Mindfulness (2021) 12:799-814
https://doi.org/10.1007/s12671-020-01558-5

REVIEW ™

Check for
updates

A Systematic Review of Pain-Related Neural Processes in Expert
and Novice Meditator

Michael Y. Wang' @ - Neil W. Bailey - Jake E. Payne' - Paul B. Fitzgerald' - Bernadette M. Fitzgibbon'

Accepted: 11 November 2020 / Published online: 25 November 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Objectives Mindfulness meditation (MM) is an attention and acceptance—based intervention effective for managing chronic pain.
Current literature predominately focuses on the behavioral effects of short-term mindfulness-based programs for pain reduction.
However, the long-term potential of MM and its effect on pain processing are less well understood. Furthermore, it is possible
that short- and long-term effects of MM are underpinned by different neural processes. This systematic review was undertaken to
better understand the short- and long-term effects of MM on brain processes related to pain by comparing pain-related neural
process in novice and expert MM.

Methods A literature search was performed to identify relevant studies using MRI/fMRI and EEG/MEG.

Results A total of 14 studies were selected: 1 MEG and fMRI, 5 EEG, and 8 MRI/fMRI. Overall, findings across studies are
consistent in reporting reduced pain ratings in both novice and expert meditators. However, different brain processes appeared to
underlie this effect with experts showing greater activity in the somatosensory regions and novices showing reduced activity. The
available evidence also indicates a greater dissociation between pain salience and pain unpleasantness in expert meditators along
with greater changes in the respective brain regions, suggesting a dissociation between sensory and the cognitive-affective
dimensions of pain. For novice meditators, however, the evidence is less conclusive.

Conclusions Given the ongoing nature of chronic pain, the long-term effects of mindfulness meditation should be explored to
assess whether the effects of short-term programs remain post treatment.
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When pain persists beyond the typical tissue healing period of
3 months, it is classified as chronic pain (Treede et al. 2015).
In the majority of cases, the experience of ongoing pain has a
significant impact on quality of life and general well-being
(Cimmino et al. 2011; Holmes et al. 2013; Skinner et al.
2004). Pain perception, like all sensory-related experiences,
is a multidimensional process, influenced by a combination
of biological, cognitive, affective, and social factors (Linton
and Shaw 2011; Raja et al. 2020). Management options, how-
ever, have traditionally focused on treating the sensory expe-
rience of pain through invasive options such as surgery and
prescriptive medication. Although some relief can be
achieved, surgical procedures are limited to a select sample
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of patients (Farrell et al. 2018), while pharmaceutical interven-
tions carry the risk of addiction and have relatively limited
evidence for their long-term use (Crofford 2010; Palmer
et al. 2015). Furthermore, complete elimination of pain is
seldom achieved through these options alone (Noble et al.
2010). Pain management programs therefore require multiple
disciplines to address not only the sensory but also the psy-
chological and emotional factors that shape pain perception.
Cognitive behavioral therapy (CBT), for example, targets
maladaptive belief systems that contribute to the ongoing
maintenance of pain. However, evidence for the efficacy of
CBT in the treatment of chronic pain shows moderate effect
sizes (Burger et al. 2016; Williams et al. 2012), with some
patients reporting little to no benefit (Vlaeyen and Morley
2005). Consequently, mindfulness meditation (MM)
training/or practice has gained increasing popularity as a ther-
apeutic option with promising evidence to support its pain-
relieving properties (Hilton et al. 2017; Kabat-Zinn 1982;
Veehof et al. 2011; Zeidan et al. 2011).
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Mindfulness meditation is operationalized as (1) self-
regulation of attention to the features of internal and external
events, (2) developing an understanding that these experi-
ences are transitory and momentary, and (3) reduced appraisal
or reactions to these experiences (Zeidan et al. 2012). In pain
management, mindfulness-based pain interventions are uti-
lized to reduce the psychological and emotional impact of
prolonged pain (e.g., pain-related worrying and distress) by
building pain acceptance (Marchand 2012). Pain acceptance
has been described as “acknowledging that one has pain, giv-
ing up unproductive attempts to control pain, acting as if pain
does not necessarily imply disability, and being able to com-
mit one’s efforts toward living a satisfying life despite pain”
(McCracken 1998, p. 22). This attitudinal change has been
shown to influence functioning with greater acceptance
predicting reduced pain reports, lower mood scores, and great-
er engagement in activities (Esteve et al. 2007; McCracken
1998; Morone et al. 2008; Vowles et al. 2007). Many living
with chronic pain develop maladaptive emotional and behav-
ioral responses as a result; for example, pain-related anxiety is
often greater in patients with chronic pain and is typically
correlated with a greater level of avoidance for physical activ-
ities (Linton and Shaw 2011). Cultivating acceptance to un-
pleasant experiences is thought to uncouple cognitive-
affective components from sensory pain, thereby reducing
the emotional and psychological impact of pain, improving
any associated functional impairments (Grant and Rainville
2009; Kabat-Zinn et al. 1986). Thus, mindfulness-based pain
interventions are better characterized within a functional
framework, where the emphasis is not placed on changing
the pain felt, but modifying one’s behavior and emotional
response to their pain, improving functioning and quality of
life (McCracken et al. 2007).

