherapy (yes/no), and current use of psycho-
tropics for emotional problems, including depressed mood,
anxiety, sleeping problems, and stress (yes/no).
Mindfulness skills were assessed by the Dutch version
(Bohlmeijer et al., 2011) of the Five Facet Mindfulness
Questionnaire (FFMQ; Baer et al., 2006). This questionnaire
is the most widely used to assess mindfulness skills and
consists of 39 items, divided across five subscales measuring
different mindfulness facets: Observing (sensory and
internal phenomena), Acting with Awareness, Non-judging
(one’s thoughts and feelings), Non-reacting (to one’s
unpleasant thoughts), and Describing (one’s thoughts and
feelings). The items are answered on 5-point Likert scales
ranging from 1 (never or very rarely true) to 5 (always or
almost always true). As the original, the Dutch version
has shown in previous studies to be a reliable (Cronbach’s
alpha ranging from 0.73 to 0.91) and valid instrument,
including sensitivity to change with participation in a
mindfulness intervention (Bohlmeijer et al., 2011). In the
current study, Cronbach’s alphas ranged between 0.76 for
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Observing at pre-intervention and 0.93 for Describing at
post-intervention.

To assess global pre—post intervention changes in affect
associated with MBSR, the Dutch shortened version (Wald
& Mellenbergh, 1990) of the Profile of Mood States (POMS)
(McNair et al., 1971) was used. The 32 items assess the
following five affective states: depression, anxiety, anger,
fatigue, and vigour. We include here only the outcomes on
depression, anxiety, and anger, as these are the affective
states most often examined in MBIs and are most relevant to
acute stress (Miller & Kirschbaum, 2019; Pauls & Stemmler,
2003). Participants are asked to indicate “to what extent they
felt that way lately”. The items are scored on 5-point Likert
scale ranging from 0 (not at all) to 4 (extremely). In pre-
vious studies, internal consistency of these subscales was
adequate, with Cronbach’s alpha ranging from 0.82 to 0.91,
while correlations with related and unrelated constructs
showed convergent and discriminant validity, respectively
(Wald & Mellenbergh, 1990). In addition, these subscales
have been found to be sensitive to change over the course
of a MBI (Haenen et al., 2016). In the current study, Cron-
bach’s alphas were all at least 0.83.

Changes in negative affect in the laboratory setting were
assessed using the Global Mood Scale (GMS) (Denollet,
1993). This questionnaire comprises 20 adjectives, of which
10 reflect negative affect (e.g. “helpless” and “insecure”).
By using a 5-point Likert scale, ranging from 0 (not at all)
to 4 (extremely), respondents are asked to indicate to what
extent they experience each feeling just now. The GMS has
been found to be an internally consistent scale (Cronbach’s
alpha’s >0.90) and correlations with existing measures of
emotional functioning and self-deception indicated its con-
vergent and discriminant validity (Denollet, 1993). Sensitiv-
ity to change across a mindfulness-based intervention has
also been established (Nyklicek et al., 2014). In the current
study, Cronbach’s alphas ranged between 0.86 for negative
affect at pre-intervention recovery and 0.92 for negative
affect at post-intervention baseline.

Perceived stressfulness of the event recalled during the
stress recall task was assessed by the question “How stress-
ful was the situation for you?”, answered on a scale of 0 (not
at all) to 10 (extremely stressful). In addition, the participant
was asked to rate “How vivid was the imagery?” also on a
scale of 0 (not at all) to 10 (extremely vivid).

Physiological Measures

Biosemi Active2 equipment was used to assess both the
electrocardiogram (ECG) and electroencephalogram EEG
during the whole experimental session. Ag—AgCl electrodes
were placed on the sternum and the left lateral margin of
the chest (roughly V1 versus V6 lead) to measure the ECG
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signal with minimal distortion. This lead has been shown to
be most adequate for R-peak scoring (Mulder, 1988). The
signal was sampled at a 512-Hz rate. R-peaks were deter-
mined on the 0.05-60-Hz band-pass filtered ECG signal
with a recommended method (Afonso et al., 1999), which
has a very high accuracy (>99.5%). The correct identifica-
tion of the R-peaks was checked by a combination of visual
inspection and an automated method applied to the cardio-
tachogram, which signalled R-peak occurrences outside a
mean plus or minus a number of standard deviations, where
this number was determined separately for each individual
participant and measurement. Occurrences signalled by this
method were removed from the series and re-inserted back
using a spline interpolation method, as recommended by the
Kubios HRV analysis software (Tarvainen et al., 2014). Two
indices of cardiac activity, which are influenced by stress,
were assessed. Inter-beat interval (IBI) is the mean inter-
val between heart beats (R-peaks), and as such exactly the
reverse of heart rate, which is driven by a combination of
sympathetic and parasympathetic input. Root mean square
of successive differences (RMSSD) was also calculated
because it reflects a parasympathetically mediated heart
rate variability (HRV), which withdraws during fight-flight
stress, increases during relaxation, and is recommended
for short-term measurements (Task Force of the European
Society of Cardiology & the North American Society of
Pacing & Electrophysiology, 1996). The RMSSD was cal-
culated by determining the differences between successive
IBIs, squaring the differences, calculating the mean of the
squared differences, and then taking the square root of the
result, again based on the method in the Kubios software
(Tarvainen et al., 2014).

