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Mindfulness-based processes have been shown to enhance attention and related 
behavioral responses, including analgesia, which is discussed as an effective 
method in the context of pain interventions. In the present review, we introduce 
the construct of mindfulness, delineating the concepts, factors, and processes 
that are summarized under this term and might serve as relevant components 
of the underlying mechanistic pathways in the field of pain. We  also discuss 
how differences in factors such as definitions of mindfulness, study design, and 
strategies in mindfulness-based attention direction may need to be considered 
when putting the findings from previous studies into a whole framework. In 
doing so, we capitalize on a potential dynamic process model of mindfulness-
based analgesia. In this respect, the so-called mindfulness-based analgesia 
may initially result from improved cognitive regulation strategies, while at later 
stages of effects may be  driven by a reduction of interference between both 
cognitive and affective factors. With increasing mindfulness practice, pathways 
and mechanisms of mindfulness analgesia may change dynamically, which 
could result from adaptive coping. This is underlined by the fact that the neural 
mechanism of mindfulness analgesia is manifested as increased activation in the 
ACC and aINS at the beginner level while increased activation in the pINS and 
reduced activation in the lPFC at the expert level.
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1. Introduction

1.1. Pain and pain perception

Pain is defined as “an unpleasant sensory and emotional experience associated with actual 
or potential tissue damage, or described in terms of such damage” (Merskey and Bogduk, 1994). 
Pain perception is, therefore, a complex process that is comprised of various components 
including not only the sensory system, but also cognitive, and affective-motivational dimensions 
(Apkarian et al., 2011). A variety of cognitive processes have been shown to influence pain 
perception and bias nociceptive processing, both on the behavioral (Perlman et  al., 2010; 
Wetherell et al., 2011; Ehde et al., 2014; Diotaiuti et al., 2021; Vencatachellum et al., 2021) as well 
as the neural level in the human brain (Rainville et al., 1997; Wager et al., 2004; Vanhaudenhuyse 
et al., 2009; Gard et al., 2012; Jensen et al., 2012; Zeidan et al., 2015; Mioduszewski et al., 2020). 
One of those processes is clearly attention.

Studies have demonstrated that when attention is diverted from pain, pain intensity may 
decrease (Bantick et al., 2002; Terkelsen et al., 2004; Chan et al., 2012), accompanied by increased 
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activation in the anterior cingulate cortex (ACC) (Bantick et al., 2002). 
This may reflect a top-down modulation of pain-related areas and is 
thought to be initiated by increased activation in the prefrontal cortex 
(PFC) (Petrovic et al., 2000; Wager et al., 2004; Wiech et al., 2006).

In line with our daily experience, focusing on pain may lead to an 
increase in pain intensity (Quevedo, 2007). While such findings apply 
to healthy study populations, it may be additional altered in chronic 
pain patients (Hadjistavropoulos et al., 2000): chronic pain patients 
who were particularly health-anxious reported less anxiety and pain 
when they focused on the physical sensations. Moreover, a different 
pattern may emerge in individuals, who are trained in focusing their 
attention to specific and related attention shifts. This is then also of 
interest in the context mindfulness-based strategies, where strong 
individual differences may exist in terms of performance duration and 
frequency. Indeed, researchers found that mindfulness experts 
reported lower pain when keeping their attention on the site of pain 
compared to novices with no experience with mindfulness (Gard 
et al., 2012).

1.2. Mindfulness

Mindfulness has its roots in the Buddhist tradition of meditation 
and is described as: “Consciousness that arises through purposeful 
attention, in the present moment, without judgment, to the 
development of experience from moment to moment” (Baer, 2003; 
Kabat-Zinn, 2003). It is mainly defined as a mental state achieved by 
purposeful awareness of the present moment with an accepting and 
nonjudgmental attitude (Brown and Ryan, 2003; Kabat-Zinn, 2003; 
Germer & Neff, 2013). While this reflects the ambition to provide a 
clear and precise description, it also becomes clear that mindfulness 
is a rather broad term integrating components of the state of 
mindfulness (a changeable state of being), the process of achieving 
mindfulness and the trait mindfulness (a stable quality with a fairly 
normal distribution across the population) (Kabat-Zinn, 2003; Cahn 
and Polich, 2006; Shapiro & Carlson, 2009; Lu et al., 2014; Scavone et 
al., 2020). This means mindfulness can be  understood as both a 
process and the endpoints of this process. The plurality of 
interpretations of mindfulness as a concept may also be  a 
non-negligible reason for the inconsistency in the findings of previous 
studies on mindfulness analgesia. Therefore, for ease of understanding, 
the word “mindfulness” shown in this review mainly takes the position 
of viewing mindfulness as a state of being, if not otherwise specified.

1.3. Clinical effects of mindfulness in 
chronic pain

Regarding the clinical efficacy of mindfulness in pain 
management, a systematic review and meta-analysis of mindfulness-
based training strategies for chronic pain effectiveness revealed that 
mindfulness was associated with a modest reduction in pain when 
compared to all types of control groups (Hilton et al., 2017). Similarly, 
another systematic review and meta-analysis investigating the 
effectiveness of mindfulness for adult low back pain (LBP) found a 
significant positive impact on post-treatment pain intensity, but this 
effect was no longer significant during follow-up (Schmidt and Pilat, 
2023). These results of the presented clinical studies can be seen as first 

evidence on the analgesic effect of mindfulness (Braden et al., 2016; 
Mioduszewski et al., 2020; Day et al., 2021; Smith et al., 2021; Parisi 
et al., 2022). What is still lacking, however, is information and data on 
the duration of the achieved effects and also the quality of some 
studies have been raised due to issues such as small sample size, 
inconsistent conceptualizations of mindfulness, and lacking of active 
control groups [for more randomized controlled trials (RCT) studies 
showing the clinical effects of mindfulness on chronic pain, see 
Supplementary Table S1]. Researchers have therefore emphasized the 
need for more meticulously designed, rigorous, and large-scale RCTs 
in the future to more precisely and adequately estimate the efficacy of 
mindfulness in chronic pain (Hilton et al., 2017; Wielgosz et al., 2019; 
Schmidt and Pilat, 2023).