Early evidence for the effectiveness of mindfulness-based
pain interventions indicate that short-term structured programs
can improve pain symptoms and enhance quality of life
(Hilton et al. 2017; Salomons and Kucyi 2011; Veehof et al.
2011). Marikar Bawa et al. (2015) reported that mindfulness-
based interventions had a combined effect size of 0.16 (95%
CI =-0.03 to 0.36) on pain intensity across eight studies. A
more recent analysis (Hilton et al. 2017) of 30 randomized
controlled trials (RCTs) found a significant treatment effect
of mindfulness meditation on chronic pain (standard mean
difference (SMD) = 0.32; 95% CI = 0.09 to 0.54) compared
with treatment as usual and passive control conditions.
Another review and meta-analysis in the same year focused
on mindfulness-based treatments for low back pain (Anheyer
etal. 2017). Congruent with other reviews, the authors found a
significant effect (SMD = —0.96; 95% CI = —1.64 to — 0.34)
of mindfulness-based interventions on pain intensity ratings.
Overall, the evidence is in favor of the growing optimism for
short-term mindfulness-based pain reduction. Less certain,
however, are conclusions about the long-term potential of
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MM for pain. In the reviews cited, follow-up periods varied
across studies with Hilton et al. (2017) reporting a range of 4
to 60 weeks across 30 studies. In the analysis of Anheyer et al.
(2017), they reported that the short-term outcomes found in 4
studies were not sustained at long-term follow-ups.
Additionally, studies across the reviews predominately
adopted pain intensity as the primary outcome to assess the
effectiveness of mindfulness-based interventions. Pain inten-
sity ratings do not provide insight to the uncoupling of
cognitive-affective and sensory pain dimensions which is the
proposed mechanism by which mindfulness improves associ-
ated functional impairments (Grant and Rainville 2009; Zorn
et al. 2020). Other measures such as quality of life, disability
ratings, and the emotional and psychological responses to pain
are equally if not more characteristic of MM-related effects on
pain. However, few studies included these measures in their
outcomes limiting the conclusions drawn.

Furthermore, while pain intensity ratings have been shown
to decrease, whether pain acceptance and the uncoupling of
cognitive-affective and sensory pain dimensions are achiev-
able through short-term practices is uncertain. In the early
phase of MM practice, the initial intention for chronic pain
patients is likely motivated by a desire to improve pain symp-
toms, with intensity reduction as the main focus (Marchand
2014). Across time, however, the goal evolves from pain re-
duction to pain acceptance (Marchand 2014). Thus, the
uncoupling of cognitive-affective from sensory dimensions
of pain is less likely in the early phase of MM practice when
the focus is placed on reducing sensory pain. This has been
demonstrated in studies examining differences between
novice and expert meditators. For example, Zorn et al.
(2020) examined differences in pain perception (sensory and
affective) between novice (approximately 20 h) and expert
(more than 10,000 h) meditators. The authors used heat to
induce pain and amplified the cognitive-affective aspects of
pain by manipulating anticipation (pain anxiety). Assessing
both pain intensity and pain unpleasantness ratings, a larger
sensory-affective uncoupling effect was found in expert med-
itators compared to novices, as demonstrated by lower pain
unpleasantness ratings in experts than novices, while pain in-
tensity between groups remained comparable. The authors
suggested the result was likely reflective of a key difference
in pain perception between novice and expert meditators, in-
dicating that expert meditators were more accepting of their
experiences responding with less fear and worry.
Furthermore, differences in emotional reactivity between nov-
ice and experienced meditators have been shown in separate
studies examining brain function. For example, activation of
the right amygdala to affective pictures (a putative measure of
emotional reactivity) was found to be lower in both novice and
experienced meditators compared to controls. However, expe-
rienced meditators scored lower on a questionnaire measuring
emotional reactivity than novices (Five-Facet Mindfulness
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Questionnaire), while novice meditators did not differ from
controls (Kral et al. 2018). In the same study, experienced
meditators rated a greater number of affective pictures as neu-
tral compared with novices, mirroring the functional magnetic
resonance imaging (fMRI) data of amygdala activation. These
results suggest that MM may reduce brain responses associat-
ed with emotional reactivity compared to controls; however,
only experienced meditators have corresponding behavioral
reductions. It is then conceivable that brief meditation training
for pain is limited in its efficacy, and chronic pain manage-
ment requires ongoing commitment to continued practice.