EEG was measured at the following sites according to
the standard international 10-20 system: F3, Fz, F4, C3,
Cz, C4, P3, Pz, P4, Oz, and at both mastoids, which served
as a reference. The Welch (Welch, 1967) method was used
to estimate the EEG power spectrum, using segments of 4 s
with an overlap of 75%. The EEG in each segment and at
each EEG electrode was corrected for eye movements using
linear regression of horizontal and vertical EOGs, recorded
by horizontally and vertically placed electrodes around
the eyes. A segment was accepted into the Welch average
after tapering with a Hanning window, if the difference
between the maximum and minimum amplitudes within
that segment was within the 95% confidence interval of a
normal distribution based on all segments. Power in the
EEG bands of theta (4-8 Hz), alpha (8-12 Hz), gamma
(30-50 Hz), and beta (13-30 Hz) was calculated, as effects
of stress have been found on most EEG power spectra,
but mainly alpha and beta (Katmah et al., 2021). Power
was calculated based on the Welch spectrum of each
participant site to control for muscle tension artefacts.
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Besides overall (all sites) effects, we will mainly focus on
the frontal midline electrode (Fz) because (i) mindfulness
meditation is shown to work mainly via attentional areas
in the prefrontal and anterior cingulate cortices (Lomas
et al., 2015; Lutz et al., 2008), whose activity is picked
up by frontal midline EEG (Kummar et al., 2019); (ii)
theta waves in this region are supposed to reflect attention
processes including interoceptive processes associated
with meditation (Aftanas & Golocheikine, 2001); and
(iii) meditation has been associated with enhanced alpha
and theta power rhythms predominantly in the frontal
areas (Takahashi et al., 2005; Travis & Shear, 2010),
while default mode network activity is reflected by frontal
midline gamma activity and is decreased in mindfulness
meditators (Berkovich-Ohana et al., 2012). Power values
were log-transformed prior to statistical analysis.

Data Analyses

First, paired samples -tests were used to determine pre—post
intervention changes in general affect and mindfulness skills.
Changes in affect during the laboratory sessions were ana-
lysed using a linear mixed model (LMM) analysis with the
experimental Task (baseline, recovery) in addition to Ses-
sion (pre-post intervention) as fixed effects.

An LMM analysis was used to test differences in changes
in cardiac parameters across Tasks between Sessions
(pre—post intervention), only with more conditions as
besides baseline and recovery two periods of the stress
recall tasks were defined (min 1-2 and min 3-5) to
potentially discriminate between the two phases of the
stress recall task: guided imagery and self-imagery. Fixed
effects were estimated for the two-way interaction of
Task X Session.

Because of their typical non-normal distributions, EEG
power of the various bands was first log transformed and
winsorized before entering them as dependent measures
in a linear mixed model (LMM) analysis. Fixed effects
were estimated for the three-way interaction Electrode
position X Task X Session. A random intercept was
included in each LMM model, as well as random slopes
for all within-subjects variables (i.e. Electrode, Task,
Session). However, models including a random slope for
the three-way interaction did not converge, so we restricted
our random effects structure to the two-way interactions
and first-order effects of these within-subjects variables
(Singmann & Kellen, 2019). The linear mixed model
analyses were conducted using the software R-studio and
the R-package afex (Singmann et al., 2015). All remaining
statistical analyses were conducted using IBM SPSS
(version nr. 24). p-values smaller than 0.05 were considered
statistically significant.