1.4. Effects on brain structure and function 
induced by mindfulness-based processes

Some studies (Hölzel et al., 2011; Jensen et al., 2014) assume that 
mindfulness can cause lasting, trait-related changes in the brain. 
Individuals, who experienced long-term mindfulness training, showed 
increased grey matter and cortical thickness in the hippocampus, 
brainstem, anterior and posterior insula, middle cingulate cortex 
(MCC), parietal cortex, and PFC when compared to novices (see 
Figure  1A). Some of these brain regions are also involved in pain 
processing (see Figure 1B; Pernet et al., 2021). It has been demonstrated 
that the thickness of certain brain regions is positively associated with 
the duration or amount of mindfulness training, and negatively 
correlated with sensitivity to pain stimuli induced experimentally 
(Grant et al., 2010). This may apply particularly to the MCC, which 
participates in pain inhibition (Rainville et al.,1999), and a reduction in 
grey matter volume in the MCC has commonly been observed in 
patients with chronic pain (May, 2008). Therefore, it can be hypothesized 
that these brain structures may constitute a correlate of mindfulness 
training. This provides information when it comes to brain-based pain 
treatments to intervene and prevent the development of chronic pain, 
particularly in patient subgroups exhibiting corresponding maladaptive 
brain-behavior changes. Remarkably, a study also reported on structural 
changes in the brain, such as increased grey matter in the hippocampus 
and parietal regions, following a brief mindfulness training, not only in 
individuals who are experts in mindfulness (Hölzel et al., 2011). This 
suggests that mindfulness training may have potential benefits for 
novice practitioners and could thus serve as a strategy for patients 
managing their chronic, and potentially chronic pain.

Moreover, it is also important to note that mindfulness did not 
only result in structural changes in brain areas, but also seems to 
trigger changes in the connections between neural networks (Su et al., 
2016). A recent meta-analysis systematically examined the effects of 
mindfulness on resting state functional connectivity (rsFC), as a 
neural marker of cognitive and emotion regulation (Rahrig et al., 
2022). Significantly greater rsFC between the left middle cingulate, 
located within the salience network (SN), and the posterior cingulate 
cortex (PCC), a focal hub of the default mode network (DMN), was 
found for mindfulness treatment compared to a control treatment. 
Moreover, increased connectivity between the PCC (as part of the 
DMN) and dorsolateral prefrontal cortex (dlPFC; as part of the 
frontoparietal network; FPN), as well as increases in connectivity 
between the dorsolateral anterior cingulate cortex (ACC; as part of the 
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SN) and anterior insula (aINS; as part of the SN), have been reported 
(Sezer et al., 2022). These networks are involved in the flexible control 
of internally-oriented attention processes, which may thus 
be facilitated by mindfulness.

This is also in line with brain imaging in long-term persistent 
pain, where dysregulations of cortical brain circuits involving regions 
such as the PFC, including the ACC, insula, amygdala, and nucleus 
accumbens (Yang and Chang, 2019), have been reported. Participants 
with chronic pain were shown to exhibit increased functional 
connectivity between the aINS and dACC after mindfulness training 
compared to healthy individuals (Su et al., 2016). The dACC regions 
are related to attention (Bush, 2011), which is a major component of 
mindfulness (Lutz et al., 2008) and has been shown to modify pain 
processing (Kabat-Zinn, 1982). This indicate that mindfulness may 
be  used to trigger pain relief processes by improving attention 
flexibility, potentially mainly driven by the dACC (as part of the SN) 
and aINS (as part of the SN) connectivity.

1.5. Possible brain-behavior pathways of 
mindfulness-based analgesia and 
inconsistencies in the previous studies

Although researchers (Dimidjian and Linehan, 2003; Shapiro 
et al., 2006) have not yet reached a consensus on the definition of 
mindfulness, one thing for sure is that “ability to return to the 
present moment” (attention) and the “curious, open, and receptive 
attitude” (mindful attitude) are the two core components of 
mindfulness (Duan, 2014). The analgesic effect of mindfulness can 
be achieved by changing pain anticipation (Brown and Jones, 2010; 
Gard et al., 2012; Vencatachellum et al., 2021; Sezer et al., 2022), 

pain catastrophizing (Jensen et al., 2014; Garland and Howard, 2018; 
Vencatachellum et  al., 2021), pain unpleasantness (Brown and 
Jones, 2010; Perlman et al., 2010; Zeidan et al., 2011, 2015; Gard 
et  al., 2012; Lutz et  al., 2013), and pain intensity (Grant and 
Rainville, 2009; Zeidan et al., 2011, 2015). Mindfulness might exert 
its impact by decreasing the interference of experience-based 
top-down cognitive and affective processing with ongoing pain 
processing, which could lead to a reduction in pain intensity. In 
addition, maybe due to the inherent attention-captivating nature of 
pain, paradigms that involve increasing cognitive load through 
inhibition of “habitual” processes, such as the Stroop task, have 
been suggested to potentially be ineffective in diverting attention 
away from pain (Wiech et al., 2008). In contrast to other methods 
of directing attention, it can be hypothesized that mindfulness-
based processes that involve curiosity, openness, and acceptance are 
a more effective approach to directing focus away from pain and 
instead toward a specific task (e.g., focusing on breathing). Indeed, 
mindfulness has been shown to result in even stronger effects than 
single distraction or other attention-related mechanisms (e.g., 
placebo) (Zeidan et al., 2015).

It is important to note that when looking again at the neural 
mechanisms with respect to different attention modulations of pain and 
mindfulness-based attention regulation, the contradictions in the 
findings of previous studies can be clearly seen. Some researchers have 
proposed that mindfulness has similar pathways and neural mechanisms 
in comparison to other attention-related pain interventions (Zeidan 
et al., 2012) and that the effect is based on similar cognitive regulatory 
components. However, others rather suggest that mindfulness involves 
other and/or additional brain areas (Zeidan et al., 2011, 2015) and that 
this may be based on an increased sensory processing of the pain and 
in a replacement of typical attempts to exert more cognitive control over 

FIGURE 1

Brain areas involved in pain (processing) and mindfulness. (A) Regions involved in the mindfulness mediation [Adapted Tang et al. (2015)]. (B) Regions 
affected by pain. Blue areas represent common structures in the sensory/discriminative (lateral) pain pathway (thalamus, SI, SII). Red areas represent 
common structures identified in the affective/motivational pain pathway (ACC, INS). The green region represents one component of the cognitive/
evaluative pain system (dlPFC). The white arrows represent multiple cortical connections between regions [Adapted by Monroe et al. (2015)]. PFC 
prefrontal cortex, ACC anterior cingulate cortex, INS Insula, PCC posterior cingulate cortex, Am amygdala, STR Striatum. Parts of the figure were drawn 
by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/).
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the pain (Gard et al., 2012). This may appear together with a distinct 
state of cognitive disengagement and nonjudgmental sensory awareness 
(Zeidan et al., 2012) and may be related to decreased activation in the 
lateral prefrontal cortex (lPFC) and increased activation in the right 
pINS during stimulation (Gard et al., 2012). This seems to imply that a 
new model to explain this inconsistency of findings is essential.