The heavy emphasis of using pain reduction as the primary
outcome in examining the efficacy of mindfulness-based pain
interventions does not accurately characterize its intended ef-
fects. Furthermore, whether short-term MM practice can fos-
ter pain acceptance, uncoupling sensory and cognitive-
affective pain dimensions is unclear. As mentioned in the
preceding paragraphs, one method to delineate whether nov-
ice and expert meditators process pain differently and assess
the potential uncoupling of sensory and cognitive-affective
dimensions is by comparing differences in pain-related neural
processes. Brain imaging studies of MM-related changes in
brain regions associated with pain processing have largely
used two research methods, namely fMRI and electroenceph-
alography (EEG). fMRI is a technique used to measure brain
activity by detecting changes in blood flow (Chapin et al.
2012), while EEG records electrical brain activity with high
temporal resolution, allowing for accurate examinations of
event-related neural responses in the order of milliseconds
(Kakigi et al. 2005a, b). In order to explore potential differ-
ences as a result of different levels of experience in MM, the
current review seeks to add to the existing literature by sys-
tematically examining both functional neuroimaging and EEG
studies assessing the influence of mindfulness on pain pro-
cessing in novice and expert meditators, and to characterize
the differences in pain processing between healthy mindful-
ness practitioners, participants with chronic pain, and healthy
controls. The primary outcome of interest was the region-
specific effects from mindfulness-related pain modulation.
This includes fMRI event-related blood-oxygen-level-
dependent (BOLD) response, EEG event—related response,
EEG oscillation power, and EEG connectivity. The study
sought to examine the significance of these activation and
connectivity patterns and discuss whether they indicate prac-
tical importance as well as possible long-term effects.

Methods
Protocol and Registration

This review was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA; Moher et al. 2009). The protocol for this systematic
review was registered on PROSPERO (CRD42019143227).

Search Strategy

A broad electronic search strategy was developed in con-
sultation with the review team. The literature search was
performed using the Ovid software in MEDLINE; Ovid
MEDLINE® and Epub Ahead of Print, In-Process &
Other Non-Indexed Citations, Daily and Versions®,;
Ovid PsycINFO; Ovid Embase; Ovid Cochrane Central
Register of Controlled Trials; as well as the Cochrane
Database of Systematic Reviews.

A combination of keywords was used across the select-
ed databases (e.g., mindfulness, pain, neuroimaging).
Search terms were adjusted across databases, and no date
or language limitations were placed on the search.
References of the selected studies were then searched
manually to identify additional material. The searches
were conducted again before final analyses, and new stud-
ies were screened for.

Two independent reviewers (MYW and JEP) were
trained didactically prior to the literature search.
Training included detailed summaries of the study’s aims,
variables and outcomes being investigated, inclusion and
exclusion criteria, and search methods for identification of
studies and was concluded with a pilot screening using a
random selection of sample abstracts. Official screening
of studies underwent two phases. In phase 1, reviewers
selected studies based on titles and abstracts deemed rel-
evant for the present review. This was followed by full-
text screenings of selected articles (phase 2 screening).
Disagreements between reviewers regarding eligibility of
selected studies were resolved through consultation with
two independent reviewers (NWB and BMF) until con-
sensus was reached.

Selection Criteria

The present review sought to examine the published effects of
meditation on neural pain processes; thus, studies were includ-
ed if they met the following a priori criteria: studies were
included if (1) pain was induced in experimental settings
(e.g., via thermal stimulus) or was related to an ongoing
chronic pain disorder, (2) measures included a form of neuro-
imaging (fMRI, EEG/magnetoencephalography (MEQG)), (3)
the study included programs or training with a core focus on
meditation, and (4) the article was published in peer-reviewed
journals and written in English. Studies were excluded if they
consisted solely of theoretical approaches or commentaries
without statistical analysis.
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Outcome Measures

The primary outcome of interest was the region-specific
effects of MM practice on pain modulation. This included
fMRI event-related BOLD response, gray matter density/
volume, as well as EEG or MEG event-related responses,
power, or connectivity. Behavioral pain measures com-
monly found in mindfulness and pain literature were also
included, such as pain intensity, pain unpleasantness, and
pain threshold.

Risk of Bias

A two-step process was developed to assess the risk of
bias in selected studies. First, an adapted version of the
Lievense criteria (Lievense et al. 2002) was used to assess
the methodological quality. The Lievense criteria are a
standardized set of 15 items assessing the internal validity
of studies and can be modified to assess cohort, cross-
sectional, and case-control studies. Each item is scored
either positive (1) or negative (0), and results determine
the overall study quality. Results from the Lievense
criteria were then assessed using a tool adapted from the
Cochrane Collaboration for cohort studies to determine
the overall risk of bias for selected studies (Higgins and
Green 2008). The adapted Cochrane tool consisted of 4
items for cross-sectional studies and 5 items for cohort
studies. Items are rated (“low,” “moderate,” or “high”)
in relation to scores on the Lievense criteria. Scores from
the adapted Cochrane tool determined the overall risk of
bias for each study; low (all items rated low), low-
moderate (1 item rated moderate), moderate (2 items rated
moderate), or high (> 2 items rated moderate or any of the
items rated high). The stringent scoring criteria require all
studies to be scored “low” on all items to be considered
low risk (see Supplementary Tables 1 and 2 for a copy of
Lievense criteria and Cochrane tool). Two reviewers
(MYW and JEP) assessed the risk of bias for each select-
ed study, independently. When there was a disagreement,
results were compared and discussed until a consensus
was reached.