Results

The sample consisted of 58 participants, with a mean age of
43.8 years (SD=13.1), of whom 77.6% were female, 70.7%
were highly educated (high professional level, college or
university), 65.5% were in a stable romantic partner relation-
ship, 79.3% had previous psychotherapy, and 27.6% reported
current use of psychotropics.

The MBSR group showed the expected overall changes in
self-reported mindfulness skills and negative affect between
pre- and post-intervention. Participants improved signifi-
cantly on all mindfulness skills with medium to large effect
sizes and also showed significant decreases in negative affect
dimensions, also with medium to large effect sizes (Table 1).

Regarding laboratory data, nine participants did not
attend the post-intervention session, as a result of which
multilevel analyses were performed, to keep their com-
pleted data in the analysis, thereby reducing possible bias
(Kadengye et al., 2012) (those with a missing post-session
did not differ from the other participants in laboratory mood,
p>0.10).

In the analysis on laboratory negative affect, the
Task X Session interaction was significant (F; 49,=6.80,
p=0.012) reflecting a small increase in negative affect
from baseline to recovery at pre-intervention, while
post-intervention a decrease was evident. Also the main
effect of Session was significant F; 5, =11.93, p=0.001,
reflecting an overall decrease from pre- to post-intervention
(Table 2).

During the stress recall task, situations participants
were thinking about were very diverse, frequent themes
involving a quarrel (28%), unpleasant job situation (15%),
and fear (6%). Emotions experienced in the situation
recalled were most often anger (58%), sadness (42%), and
tension/anxiety (38%). Mean perceived stressfulness of the
situation decreased from pre- to post-intervention from
8.21 (§D=1.19) on a scale of 1-10 to 7.59 (SD=1.44)

Table 1 Changes in general affect and mindfulness across sessions:
Means (standard deviations)

Variable MBSR pre MBSR post  Cohen’s d
Depression 17.24 (6.22)  12.52(5.19)  0.86%**
Anxiety 16.07 (4.74) 12.20 (4.94)  0.81%***
Anger 15.78 (4.84) 12.28 (4.55)  0.71%**
Observing 25.44 (3.95) 28.37(3.89)  0.81%**
Acting with Awareness ~ 21.67 (4.67)  25.00 (4.40)  0.78***
Non-judging 24.85(5.73)  28.85(4.70)  0.93%%**
Non-reacting 18.89 (3.50) 22.26 (3.57)  0.99%*=*
Describing 25.74 (7.08)  28.24 (6.08)  0.52%%**
##%p <0.001
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Table 2 Changes in laboratory negative affect across sessions: Means
(standard errors)

Variable MBSR pre MBSR post Pre-post Cohen’s d
Baseline 8.41 (0.87) 7.08 (0.93) 0.20
Recovery 9.13 (0.82) 5.73 (0.62) 0.66%*%*

*#%p<(0.001 for simple main effect; TaskxSession interaction
p=0.012

Table 3 Pre—post intervention changes in cardiac response to the
stress-recall task: Means (standard errors)

Variable MBSR pre MBSR post
IBI baseline 843 (18) 857 (20)
IBI stress 1 863 (19) 899 (17)
IBI stress 2 874 (20) 913 (17)
IBI recovery 886 (22) 909 (24)
RMSSD baseline 31.7 (2.2) 36.7 (2.8)
RMSSD stress 1 32.5(2.5) 37.6 (3.0)
RMSSD stress 2 352 (3.0) 38.5(2.9)
RMSSD recovery 36.3 (2.7) 41.1 (3.0)

The only significant effects were main effect of Task for IBI
(p<0.001), main effect of Task for RMSSD (p=0.02), and main
effect of Session for RMSSD (pre—post MBSR: p=0.02).

IBI, inter-beat interval in milliseconds; RMSSD, root mean squared
successive differences

(Fy,50=7.20, p=0.010). Vividness (mean=7.0, SD=1.63)
did not change across sessions (F(; 44,=0.32, p=0.58).
Regarding ECG, inter-beat interval (IBI) showed nor-
mal distribution, which was also the case for RMSSD
after removing extreme values (>3 X inter-quartile

Fig. 1 Means and standard

errors of root mean squared suc- 45
cessive differences (RMSSD; in

ms) during baseline rest, stress

recall minutes 1-2, stress recall

range; > 100 ms; 4.6% of the cases), usually due to artefacts.
Linear multilevel analysis revealed that there was no signifi-
cant Task X Session interaction effect for IBI (F 5 39,=1.07,
p=0.37). The only significant effect was the main effect of
Task (F 3, 49,=8.67, p<0.001), which reflected an increasing
IBI across time during the experiment (Table 3).