This review aims to analyze and compare previous research 
findings to understand the potential reasons for the inconsistency 
in study conclusions. Based on this analysis, a theoretical model is 
proposed to partially elucidate this inconsistency. We  used the 
search terms “mindfulness,” “pain” in the databases of PubMed, and 
Google Scholar. For clinical studies of mindfulness interventions in 
chronic pain patients the inclusion criteria were as follows: studies 
were required to involve mindfulness meditation, either as an 
adjunctive or monotherapy; studies testing other meditation 
interventions such as yoga, tai chi, qigong, and transcendental 
meditation techniques without reference to mindfulness were 
excluded. For studies of experimentally induced pain our inclusion 
criteria were as follows: subjects were required to engage in 
mindfulness meditation during the experiment or the experimental 
group of subjects should have been mindfulness experts. It should 
be noted that our review is an opinion-based review rather than a 
systematic review or a meta-analysis study. Therefore, the selection 
and organization of references are based on the presentation of 
viewpoints and models in this review.

2. The impact of mindful attitude and 
attention on pain perception

Mindful attitude and attention are two assumed core components 
of mindfulness, that may also be the main components when it comes 
to mindfulness-based analgesia (Duan, 2014).

2.1. Effects of mindful attitude on pain 
perception

One important aspect of the analgesic effects of mindfulness 
may involve the attainment of a constant state of equanimity 
toward painful sensations and/or negative thoughts by 
maintaining a mindful attitude that involves being aware of these 
experiences without engaging in reactive responses or attempts 
to alter them (Hayes et al., 1999). Wang et al. (2015) showed that, 
when individuals re-experience painful stimuli, the control 
group used more spontaneous distraction to avoid these painful 
stimuli, whereas the mindfulness training group shifted their 
attitudes toward pain and thus achieved a better acceptance of 
these stimuli (Wang et al., 2015). This process of accepting the 
pain might then also affect processes critical for pain 
chronification, like for example fear learning processes, and 
could in turn reduce hyperalgesia responses (Taylor et al., 2018). 
An “accepting, non-avoidant” mindful attitude can thus change 
responses during the exposure to pain, and assist common 
behavioral therapeutic strategies like facilitating pain-related 
fear extinction learning (Martinez-Calderon et  al., 2019; 
Diotaiuti et al., 2023). This may lead to a larger effect size and 
stronger pain relief.

2.2. Effects of mindful attention on pain 
perception

Attention is still regarded as the essential process and critical 
mechanistic element for the effectiveness of mindfulness (Shapiro 
et  al., 2006; Maser, 2012), even though the fact that an accepting 
mindful attitude has also been demonstrated to be  a significant 
outcome of mindfulness training (Brown and Ryan, 2003; Baer et al., 
2004) and is effective in enhancing pain tolerance (McCracken et al., 
2005; Masedo and Rosa, 2007; Kohl et al., 2012) and significantly 
reducing pain intensity and pain unpleasantness (Masedo and Rosa, 
2007). Jha et al. (2007) explored the effects of mindfulness on specific 
attention functions (orientation, vigilance, and conflict monitoring) 
and showed that mindfulness can improve attention-related behavior 
responses by improving the functioning of specific attention 
subsystems (Jha et al., 2007). Maser (2012) further demonstrated that 
the positive effects of mindfulness training observed in patients with 
chronic pain may be due to less orienting of attention toward pain 
sensations and indicated that mindfulness training increased 
individuals’ attention flexibility (Maser, 2012). The other studies, 
although not directly focused on the effects of mindfulness training 
on attention, have indirectly demonstrated that attention is critical to 
the mechanism of mindfulness (Watkins et al., 2000; Carmody and 
Baer, 2008; Grant and Rainville, 2009; Erisman and Roemer, 2010; 
Perlman et  al., 2010). These studies suggest that mindfulness can 
increase individuals’ resistance to internal and external negative 
stimuli and experiences. Some researchers (Williams, 2010; Peng and 
Ju, 2013) believe that this resistance is achieved through a shift in 
individuals’ state of mind through mindfulness, whereby otherwise 
negative experiences associated with the ego are perceived as objective 
and do not bring about excessive subjective evaluations and emotions. 
This shift in individuals’ state of mind could also be related to the 
increased attention flexibility caused by mindfulness training, which 
enables individuals to focus on the task they want to concentrate on, 
rather than being uncontrollably drawn to the pain sensation.

Overall, the increased attention flexibility induced by mindfulness 
training allows individuals to maintain awareness of the present state/
moment including a pure experience of their feelings, and to develop 
the attitude of openness and acceptance based on this. And the 
mindful attitude in turn helps attention to be better maintained on 
what is being experienced at the moment, whether the experience is 
positive or not.