Planned Meta-analysis

An activation likelihood estimation (ALE) meta-analysis was
initially planned for this review (see PROSPERO registra-
tion). However, this was not feasible due to the small number
of studies and lack of data appropriate for the execution of an
ALE analysis. To aid the design of future research on this
topic, we have provided our intended methodology in the
supplementary materials.
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Results
Study Characteristics

A total of 2118 records were identified in the online search
(Fig. 1). After careful examination of abstracts, 2102 records
were excluded. The remaining 14 studies were selected for the
systematic review. Of these studies, one used MEG and fMRI,
six used EEG/MEG, and nine studies used MRI/fMRI in their
design. Of the nine MRI/fMRI studies, only one explored
structural volumes with the remaining studies exploring
task-related brain activation. Five of the EEG/MEG studies
explored between-group differences while two were within-
group studies. All MRI/fMRI studies used between-group ex-
perimental designs. Characteristics of selected studies are pre-
sented in Table 1.

Sample sizes of selected studies ranged from 1 to 61. Ten
studies consisted of both genders, and four studies either re-
cruited participants of one gender (N = 32) or did not mention
the gender of subjects (N = 4). Nine of the eleven between-
group studies recruited demographically matched participants
in gender and age. Eleven studies induced experimental pain
through a variety of methods (i.e., thermal, electrical, and laser
stimuli), two studies investigated chronic pain, and another
study explored EEG activity in novice meditators during a
biopsy procedure without sedation.

In the 14 studies, there were a total of 16 experimental
contrasts, eight of which explored pain-related neural effects
in expert meditators, while the remaining investigated the ef-
fects of short meditation training. Meditation style and tradi-
tion varied across the eight experimental contrasts that includ-
ed expert meditators. Expertise was uniquely defined in each
experiment and ranged from hours to months and years. Four
experiments compared differences between experts and con-
trols, while two investigated differences between experts and
novice meditators. Among studies that recruited participants
for short-term meditation practice (novices), the length and
type of training provided were again varied, with novice par-
ticipants in one study having 5 months of meditation practice
(Orme-Johnson et al. 2006), while another having 20 min of
brief training prior to testing (Jensen et al. 2014).

Our assessment of risk of bias in the selected studies rated
two studies without a comparison control group along with
low participant numbers as high risk of bias, while twelve
studies were rated low to moderate risk of bias (Tables 2 and
3). No studies met the full criteria for low risk of bias.

Pain Intensity and Unpleasantness Self-Reports

Eight studies differentiated between pain intensity and un-
pleasantness (Brown and Jones 2010, 2013; Gard et al.
2012; Grant et al. 2011; Lutz et al. 2008; Su et al. 2016;
Zeidan et al. 2011, 2015), while seven studies only assessed
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pain intensity or sensitivity without mention of affective mea-
sures (Anand et al. 1960; Grant et al. 2010; Jensen et al. 2014;
Kakigi et al. 2005a, b; Orme-Johnson et al. 2006; Ratcliff et al.
2018).

Of the studies that differentiated between the pain intensity
and pain unpleasantness, the MM experts’ ratings of pain from
three studies did not differ from controls in intensity or un-
pleasantness (Brown and Jones 2010; Gard et al. 2012; Grant
et al. 2011). However, one study (Brown and Jones 2010)
found significant results with experts reporting lower unpleas-
antness, when analysis only included expert meditators with
six or more years of experience, compared with age-matched
controls. In the same study, greater meditation experience
within the expert group also predicted lower pain
unpleasantness.

In novice meditators, three studies found reductions in both
intensity and unpleasantness ratings post meditation training
(Suetal. 2016; Zeidan et al. 2011, 2015), while another study
(Brown and Jones 2013) did not find pain rating differences in
participants with chronic pain after an 8-week mindfulness
program. Only one study compared expert and novice

A

Full-text articles assessed
for eligibility
(n=14)

\ Full-text articles excluded (n=4:
outcomes unsuitable for the

present study)

Studies included in the
systematic review (n = 14):
1 MEG and fMRI,

5 EEG,
8 MRI/fMRI.

meditators directly (Lutz et al. 2008), reporting similar inten-
sity ratings between groups and lower pain unpleasantness
ratings in the expert group relative to novices.