Also for RMSSD, no significant Task X Session
interaction effect emerged (F(; 45,=0.63, p=0.60).
Both main effects were significant: the effect of Session
(F(1,39)=5.52, p=0.024) reflected overall higher RMSSD
at post-intervention compared to pre-intervention and the
main effect of Task (F(3 47)=3.75, p=0.017) reflected
an increasing RMSSD during the experimental sessions
(Fig. 1).

Regarding EEG, the first LMM analysis revealed no
significant three-way Electrode position X Task X Session
interaction effects for any power band (all p > 0.10). This
finding corroborated our decision to further focus on one
of the electrodes, the frontal midline (Fz). Subsequent
analyses on Fz showed a significant differential effect on
response to the stress recall task for gamma power only
(Task x Session interaction: F; 5;,=3.65, p=0.018).
This reflected a smaller increase in gamma at post-
intervention compared to pre-intervention (Fig. 2). A
similar trend was obtained for the beta band (F 5 55, =2.36,
p=0.082) as well as theta band (F 5 5,y=2.77, p=0.051).
For all bands, a main effect of Task was revealed: theta
(F3,53y=5.64, p=0.002), alpha (F 3 s54,=6.45, p<0.001),
beta (F (5 5;,=7.90, p<0.001), and gamma (F 5 s,)=26.62,
p <0.001), reflecting the lowest powers across the bands
during baseline with often subsequent increasing values
(Table 4).

minutes 3-5, and recovery at 40 -
pre- and post-MBSR interven-
tion

35

30

25

Baseline
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Fig.2 Means and standard
errors of the 10th logarithm of

power in the gamma band (in 2.9
uVZ/Hz) at Fz during baseline
rest, stress recall minutes 1-2, 2.7
stress recall minutes 3-5, and
recovery for the MBSR and 2.5
control groups at pre- and post-
int ’
intervention 2.3
2.1
I
1.9
1.7
1.5
Baseline

Table 4 Pre—post intervention changes in frontal midline (Fz) power
bands (log-transformed): Means (standard errors)

Variable MBSR pre MBSR post
Theta baseline 3.29 (0.04) 3.34 (0.06)
Theta stress 1 3.43 (0.05) 3.37 (0.05)
Theta stress 2 3.50 (0.05) 3.37 (0.05)
Theta recovery 3.47 (0.05) 3.39 (0.05)
Alpha baseline 3.14 (0.04) 3.21 (0.05)
Alpha stress 1 3.28 (0.05) 3.22 (0.06)
Alpha stress 2 3.33 (0.05) 3.25 (0.06)
Alpha recovery 3.30 (0.05) 3.26 (0.06)
Beta baseline 2.60 (0.03) 2.60 (0.04)
Beta stress 1 2.72 (0.05) 2.67 (0.04)
Beta stress 2 2.78 (0.04) 2.68 (0.04)
Beta recovery 2.74 (0.04) 2.69 (0.04)
Gamma baseline 2.05 (0.04) 1.98 (0.06)
Gamma stress 1 2.38 (0.08) 2.25 (0.06)
Gamma stress 2 2.48 (0.07) 2.28 (0.06)
Gamma recovery 2.41 (0.06) 2.30 (0.06)

Only for gamma, the Task X Session interaction effect was signifi-
cant (p=0.018). Main effect of Task was significant for all bands
(p<0.003)

To examine potential associations between subjective and
physiological changes between pre- and post-intervention,
several Pearson product-moment correlations were com-
puted between the respective change scores (pre—post).
In order to reduce the number of correlations, only those
outcomes that have shown significant pre—post effects were
included. As a result, correlations were computed for pre- to
post-intervention changes in resting (mean of baseline and

Stress 1-2 min  Stress 3-5 min Recovery

—Pre Post

recovery) RMSSD, in EEG gamma power response to the
task, in resting (mean of baseline and recovery) EEG power
of the gamma band, and improvement in feelings of nega-
tive affect in the lab (mean of baseline and recovery), and
pre—post overall changes in depression, anxiety, and anger,
as well as the five mindfulness facets.