3. Into a dynamic model of 
mindfulness-based analgesia

Some researchers pointed out that the early stages of mindfulness 
practice may improve the ability to orient attention by selecting specific 
information from multiple sensory stimuli and attending to conflicts 
between different regional activities (Tang et al., 2015). In the field of 
mindfulness analgesia, this can be interpreted as indicating that in the 
early stages of mindfulness practice, the individual achieves pain relief 
by consciously focusing attention on the ongoing task (e.g., focusing on 
breathing). Mindfulness practice allows them to better reduce 
spontaneous orienting responses to painful stimuli, which may achieve 
by increased cognitive regulation. With the increased practice of 
mindfulness, the brain may redirect neural activity and effort from 
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default-mode regions to cooperating attention and frontoparietal 
regions as a nonlinear function of the amount of practice (Brefczynski-
Lewis et al., 2007; Lutz et al., 2008; Manna et al., 2010; Tang et al., 2015; 
Falcone and Jerram, 2018). Redirecting cognitive resources to attention 
and executive function is consistent with de-automatizing emotional 
and cognitive reactions that have become habitual and spontaneous 
(Fiske, 1989; Amanda et al., 2014). Increased practice resulted in more-
efficient transitions to mindful attention, suggesting the possibility for a 
more reflexive and less effortfully controlled mindset (Denny et al., 
2015). That is, as the mindfulness level improve with the increased 
amount of practice, the achievement of mindfulness analgesia will no 
longer require dependent cognitive regulation but will be achieved in a 
way that spontaneously dissociates sensory processing from cognitive-
affective processing. The moderating role for the mindfulness level 
between mindfulness training and related effects have also been found 
by other researchers (Xu et al., 2015).

These may allow us to present a dynamic model: initially, 
mindfulness analgesia is achieved through enhanced cognitive 
regulation. As the mindfulness level increases, the analgesic effect of 
mindfulness will no longer rely on cognitive control, but may rather 
be achieved by dissociating sensory processing with cognitive-affective 
processing (see Figure  2). At this point, pain processing tends to 
be based solely on the sensory processing of the current stimulus, with 
little interference from cognitive-affective factors.

The dynamic model of mindfulness-based analgesia suggested by 
us appears to receive some indirect support from previous studies 
(Fiske, 1989; Brefczynski-Lewis et al., 2007; Lutz et al., 2008; Manna 
et al., 2010; Zeidan et al., 2012; Amanda et al., 2014; Denny et al., 2015; 
Tang et al., 2015; Zeidan and Vago, 2016; Falcone and Jerram, 2018; 
Sezer et al., 2022; Zhou et al., 2023). For example, a recent study (Sezer 
et al., 2022), in which the analgesic mechanisms of trait mindfulness 
and mindfulness training have been investigated, found that 
mindfulness training triggered changes in subjects’ functional brain 
connectivity different from those triggered by trait mindfulness. 
Although both manipulations of mindfulness resulted in the 
decoupling of the SN from the DMN, trait mindfulness was associated 
with the decoupling of the FPN and DMN, whereas mindfulness 
training was associated with enhanced functional connectivity in the 
FPN and DMN. This may indicate that, after a period of mindfulness 
training, the individual’s mindfulness level has improved but has not 
yet reached the level of an expert or an individual with a high level of 
trait mindfulness. In this case, the reduction in reported pain 
intensity/unpleasantness by the individual may rely on different 
mechanisms compared to those reported by experts (Gard et al., 2012) 
or subjects with a high level of trait mindfulness (Zeidan et al., 2018). 
The reduction in scores of pain unpleasantness triggered by a short 
period of mindfulness training is associated with increased activation 
of cognitive-related brain areas, indicating increased cognitive 
modulation during pain processing. As mindfulness training 
progresses and an individual’s mindfulness level further increases 
(Zeidan et al., 2011, 2015), eventually reaching a qualitative change: 
pain processing solely based on the current pain without cognitive-
affective process interference starts to dominate, indicating the 
moderating role of mindfulness level in pain processing.

This theoretical model also partly explains the inconsistency 
between the conclusions of previous studies. There are two common 
research design in previous studies on the mechanisms of mindfulness 
analgesia: (1) comparing mindfulness experts (or subjects with a high 

level of trait mindfulness) with novices (or subjects with a low level of 
trait mindfulness); (2) comparing mindfulness training groups with 
control groups (Zeidan et al., 2011, 2015, 2018; Gard et al., 2012; Lutz 
et al., 2013). The latter usually result in significantly lower pain intensity 
scores for subjects in the mindfulness group compared to the control 
group (Zeidan et al., 2011, 2015), while the former usually not (Gard 
et al., 2012; Lutz et al., 2013). Furthermore, even they both reported 
reduced pain unpleasantness scores in the mindfulness group, the 
neural mechanisms behind the reduced scores were the complete 
opposite. The latter is thought to be related to the increased activation 
in brain regions associated with cognitive regulation (Zeidan et al., 2011, 
2015), whereas the former is thought to be related to reduced activation 
(or deactivation) of brain regions associated with cognitive control 
(Gard et al., 2012; Zeidan et al., 2018). The differences in these findings 
could also be  explained by the difference in the mindfulness level 
between mindfulness experts and the beginners.

4. Limitations and complement to the 
dynamic model

Although the dynamic model of mindfulness-based analgesia can 
partially account for the inconsistencies found in previous research, it 
is possible that additional factors also contribute to the discrepancies 
observed across studies.

4.1. Mindfulness-based training strategies 
might not be sensitive to target neural 
mechanisms

The implementation of mindfulness-based training strategies as 
manipulations of mindfulness in experiments could also potentially 
contribute to the mixed findings observed in previous studies. It allows 
to introduce additional non-mindful processes or to focus on a specific 
mindfulness-related factor, while controlling other potentially 
confounding factors. Specifically, in research on mindfulness-based 
pain interventions, training procedures that include the concept of 
mindfulness are often combined with other intervention strategies 
(e.g., yoga, education, and evidence-gathering). These strategies also 
partly contain aspects of mindfulness as a theoretical concept and thus 
did not allow to draw clear mechanistic conclusions. Moreover, some 
previous studies have focused mainly on one component of 
mindfulness (mindful attitude or attention) instead of comparing 
different components to come to a more fine-grained conclusion. 
Finally, many psychological processes may come into play 
co-determining, for example, facilitating, mindfulness-based training 
effects (e.g., reappraising the pain sensations as non-dangerous, 
empathy and compassion) (Singer and Klimecki, 2014; Berry et al., 
2020; Ashar et  al., 2022). For instance, mindfulness-based stress 
reduction (MBSR) (Kabat-Zinn, 1990), mindfulness-based cognitive 
therapy (MBCT) (Segal et  al., 2002) and Mindfulness-Oriented 
Recovery Enhancement (MORE) (Garland and Howard, 2018; Parisi 
et al., 2022) and Pain Reprocessing Therapy (PRT) (Ashar et al., 2022) 
are mindfulness-based training strategies which have been widely used 
in clinical intervention. Numerous studies have demonstrated their 
impact on pain perception and efficacy in pain relief (Braden et al., 
2016; Mioduszewski et al., 2020; Day et al., 2021; Santarnecchi et al., 
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2021; Smith et al., 2021; Ashar et al., 2022; Crisp et al., 2023) (for RCT 
studies about mindfulness interventions in acute and chronic pain see 
Supplementary material). All these procedures emphasize formal and 
informal mindfulness practices, while also incorporating additional 
processes beyond mindfulness. It may be for this reason that some 
researchers (Perlman et al., 2010) have argued that studies based on 
these mindfulness-based training strategies are difficult to interpret 
and lack a precise identification of the underlying mechanisms of 
mindfulness analgesia. Therefore, future research should consider 
employing manipulations more carefully in terms of potential 
con-founders and should make clear whether mindfulness is used as 
an intervention strategy or an experimental manipulation to minimize 
the interference of non-targeted, but mindful-related processes.