Oscillatory Activity (EEG and MEG)

Two studies (Anand et al. 1960; Kakigi et al. 2005a, b) report-
ed prominent global alpha activity (power) in expert medita-
tors at rest and a marked increase during meditation. When
exposed to noxious stimuli (NS), experienced meditators in
both studies showed stable and consistent activity, again with
increased alpha power during meditation compared to rest. In
one study (Anand et al. 1960), noxious stimulation inhibited
alpha activity at rest in expert meditators. However, during
meditation, consistent parietal alpha amplitudes were recorded
even when sensory afferents were expected to be projecting in
this region, indicating that noxious stimulation did not disturb
the relaxed wakefulness state of expert meditators during
meditation. However, it is important to note that both studies
had low expert sample sizes (n = 4 and n = 1, respectively).
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Main findings

Experiments/contrasts

Analysis/outcomes

Study description

Sample

Table 2 (continued)

Author (year)

@ Springer

When exposed to NS, EXP showed higher alpha power

1. Meditative state

1. MEG activity and

MEG activity of EXP at

Kakigi et al.

during meditation compared to rest.

oscillations Vvs. rest

rest and during meditation
while exposed to laser NS

EXP

(20054, b)

Con =20

No group differences in pain ratings

1. EEG activity in the 2. Baseline EEG activity vs.

Biopsy patients were briefly

=38

NOV
Con

Ratcliff et al.

NOV reported less anxiety than Con during biopsy.

EEG activity during

biopsy

mPFC, insular, ACC,

and PreCu
2. Pain intensity

3. Anxiety

trained in guided meditation

prior to procedure.

=5

(2018)

NOV showed lower delta CSD in the PreCu which was

significantly associated with less anxiety during biopsy.
NOV showed higher beta CSD in the insular and ACC

while practicing

meditation
2. NOV vs. Con

Participants then practiced
guided meditation during

the procedure

compared to Con during biopsy.
NOV showed higher theta CSD in the mPFC, insular, and

ACC relative to Con during biopsy

EXP experienced/expert meditators, Con healthy controls, NOV novice meditators, EEG electroencephalogram, MEG magnetoencephalography, ERP event-related potential, CSD current source density,

NS noxious stimulus/stimulation, ACC anterior cingulate cortex, DLPFC dorsolateral prefrontal cortex, /PC inferior parietal cortex, MCC midcingulate cortex, mPFC medial prefrontal cortex, pACC

pregenual anterior cingulate cortex, PreCu precuneus, S2 secondary somatosensory cortex, SMA supplementary motor area, vimPFC ventromedial prefrontal cortex

Two studies examined oscillatory activity in novice med-
itators. In one study, participants with chronic pain (Jensen
et al. 2014) were asked to report pain ratings while they
performed a cognitive task before and after meditation train-
ing. Participants with lower baseline alpha responded more
to the meditative intervention, resulting in higher pain reduc-
tion following training (Jensen et al. 2014). This suggests the
potential for individualized treatment recommendations or
response prediction in future research. Another study
(Ratcliff et al. 2018) used current source density (CSD) anal-
ysis to estimate the current sources generating measured po-
tentials (Wojcik 2014). Novice meditators were asked to
meditate while undergoing a biopsy procedure. The results
showed higher beta CSD in the insular compared to controls
and increases in theta CSD at the medial prefrontal cortex
(mPFC), insular, and anterior cingulate cortex (ACC)—re-
gions associated with self-awareness (Modinos et al. 2009;
Nejad et al. 2019; Philippi et al. 2012). Novice meditators
also reported less anxiety during the pain anticipation phase
than controls, but their pain intensity ratings did not differ,
demonstrating a dissociation between the emotional and sen-
sory aspects of pain.

Meditation Effects on Pain-Related Brain Activity
Somatosensory Regions

Within the somatosensory regions, neuroimaging research
has shown that while both novices and expert meditators
show different patterns of neural activity in response to pain
compared to controls, the direction of change sometimes
differed between the two groups, perhaps suggesting a dif-
ferent mechanism of pain reduction for short- vs. long-term
meditation. In two fMRI studies comparing pain-evoked ac-
tivity during meditation and at rest, expert meditators
showed greater pain-evoked activity in the SII and posterior
insular compared to pain-evoked activity at rest (Gard et al.
2012), while novices showed significantly lower pain-
evoked activation in the SI during meditation than rest
(Zeidan et al. 2011). Cortical thickness in the SII and insular
was also found to predict pain threshold in expert meditators
(Grant et al. 2010). Similar results were also found in two
EEG studies of participants at rest, with MM experts in one
study showing lower pain-evoked responses in the SII and
posterior insular compared to controls (Brown and Jones
2013), and another study reporting higher activity in the
SII and insular post-meditation training for novices (Brown
and Jones 2010). In a fMRI study directly comparing experts
and novices during meditation, pain-evoked activity in the
posterior insular and SII was not significantly different be-
tween groups (Lutz et al. 2008). The results indicate a dif-
ference in pain processing between novice and expert med-
itators, with greater activation in the primary somatosensory
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Table 3 (continued)