Regarding response to the stress task, change in gamma
power response was not associated with improvements in
affect pre- to post-intervention (all Irl<0.14, p > 0.30) or
improvements in most self-reported mindfulness facets,
except Acting with Awareness (r=0.35, p=0.02) (Table 5).
However, this correlation was in the direction opposite to our
expectations: increase in this mindfulness skill was asso-
ciated with increased gamma power response. Regarding
changes in resting values of the gamma band or RMSSD
between pre- and post-interventions, none of the changes
was correlated with either changes in affect or changes in
mindfulness skills (all Ir1<0.23, p>0.14) (Table 5).

Discussion

Based on accounts suggesting stress reactivity buffering
effects of mindfulness (Creswell & Lindsay, 2014; Ditto
et al., 2006), the main aim of the current study was to
examine potential combined changes in subjective, cardiac
autonomic, and cortical activity during a laboratory proto-
col including a personally relevant stress recall task in the
context of participation in a standardized 8-week MBSR
program. The focus was on examining the extent to which
favourable overall improvements in subjective affect, nor-
mally found in the context of MBIs (Goldberg et al., 2022;

@ Springer
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Table 5 Correlations between

IR Variable A pre—post resting A pre—post resting A prepost
Changes m subjective and RMSSD gamma band gamma band
physiological parameters that res

S . ponse
showed significant changes
between pre- and post- A depression -0.23 0.09 ~0.14
intervention A anxiety —0.12 ~0.05 —0.14
A anger —-0.01 0.17 0.03
A lab negative affect 0.04 0.11 -0.11
A Observing -0.11 0.14 0.14
A Acting with Awareness -0.23 0.08 0.35%
A Non-judging -0.07 0.05 —-0.03
A Non-reacting —0.06 0.10 0.06
A Describing —0.08 0.17 -0.05

A change (pre—post); RMSSD, root mean squared successive differences; resting, mean value during base-
line and recovery; response, increase from baseline to 3—5 min of the stress task.

*p=0.02

Khoury et al., 2013), would be related to acute cardiac and
cortical responses to a personally relevant stress task.

Regarding stress task—-related activity, only cortical
responses in the power spectrum of the gamma band showed
significant changes between pre- and post-intervention: at
post-intervention, a decrease in the response to the task was
found. Similar trends were obtained for not only beta, but
also theta spectra. The effects on beta and gamma were in
line with our hypothesis. As beta and gamma bands reflect
higher cognitive processing, this effect may suggest a lower
impact of recalling a stressful event after mindfulness train-
ing. Although in a different context and using different
measures, this finding is also in line with lower event-related
potentials found in a small group of meditators in response
to unpleasant visual stimuli (Sobolewski et al., 2011). How-
ever, in light of a lack of a randomized control group, we
cannot ascribe this effect to the intervention. Other effects,
such as regression to the mean, might have been responsible
for this finding.

Regarding acute effects on the heart, no changes between
pre- and post-intervention responses in heart rate or HRV
to the stress recall task were evident, despite the fact that
subjective perceived stressfulness of the recalled event
decreased at post-intervention. This lack of effect was not
anticipated, as mindfulness-based interventions have been
suggested to buffer stress responsivity (Creswell & Lindsay,
2014; Morton et al., 2020). However, it is also important to
note that the task itself did not result in the expected decrease
in HRYV, as usually is seen during stressful tasks (Schommer
et al., 2003). This does not seem to be the result of a lack of
stressfulness of the task, as the average rating across partici-
pants indicated substantial subjective stressfulness. It may
be speculated that the physiological response might have
been different between participants, in some dominated by
a classic fight/flight response, but in others by either a freeze
response or even prosocial tend-and-befriend response

@ Springer

(Keller et al., 2006; Lee et al., 2014; Taylor et al., 2000).
As a result, in some participants, this may have yielded a
predominant increase in vagal (parasympathetic) tone to the
heart instead of a decrease (Adjei et al., 2018; Riem et al.,
2020; Scott & Weems, 2014; Sousa et al., 2021). Because
most of our participants were female, this might have even
been the case for most of our participants, as in previous
studies an increase in vagal tone to mental stress has been
found in female compared to male participants (Adjei et al.,
2018). A similar effect was also reported in participants high
in anxiety (Scott & Weems, 2014), a characteristic also pre-
sent in our sample. In addition, variability in the contents
of the recalled event and specific emotion may also play a
role, the latter ranging from anger to sadness. Thus, the kind
and strength of responses may depend on a combination of
(1) characteristics of the participants (here predominantly
female with relatively high stress), (ii) the contents of the
stressor recalled, and (iii) experienced emotion and subse-
quent coping strategy. The current findings are in line with
findings of a similar study, also reporting a general increase
in vagal HRV to a stress recall task in the context of a mind-
fulness intervention study (Crosswell et al., 2017). The
authors speculated that emotion regulation may have been
employed during the recall task, which may have increased
vagal tone, as found earlier in a female sample (Butler et al.,
2006). In addition, our findings are also in line with the over-
all picture of effects of mindfulness-based interventions on
stress-related cardiac autonomic responses, which have been
largely equivocal (Morton et al., 2020), possibly as a result
of the many factors influencing this effect.