In addition, some researchers investigated how mindfulness-based 
training strategies are affected by specific factors such as reappraising the 
causes and threat value of pain, focusing attention on pleasant events, and 
self-compassion (Singer and Klimecki, 2014; Garland and Howard, 2018; 
Berry et al., 2020; Ashar et al., 2022; Parisi et al., 2022). Self-compassion 
– the skill of treating oneself kindly during moments of pain – is 
considered a crucial component of mindfulness interventions for chronic 
pain and has also been used to explore the mechanisms of mindfulness 
analgesia (Singer and Klimecki, 2014; Berry et al., 2020). It has been 
found that self-compassion training supports regulation of pain through 
the involvement of self-referential (ventral posterior cingulate cortex, 
vPCC), salience-processing (temporo-parietal junction, TPJ), and 
emotion regulatory (dlPFC) brain areas (Berry et al., 2020). However, the 
specific role of self-compassion as part of a mindfulness-training, and 
particularly in conjunction with the influence of other training factors, 
has not yet been determined in detail. However, it is also an important 

aspect that, for example, after self-compassion training, changes in the 
brain regions involved in self-compassion have also been found being 
altered in response to other self-referential cognitive processes, including 
interoceptive attention, cognitive reappraisal, and also in emotion 
regulation strategies (Berry et  al., 2020). The analgesic effects of 
mindfulness may thus also relate to all these factors, which could 
significantly be  involved in the pathway through which mindfulness 
impacts pain perception. Further studying these factors in the context of 
mindfulness and disentangling their respective processes more clearly, 
would help to unravel the mechanisms of analgesia based on mindfulness. 
This can aid in elucidating how the analgesic effect of one component of 
mindfulness or a specific psychological process induced or facilitated by 
mindfulness is achieved by eliciting specific neural changes. It may also 
help to identify potential mediators along the pathways of mindfulness-
based analgesia. Therefore, future studies should consider equivalent 
subject conditions and experimental designs and perform studies in a 
step-by-step fashion comparing the effects and mechanisms of 
mindfulness training strategies in the context of different internal and 
external factors. Only this might help to clearly clarify which pathways 
and neural mechanisms are shared by mindfulness training strategies and 
which are specific to a particular factor and training component.

4.2. The brain-behavior correlations related 
to mindfulness analgesia may vary 
depending on different attention directions

As manipulation of mindfulness in previous studies on the 
mechanisms of mindfulness-based analgesia, can refer to either 

FIGURE 2

A dynamic model of mindfulness analgesia and brain regions involved in two different mechanisms of mindfulness analgesia. ACC anterior cingulate 
cortex, aINS anterior insula, OFC orbitofrontal cortex, pINS parietal insula, lPFC lateral prefrontal cortex. Parts of the figure were drawn by using 
pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://
creativecommons.org/licenses/by/3.0/).
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attending to pain or shifting the attention away from pain, another 
factor that may have contributed to the contradictory findings may 
be the attention direction. Some studies (Zeidan et al., 2011, 2015) 
examined the pain-relieving mechanism of mindfulness by instructing 
participants to turn their attention away from pain. They reported a 
reduction in both pain intensity and unpleasantness scores (associated 
with increased activation in the orbitofrontal, subgenual anterior 
cingulate, and anterior insular cortex). Other studies (Gard et al., 
2012) have required participants to direct their attention toward the 
site of pain, and have not observed significant changes in pain 
intensity scores, but have reported significantly lower pain 
unpleasantness scores (associated with the increased activation in the 
pINS, and reduced activation in the lPFC) in the mindfulness group 
when compared with the control group.

When subjects completed a task in which their attention is 
directed away from pain (e.g., focus on breathing), they were actually 
completing an active distraction task (Perlman et al., 2010; Maser, 
2012; Lomas et al., 2015). The mindful attitude (Wang et al., 2015) and 
the improved attention flexibility (Jha et al., 2007; Maser, 2012) as a 
result of mindfulness training enabled them to better keep their 
attention on the current task rather than being uncontrollably drawn 
to the sensation of pain. However, when subjects completed the 
mindfulness-based task of keeping attention on the site of pain, long-
term mindfulness training enabled the mindfulness expert (no studies 
have yet shown that novice subjects can maintain their attention at the 
site of pain with a mindful attitude and report lower pain scores) to 
disassociate the pain perception process from cognitive-affective 
processing, achieving the goal of having pain processing based only 
on the current pain experience. Therefore, attention direction has a 
significant impact on the pathways and mechanisms underlying 
mindfulness-based analgesia.

4.3. Mindfulness may also indirectly 
influence pain perception by impacting 
emotional reactions and anticipation

Moreover, the model presented in this review provides a pathway 
of how mindfulness directly impacts pain perception, however, it is 
important to note that mindfulness may also indirectly influence pain 
perception by impact other factors. It has been found that 
mindfulness-related health benefits are associated with enhancements 
in cognitive control, emotion regulation, positive mood, and 
acceptance, each of which has been associated with pain modulation 
(Grossman et  al., 2004). It has therefore been suggested that 
mindfulness attenuates pain through some of these processes. For 
example, it has been hypothesized that mindfulness training can 
attenuate pain by altering emotional responses to pain (Kabat-Zinn, 
1982; Kabat-Zinn et al., 1985). One multivariate path analyses revealed 
that mindfulness reduced pain symptoms by reducing anxiety and 
emotional reactions to irritable bowel syndrome (IBS) symptoms 
(Garland et al., 2012).