Main findings

Experiments/contrasts

Analysis/outcomes

Study description

Author (year) Sample

Lower pain intensity and unpleasantness in mindfulness group

1. Pre-meditative training vs.

1. Functional imagining analysis exploring

17 Comparing mindfulness

Con=18

NOV

Zeidan et al.

compared to all others
Greater deactivation in brain regions that facilitate low-level sensory and

post
2. NOV vs. Con/placebos

analgesic mechanisms of mindfulness

meditation
2. Pain threshold, intensity, and

meditation with placebo,
sham mindfulness
meditation, and

(2015)

nociceptive processing in the mindfulness group (thalamus and PAG)

Lower pain intensity associated with higher activation in the sgACC,

unpleasantness
2. Mindfulness

book-listening control

bilateral OFC, right putamen, and anterior insular in mindfulness

group
Lower pain unpleasantness associated with greater activation in brain

intervention, both at rest
and while meditating

regions that mediate the cognitive control of pain (bilateral anterior

insular, and putamen) along with higher activation in the contralateral

inferior frontal gyrus and frontal operculum

EXP experienced/expert meditators, Con healthy controls, NOV novice meditators, NS noxious stimuli/stimulation, / high, L-M low to moderate, fMR! functional magnetic resonance imaging, RO/ region
of interest, ACC anterior cingulate cortex, aMCC anterior midcingulate cortex, JACC dorsal anterior cingulate cortex, daMCC dorsal anterior midcingulate cortex, DLPFC dorsolateral prefrontal cortex,

IPFC lateral prefrontal cortex, MCC midcingulate cortex, MTG middle temporal gyrus, mPFC medial prefrontal cortex, OFC orbitofrontal cortex, PAG periaqueductal gray, PF'C prefrontal cortex, rACC

rostral anterior cingulate cortex, S/ primary somatosensory cortex, S2 secondary somatosensory cortex, sgACC subgenual anterior cingulate cortex, vimPFC ventromedial prefrontal cortex

regions in experienced meditators and reduced activation in
novice meditators.

Pain-evoked activity in the thalamus was consistent
across fMRI studies for both expert and novice meditators.
Lower thalamic response to pain stimuli was found in more
experienced meditators (Grant et al. 2011; Kakigi et al.
2005a, b; Orme-Johnson et al. 2006). Similar to experts,
three studies with novice meditators (Orme-Johnson et al.
2006; Zeidan et al. 2011, 2015) found reduced pain-
evoked response in the thalamus post meditation training.

Cognitive-Affective Regions

For cognitive-affective region, consistent evidence across
studies showed reduced activation in experienced meditators
during noxious stimulation compared to controls. One fMRI
study of expert meditators at rest (Orme-Johnson et al. 2006)
showed lower pain-evoked responses in the ACC and pre-
frontal cortex (PFC) compared to controls. Greater medita-
tion experience was also shown to predict lower pain-related
ACC and prefrontal activation at rest (Grant et al. 2011), and
correlated with thicker gray matter in the ACC (Grant et al.
2010). Two studies (Gard et al. 2012; Kakigi et al. 2005a, b)
reported greater pain-related reduction in regions of the PFC
during meditation compared to rest. Pain sensitivity (thresh-
old needed to induce pain) was also predicted by a lower
connectivity between dorsolateral prefrontal cortex
(DLPFC) and dACC in experts (Grant et al. 2011).
Furthermore, a negative relationship between pain-evoked
activations of mPFC and pregenual ACC and pain unpleas-
antness ratings was found for expert meditators, while a pos-
itive relationship between these variables was found in con-
trols, suggesting again a dissociation between affective and
sensory regions in experts. For fMRI studies of novice med-
itators, one study reported lower pain unpleasantness ratings
associated with greater activation of the orbitofrontal cortex
(OFC) during meditation. The consistent reports of reduced
activity in the ACC and prefrontal regions for expert medi-
tators perhaps suggest that mindfulness-related analgesia
functions by modulating affective mechanisms. However,
it is unclear whether this effect is present in novice
meditators.

Network Effects

Two studies on expert meditators reported congruent find-
ings of lower baseline activity (without pain) in the salience
network. The salience network is made up of the posterior
insular, anterior insular, and midcingulate cortex (MCC) and
is believed to be involved in the anticipation and assessment
of pain-related cues (Ahmad and Abdul Aziz 2014; Craig
et al. 2000; Iannetti and Mouraux 2010). One EEG study
using source localization (Brown and Jones 2010) reported

@ Springer
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lower anticipatory MCC and insular activity in expert medi-
tators compared to healthy controls at rest. Anticipatory MCC
activity also correlated with pain unpleasantness in meditators,
with lower activity predicting less unpleasantness. This effect
was not found in controls. This finding, however, should be
interpreted with caution, given the limited spatial resolution of
EEG and difficulty localizing brain activity with EEG when
not using MRI templates to assist source localization algo-
rithms (Ploner and May 2018). Similar results were reported
in a fMRI study comparing experts and novice meditators
(Lutz et al. 2013), and baseline activity in the salience network
(MCC and anterior insular) was greater for novice meditators
than experts. Meditation experience also predicted lower base-
line MCC (Brown and Jones 2010) and insular activity (Grant
etal. 2011; Lutz et al. 2013), with the most experienced med-
itators showing the least activity.