An overall change in heart rate variability was found:
RMSSD increased from pre-to-post intervention. This
reflects a more vagally driven autonomic influence on the
heart, which is in line with the effect obtained regarding
subjective negative affect. However, despite this effect
being in the expected direction, again in light of a lack of
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a randomized control group, we cannot ascribe this effect
to the intervention. Other effects, such as regression to the
mean, might have been responsible for this finding. In previ-
ous studies, sometimes similar increases in HRV have been
observed of mindfulness-related interventions (Arch et al.,
2014), but more often not (Creswell et al., 2014; Crosswell
et al., 2017; Nyklicek et al., 2013). To date, it remains dif-
ficult to identify the contextual factors responsible for this
discrepancy, but it does suggest that the well-documented
favourable effects on decrease in subjective negative affect
(Goldberg et al., 2018, 2022; Khoury et al., 2013, 2015),
also found in the present study, are often not (immediately)
translatable to autonomic nervous system functioning.

This is also in line with the finding that none of the cor-
relations between changes in subjective negative affect and
in mindfulness skills pre- and post-intervention with changes
in cardiac and cortical parameters was significant (except
one correlation in the opposite direction, perhaps due to
chance in light of multiple testing). While such correlations
are seldomly performed, in the few studies that examined an
association between subjective and peripheral physiologi-
cal stress responses, no associations were found (Creswell
et al., 2014). Regarding associations between subjective
stress reduction and cortical responses, correlations have
sometimes been reported in small studies, yielding incon-
sistent findings: stress reduction correlated with a decrease
in amygdala activation in response to unpleasant pictures
(Bauer et al., 2019), higher mindfulness as a state correlated
with lower ERP response to emotional pictures, and higher
mindfulness as a trait correlated with a higher ERP response
to emotional pictures (Eddy et al., 2015).

Overall, we can conclude that the favourable general
improvements in subjective affect, found both in the context
of MBIs (Goldberg et al., 2022; Khoury et al., 2013) and
the present study, do not seem to be clearly related to acute
cardiac or cortical responses to a personally relevant stress
task. It may be speculated that any peripheral physiological
effects, if present, may take a longer time to get established
with mindfulness meditation practice. This should be exam-
ined in future investigations including a longer-term follow-
up (at least 6 months or longer) (Loucks et al., 2019; Morton
et al., 2020).

Limitations and Future Research

Several limitations should be acknowledged. First and fore-
most, the uncontrolled design prevents any possible conclu-
sions along causal lines. However, the changes found regard-
ing scores on subjective negative affect and mindfulness
skills, which are comparable to previous studies, strengthen
the confidence in the likelihood that the subjective changes
are associated with the intervention and, as a consequence,

the examination of their correlations with physiological indi-
ces may be meaningful. A second limitation is the limited
size of the group, which reduced the power to obtain effects
especially regarding correlations between outcomes (power
of 0.66), although power was sufficient to establish medium-
sized pre—post intervention effects.

Next, we did not include a measure of sympathetic
influence on the heart, such as pre-ejection period. Future
research should include such measure to obtain a more com-
plete picture of the autonomic cardiac activity. The number
of EEG electrodes employed was limited. However, as we
found no differential effects between the electrodes used,
the effect of this limitation on the results is expected not to
be substantial.

A strength of the current study is the multisystem
approach, including subjective affective and cardiac, as well
as cortical measures. Furthermore, the current stress recall
task was personalized. This has both advantages and disad-
vantages. A personalized stressor is by its definition more
ecologically valid, more relevant, and as a consequence pos-
sibly also more stressful. However, it is less standardized and
as a result, more interindividual variability in both the con-
tent and coping is likely to occur. As discussed above, the
latter might have obscured effects on physiological response
by different emotions experienced and different coping styles
employed. Future research should take into account the dif-
ferent coping strategies participants employ in response to
a stressful situation.
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