In addition, a reduction in anticipation of processes and stimuli 
has been suggested as another possible mechanism for mindfulness-
based analgesia (Brown and Jones, 2010). For example, when 
compared to controls, the mindfulness group exhibited smaller 
anticipation-evoked potentials in the right inferior parietal cortex and 
MCC, indicating less anticipation of the noxious stimuli, and lower 

activation in the MCC during anticipation (Brown and Jones, 2010). 
An fMRI-based study by Lutz et al. (2013) also found that mindfulness 
experts have lower levels of pain unpleasantness when compared with 
novices, which was associated with increased activation in the dorsal 
anterior insula and anterior middle cingulate gyrus (aMCC). This is 
inferred that mindfulness could reduce the anticipation of an aversive 
event and thus achieve an analgesic effect (Lutz et al., 2013).

Overall, the existence of these factors may reveal the indirect 
pathway of mindfulness-based analgesia, but it may also be  an 
important reason for the inconsistent conclusions of previous studies 
on the mechanism of mindfulness-based analgesia.

5. Conclusions and future direction

In this publication, we presented a dynamic model that considers 
the potential moderating effect of mindfulness levels on analgesia. The 
model postulates that during the early stages of mindfulness practice, 
mindfulness analgesia may be achieved through an enhancement of 
cognitive regulation, while at later stages of mindfulness practice, any 
mindfulness-based analgesic effect may be  achieved when the 
interference of cognitive-affective factors, often observed during the 
processing of pain, is reduced.

At the neural level, these dynamic changes may be characterized 
by short-term mindfulness training leading to a decrease in pain 
scores, accompanied by increased activation in cognitive-affective-
related brain areas, such as the ACC and aINS. On the other hand, 
advanced training or individuals with higher trait mindfulness 
reporting lower pain scores may show increased activation in 
sensory processing-related brain areas, such as the pINS, and 
reduced activation in cognitive-affective-related areas, such as 
the lPFC.

Although clinical studies on the analgesic effects of mindfulness 
demonstrate significant improvement in chronic pain conditions, 
these studies also show some weaknesses which hinders robust 
conclusions. This is specifically attributed to the low quality of some 
studies including small sample sizes, lack of active control groups, 
insufficient statistical analysis, absence of follow-ups, which could all 
affect the effectiveness of mindfulness in alleviating chronic pain. 
Therefore, future research will need to design more rigorously and 
larger scaled RCTs to build a repository that can more decisively 
estimate the efficacy of mindfulness on chronic pain. Since RCTs are 
very complex and extensive, also a staggered approach might 
be  meaningful. In this respect, it might also be  of particular 
importance to consider follow-ups, for example 6 to 12 months after 
mindfulness training, to assess its long-term impact on chronic pain, 
and so further evaluate and disentangle underlying mechanisms. 
Additionally, compliance with mindfulness practice should 
be monitored during both the practice and follow-up processes, with 
multiple measurements of mindfulness levels and pain scores. This 
will help to address the unresolved question from previous studies 
about whether there is a minimum frequency or duration for 
mindfulness practice to be effective.

As for the pathways and neural mechanisms of mindfulness 
analgesia, previous research on the mechanisms of mindfulness 
analgesia has primarily focused on studies that assess these 
mechanisms before and after mindfulness training, or examine the 
differences between groups of mindfulness novices and expert 
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practitioners. Consequently, these studies offer limited insight into 
the mechanisms during the mindfulness process itself and how these 
change due to internal and external factors and over time. Our 
theoretical model takes into account that mindfulness analgesia 
undergoes dynamic changes depending on the levels of mindfulness 
proficiency. This underscores the importance of exploring precise 
time points during mindfulness practice when potential shifts in 
brain and behavior might occur. Future studies could consider 
enrolling subjects who have no prior experience with mindfulness 
practice and setting up a series of assessments that encompass both 
behavioral and neuroscience data over a longer course of 
mindfulness training. For instance, conducting measurements on a 
weekly basis spanning from the initial assessment to the conclusion 
of the training period may provide valuable insights. In this respect 
it would be of particular importance to integrate various internal 
and external outcome measures that are subject to time changes 
themselves and could on the same time affect the time course of 
mindfulness training performance. Currently no research have 
conclusively specified the optimal duration for mindfulness training, 
which might therefore be a first angle to start the investigation of 
longitudinal processes and dynamics. It may not only help in 
unraveling the occurrence and progression of behavioral and neural 
changes induced by mindfulness, and so leading to a clearer 
comprehension of the pathways of mindfulness-based analgesia, but 
it may also hold the potential to steer the clinical application of 
mindfulness. For example, it may offer insights into the necessary 
intervention duration, frequency, and dosage for utilizing 
mindfulness as an intervention for chronic pain. With the integration 
of external and individual factors, one could make step into 
subgroup-specific indications and more precise treatments. This also 
relates to the fact that mindfulness-based analgesia may exert its 
effects through indirect pathways, engaging various components of 
mindfulness or psychological processes induced or facilitated by 
mindfulness, such as attention, self-compassion, anticipation, and 
emotional responses. Consequently, forthcoming studies 
investigating the junctures at which alterations occur in mindfulness 
analgesia should concurrently assess these components or processes 
alongside neural data and pain rating information. Additionally, 
researchers should delve into the correlation between these 
components or processes and the analgesic effect and mechanisms 
of mindfulness analgesia. This approach will not only help in 
understanding when these components or processes, undergo 
changes over time, but might also offer potential explanations for the 

dynamic shifts in mindfulness analgesia as it may change with 
advancing levels of mindfulness.

Author contributions

CL: Conceptualization, Funding acquisition, Methodology, 
Writing – original draft. VM: Visualization, Writing – review & 
editing. FN: Conceptualization, Funding acquisition, Supervision, 
Writing – review & editing.

Funding

We thank the China Scholarship Council (CSC) for supporting 
this review, which is a scholarship for Chen Lu, the first author of 
this paper.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnins.2023.1253559/
full#supplementary-material

References
Amanda, I. E., Ngnoumen, C. T., and Langer, E. J. The Wiley Blackwell handbook of 

mindfulness. Chichester: Wiley. (2014).