In terms of pain-evoked responses, Brown and Jones
(2010) found lower pain-evoked MCC and insular activity
in experts compared to controls at rest. Comparing experts
and novice meditators directly, greater activity in the MCC
and anterior insular was found in experts during meditation
than rest compared to controls (Lutz et al. 2013). In the same
study, pain unpleasantness ratings correlated positively with
activation in the left Al and aMCC (Lutz et al. 2013), but this
relationship was not present for experts, even though expert
meditators demonstrated greater activation in these clusters in
response to pain during meditation. This indicates that during
meditation, experts were more attuned to the sensory sensa-
tions of the painful stimuli; however, they did not perceive this
as unpleasant, suggesting the dissociation between salience
and unpleasantness, while this was not the case for novice
meditators.

Discussion

This review aimed to assess pain-related neural processing
differences between expert and novice meditators. Fourteen
studies were selected, including both MRI/fMRI and EEG/
MEG analyses. Our review suggested that the literature dem-
onstrates common findings with regard to greater alpha power
modulation in expert meditators during noxious stimulation.
Differences in published results between novice and expert
meditators were reported in brain regions related to pain pro-
cessing, with greater activation in the primary somatosensory
regions in experienced meditators and reduced activation in
novice meditators. For cognitive-affective regions, consistent
evidence of reduced activity in the ACC and prefrontal re-
gions was found for expert meditators; however, the evidence
is less consistent for whether this effect is present in novice
meditators.

The evidence across studies indicates that meditation prac-
tice likely modulates alpha activity in both expert and novice
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meditators. This has been previously suggested by Kerr et al.
(2013) whom argued that meditation practice increases alpha
modulation, which functions to suppress the processing of
sensory input. Greater alpha power has also been shown to
predict lower pain scores (Nir et al. 2012), and enhancing
alpha phase synchrony using neurofeedback can improve pain
symptoms (Mayaud et al. 2019). The results also indicated
that participants with lower baseline alpha responded more
to the meditative intervention, resulting in higher pain reduc-
tion following training. This result suggests the potential for
individualized treatment recommendations or response pre-
diction in future research. However, it is important to note that
although some evidence point to meditation-related changes
in alpha power during noxious stimulation, two of the studies
with expert meditators were rated as high in risk of bias with a
small sample and no comparison group.

The contrasting activation patterns between novice and ex-
pert meditators in the somatosensory regions may be ex-
plained by the specific meditation instructions given to partic-
ipants during the study. For example, in the study by Gard
et al. (2012), expert meditators were asked to “bring their
attention to the skin surface underneath the electrode on their
forearm and to observe the sensations related to the stimuli,
making sure to be mindful, accepting, and being aware of the
transient nature of the stimuli” (p. 2694). While novice med-
itators in the study by Zeidan et al. (2011) were asked to
“meditate by focusing on the changing sensations of the
breath” (p. 5541). Somatosensory activity can be modulated
by cognitive factors such as attention; for example, when at-
tention is directed away from the pain stimulus, activity in the
somatosensory region is reduced compared to when attention
is focused on the stimulus (Bushnell et al. 1999). Thus, the
differences found between groups may lie in the unique med-
itation instructions participants received. The evidence there-
fore does not indicate whether unique mechanisms were
adopted by groups to modulate pain. Despite this, there is
evidence to suggest that meditation training improves modu-
lation of the somatosensory regions, resulting in pain reduc-
tion. Furthermore, the thalamus is considered a relay hub of
sensory information (Iannetti and Mouraux 2010; Tracey and
Mantyh 2007). The reduction of thalamic activity in response
to pain in both experts and novices across the studies indicates
that sensory signals were modulated before they reached the
thalamus or that thalamus did not activate as strong signals,
further suggesting a possible meditation-related effect on so-
matosensory processing.

The consistent reports of reduced activity in the ACC and
prefrontal regions for expert meditators perhaps suggest that
mindfulness-related analgesia functions by modulating affec-
tive mechanisms in more experienced meditators. The ACC is
linked to the affective-motivational dimension of pain—
emotional evaluation and behavioral response to pain
(Lithwick et al. 2013; Moseley 2003), while three regions of
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the PFC, including the DLPFC, mPFC, and OFC, form to
represent the cognitive-evaluative dimension of pain, in-
volved in sensory discrimination, memory, and emotional re-
sponse (Lithwick et al. 2013; Ong et al. 2019; Seminowicz
and Moayedi 2017). Reduced pain-evoked activity in these
regions indicates that expert meditators were less emotionally
and psychologically reactive to the experience of pain, sug-
gesting dissociation between salience and unpleasantness.