Apkarian, A. V., Hashmi, J. A., and Baliki, M. N. (2011). Pain and the brain: specificity 
and plasticity of the brain in clinical chronic pain. Pain 152, S49–S64. doi: 10.1016/J.
PAIN.2010.11.010

Ashar, Y. K., Gordon, A., Schubiner, H., Uipi, C., Knight, K., Anderson, Z., et al. 
(2022). Effect of pain reprocessing therapy vs placebo and usual Care for Patients with 
Chronic Back Pain: a randomized clinical trial. JAMA Psychiatry 79, 13–23. doi: 10.1001/
JAMAPSYCHIATRY.2021.2669

Baer, R. A. (2003). Mindfulness training as a clinical intervention: a conceptual and 
empirical review. Clin. Psychol. Sci. Pract. 10, 125–143. doi: 10.1093/clipsy.bpg015

Baer, R. A., Smith, G. T., and Allen, K. B. (2004). Assessment of mindfulness by self-
report: the Kentucky inventory of mindfulness skills. Assessment 11, 191–206. doi: 
10.1177/1073191104268029

Bantick, S. J., Wise, R. G., Ploghaus, A., Clare, S., Smith, S. M., and Tracey, I. (2002). 
Imaging how attention modulates pain in humans using functional MRI. Brain 125, 
310–319. doi: 10.1093/BRAIN/AWF022

Berry, M. P., Lutz, J., Schuman-Olivier, Z., Germer, C., Pollak, S., Edwards, R. R., 
et al. (2020). Brief self-compassion training alters neural responses to evoked pain 
for chronic low Back pain: a pilot study. Pain Med. 21, 2172–2185. doi: 10.1093/PM/
PNAA178

Braden, B. B., Pipe, T. B., Smith, R., Glaspy, T. K., Deatherage, B. R., and Baxter, L. C. 
(2016). Brain and behavior changes associated with an abbreviated 4-week mindfulness-
based stress reduction course in back pain patients. Brain Behav. 6, 1–13. doi: 10.1002/
brb3.443

Brefczynski-Lewis, J. A., Lutz, A., Schaefer, H. S., Levinson, D. B., and Davidson, R. J. 
(2007). Neural correlates of attentional expertise in long-term meditation practitioners. 
Proc. Natl. Acad. Sci. U. S. A. 104, 11483–11488. doi: 10.1073/pnas.0606552104

https://doi.org/10.3389/fnins.2023.1253559
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2023.1253559/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2023.1253559/full#supplementary-material
https://doi.org/10.1016/J.PAIN.2010.11.010
https://doi.org/10.1016/J.PAIN.2010.11.010
https://doi.org/10.1001/JAMAPSYCHIATRY.2021.2669
https://doi.org/10.1001/JAMAPSYCHIATRY.2021.2669
https://doi.org/10.1093/clipsy.bpg015
https://doi.org/10.1177/1073191104268029
https://doi.org/10.1093/BRAIN/AWF022
https://doi.org/10.1093/PM/PNAA178
https://doi.org/10.1093/PM/PNAA178
https://doi.org/10.1002/brb3.443
https://doi.org/10.1002/brb3.443
https://doi.org/10.1073/pnas.0606552104


Lu et al. 10.3389/fnins.2023.1253559

Frontiers in Neuroscience 09 frontiersin.org

Brown, C. A., and Jones, A. K. P. (2010). Meditation experience predicts less negative 
appraisal of pain: electrophysiological evidence for the involvement of anticipatory 
neural responses. Pain 150, 428–438. doi: 10.1016/j.pain.2010.04.017

Brown, K. W., and Ryan, R. M. (2003). The benefifits of being present: mindfulness 
and its role in psychological well-being. J. Pers. Soc. Psychol. 84, 822–848. doi: 
10.1037/0022-3514.84.4.822

Bush, G. (2011). Cingulate, frontal, and parietal cortical dysfunction in attention-
deficit/hyperactivity disorder. Biol. Psychiatry 69, 1160–1167. doi: 10.1016/j.
biopsych.2011.01.022

Cahn, B. R., and Polich, J. (2006). Meditation states and traits: EEG, ERP, and 
neuroimaging studies. Psychol. Bull. 132, 180–211. doi: 10.1037/0033-2909.132.2.180

Carmody, J., and Baer, R. A. (2008). Relationships between mindfulness practice and 
levels of mindfulness, medical and psychological symptoms and well-being in a 
mindfulness-based stress reduction program. J. Behav. Med. 31, 23–33. doi: 10.1007/
s10865-007-9130-7

Chan, S. C. C., Chan, C. C. H., Kwan, A. S. K., Ting, K. H., and Chui, T. Y. (2012). 
Orienting attention modulates pain perception: an ERP study. PLoS One 7:e40215. doi: 
10.1371/JOURNAL.PONE.0040215

Crisp, C. D., Baldi, R., Fuller, M., Abreu, E., and Nackley, A. G. (2023). Complementary 
approaches for military women with chronic pelvic pain: a randomized trial. J. Integrat. 
Complement. Med. 29, 22–30. doi: 10.1089/jicm.2022.0616

Day, M. A., Matthews, N., Mattingley, J. B., Ehde, D. M., Turner, A. P., Williams, R. M., 
et al. (2021). Change in brain oscillations as a mechanism of mindfulness-meditation, 
cognitive therapy, and mindfulness-based cognitive therapy for chronic low Back pain. 
Pain Med. 22, 1804–1813. doi: 10.1093/pm/pnab049

Denny, B. T., Inhoff, M. C., Zerubavel, N., Davachi, L., and Ochsner, K. N. (2015). 
Getting over it: long-lasting effects of emotion regulation on amygdala response. Psychol. 
Sci. 26, 1377–1388. doi: 10.1177/0956797615578863

Dimidjian, S., and Linehan, M. M. (2003). Defining an agenda for future research on 
the clinical application of mindfulness practice. Clin. Psychol. Sci. Pract. 10, 166–171. 
doi: 10.1093/CLIPSY.BPG019

Diotaiuti, P., Corrado, S., Mancone, S., Cavicchiolo, E., Chirico, A., Siqueira, T. C., 
et al. (2023). A psychometric evaluation of the Italian short version of the fear of pain 
questionnaire-III: psychometric properties, measurement invariance across gender, 
convergent, and discriminant validity. Front. Psychol. 13:8318. doi: 10.3389/
fpsyg.2022.1087055