Finally, a notable finding in the present review relates to the
homogenous reporting of lower or reduced pain ratings in
both expert and novice meditators compared to controls.
Notwithstanding the varying and at times conflicting neural
activation patterns between groups, findings across studies are
consistent in reporting reduced pain ratings in both novices
and experts. The combination of consistent reports of pain
reduction but varied reports of neural activation may suggest
a distinct effect of meditation practice on pain attenuation
across experience levels, with meditators likely engage in
unique mechanisms to attenuate pain at different stages of
practice, while still resulting in a similar behavioral report
when measuring pain with simple self-report methods.
However, as only eight studies differentiated between intensi-
ty and unpleasantness, it is less certain whether the reduction
in pain reports relates to a dissociation between salience (the
sensory aspect of pain) and unpleasantness (the cognitive and
emotional aspect of pain which might be considered to be
more reduced by a theoretical perspective on MM).

In summary, while preliminary evidence indicates modu-
lation in both experts and novices of early sensory regions
during noxious stimulation, the degree of change in higher
pain processing regions (cognitive-affective) in novice medi-
tators remains unclear. The results of existing studies suggest
that expertise in meditation likely results in a greater dissoci-
ation between pain salience and unpleasantness, highlighting
the cumulative nature of the effects of meditation practice,
specifically relevant to conditions such chronic pain.

Limitations and Future Research

Overall, most studies were low in sample size and varied in
study designs using a selection of meditation practices.
Meditation training techniques can vary across traditions with
unique effects on the brain. For example, in a morphometric
neuroimaging review on meditation-related brain structure
changes, structural changes in the insular cortex was found
to depend on the particular type of meditative practice (Fox
et al. 2014). In another review, discernible differences in neu-
ral activation and deactivation were observed in participants
practicing different meditative techniques such as focused at-
tention and mantra recitation (Fox et al. 2016). Thus, the type
of meditation practiced by expert meditators may have unique
effects on pain processing and thus may not be generalizable
to all meditative practices. The conclusions we can draw from

the field as it currently stands are also limited as study results
tended to vary, with inconsistent evidence across different
protocols. Several studies compared groups during medita-
tion, while other compared groups at rest. It is uncertain
whether meditation-induced state effects generalize to periods
outside of meditation, and thus, the applicability of the evi-
dence for chronic conditions remains unclear. Furthermore,
studies predominantly evoked cortical responses using tonic
pain which engage unique neural mechanisms to clinical pain
(Apkarian et al. 2005). As such, any extrapolation of the re-
sults to chronic pain management needs to be interpreted with
caution.

Existing studies have largely focused on assessing MM-
related effects on pain intensity. Perceived pain reduction is
a critical component of pain management, but this measure
does not provide insight on whether MM enhances the disso-
ciation of cognitive-affective and sensory pain dimensions.
Associating brain changes with pain ratings does not neces-
sarily provide insight to the functional impact of MM practice
for individuals. Future studies could therefore investigate cog-
nitive or behavioral functioning (e.g., attention, memory, re-
flexive response) in chronic pain patients before and after
meditative practice and the associated neural changes, along
with disability, quality of life, and well-being measures.
Additionally, using phasic pain to assess neural habituation
differences between novice and expert meditators at rest will
provide insight to the level of adaptability and trait differences
between short- and long-term meditation practices.

As both MM and chronic pain have been linked to multiple
brain networks, research in other regions may be relevant. For
example, connectivity of the default mode network (DMN)
hubs is implicated in pain processing, self-orientated attention,
and mind wandering (Baliki et al. 2014). There is evidence of
DMN regions deactivating and activating during pain antici-
pation and perception, and greater DMN connectivity was
associated with higher ratings of clinical pain (Loggia et al.
2013; Ter Minassian et al. 2013). Mindfulness has been
shown to modulate the connectivity and network responses
of'the DMN, with considerable evidence demonstrating lower
activation of DMN network clusters during pain in expert
meditators compared to controls (Brewer et al. 2011; Ter
Minassian et al. 2013; Wells et al. 2013). Thus, research into
DMN function differences between novice and expert medi-
tators may elucidate whether short-term meditation programs
reduce attention to pain. Lastly, longitudinal studies of contin-
ued practice with concurrent brain imaging data are needed to
determine the dose-response relationship of MM practice, thus
informing clinical application of MM for pain treatment.

Overall, the available evidence indicates a greater dissoci-
ation between pain salience and pain unpleasantness in expert
meditators, along with meditation-related changes in the re-
spective brain regions. For novice meditators, however, the
evidence remains less conclusive. However, findings across
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studies are consistent in reporting reduced pain ratings in both
expert and novice meditators. Thus, irrespective of the degree
of meditation-related changes in brain regions associated with
emotional and cognitive aspects of pain perception, beginner
meditators may still benefit from meditation practice. Future
research may consider expanding self-report pain outcomes to
interrogate the reported pain-related neural effects in experi-
enced meditators.
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