Diotaiuti, P., Corrado, S., Mancone, S., Falese, L., Rodio, A., Siqueira, T. C., et al. 
(2021). Influence of cognitive orientation and attentional focus on pain perception. Int. 
J. Environ. Res. Public Health 18:7176. doi: 10.3390/IJERPH18137176

Duan, W. J. (2014). Divergence in the study of mindfulness: concepts and 
measurement. Adv. Psychol. Sci. 22, 1616–1627. doi: 10.3724/SP.J.1042.2014.01616

Ehde, D. M., Dillworth, T. M., and Turner, J. A. (2014). Cognitive-behavioral therapy 
for individuals with chronic pain: efficacy, innovations, and directions for research. Am. 
Psychol. 69, 153–166. doi: 10.1037/a0035747

Erisman, S. M., and Roemer, L. (2010). A preliminary investigation of the effects of 
experimentally induced mindfulness on emotional responding to film clips. Emotion 10, 
72–82. doi: 10.1037/A0017162

Falcone, G., and Jerram, M. (2018). Brain activity in mindfulness depends on 
experience: a Meta-analysis of fMRI studies. Mindfulness (N Y) 9, 1319–1329. doi: 
10.1007/s12671-018-0884-5

Fiske, S. T. (1989). “Examining the role of intent: Toward understanding its role in 
stereotyping and prejudice” in Unintended thought. eds. J. S. Uleman and J. A. Bargh 
(New York: The Guilford Press), 253–283.

Gard, T., Hölzel, B. K., Sack, A. T., Hempel, H., Lazar, S. W., Vaitl, D., et al. (2012). Pain 
attenuation through mindfulness is associated with decreased cognitive control and 
increased sensory processing in the brain. Cereb. Cortex 22, 2692–2702. doi: 10.1093/
cercor/bhr352

Garland, E. L., Gaylord, S. A., Palsson, O., Faurot, K., Mann, J. D., and Whitehead, W. E. 
(2012). Therapeutic mechanisms of a mindfulness-based treatment for IBS: effects on 
visceral sensitivity, catastrophizing, and affective processing of pain sensations. J. Behav. 
Med. 35, 591–602. doi: 10.1007/S10865-011-9391-Z/TABLES/4

Garland, E. L., and Howard, M. O. (2018). Enhancing natural reward responsiveness 
among opioid users predicts chronic pain relief: EEG analyses from a trial of 
mindfulness-oriented recovery enhancement. J. Soc. Social Work Res. 9, 285–303. doi: 
10.1086/697685/ASSET/IMAGES/LARGE/FG3.JPEG

Germer, C. K., and Neff, K. D. (2013). Self-compassion in clinical practice. J. Clin. 
Psychol. 69, 856–867. doi: 10.1002/JCLP.22021

Grant, J. A., and Rainville, P. (2009). Pain sensitivity and analgesic effects of mindful 
states in zen meditators: a cross-sectional study. Psychosom. Med. 71, 106–114. doi: 
10.1097/PSY.0B013E31818F52EE

Grant, J. A., Courtemanche, J., Duerden, E. G., Duncan, G. H., and Rainville, P. (2010). 
Cortical thickness and pain sensitivity in zen meditators. Emotion. 10, 43–53. doi: 
10.1037/a0018334

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

Hadjistavropoulos, H. D., Hadjistavropoulos, T., and Quine, A. (2000). Health anxiety 
moderates the effects of distraction versus attention to pain[J]. Behav. Res. Ther. 38, 
425–438. doi: 10.1016/S0005-7967(99)00044-3

Hayes, S. C., Bissett, R. T., Korn, Z., Zettle, R. D., Rosenfarb, I. S., Cooper, L. D., et al. 
(1999). The impact of acceptance versus control rationales on pain tolerance. Psychol. 
Rec. 49, 33–47. doi: 10.1007/BF03395305

Hilton, L., Hempel, S., Ewing, B. A., Apaydin, E., Xenakis, L., Newberry, S., et al. 
(2017). Mindfulness meditation for chronic pain: systematic review and meta-analysis. 
Ann. Behav. Med. 51, 199–213. doi: 10.1007/S12160-016-9844-2

Hölzel, B. K., Carmody, J., Vangel, M., Congleton, C., Yerramsetti, S. M., Gard, T., 
et al. (2011). Mindfulness practice leads to increases in regional brain gray matter 
density. Psychiatry Res. Neuroimaging 191, 36–43. doi: 10.1016/j.
pscychresns.2010.08.006

Jensen, M. P., Day, M. A., and Miró, J. (2014). Neuromodulatory treatments for 
chronic pain: efficacy and mechanisms. Nat. Rev. Neurol. 10, 167–178. doi: 10.1038/
nrneurol.2014.12

Jensen, K. B., Kosek, E., Wicksell, R., Kemani, M., Olsson, G., Merle, J. V., et al. 
(2012). Cognitive behavioral therapy increases pain-evoked activation of the 
prefrontal cortex in patients with fibromyalgeia. Pain 153, 1495–1503. doi: 10.1016/j.
pain.2012.04.010

Jha, A. P., Krompinger, J., and Baime, M. J. (2007). Mindfulness training modifies 
subsystems of attention. Cogn. Affect. Behav. Neurosci. 7, 109–119. doi: 10.3758/
CABN.7.2.109

Kabat-Zinn, J. (1982). An outpatient program in behavioral medicine for chronic pain 
patients based on the practice of mindfulness meditation: theoretical considerations and 
preliminary results. Gen. Hosp. Psychiatry 4, 33–47. doi: 10.1016/0163-8343(82)90026-3

Kabat-Zinn, J. Full catastrophe living. New York: Bantam Doubleday Dell. (1990).

Kabat-Zinn, J. (2003). Mindfulness-based interventions in context: past, present, and 
future. Clin. Psychol. Sci. Pract. 10, 144–156. doi: 10.1093/CLIPSY.BPG016

Kabat-Zinn, J., Lipworth, L., and Burney, R. (1985). The clinical use of mindfulness 
meditation for the self-regulation of chronic pain. J. Behav. Med. 8, 163–190. doi: 
10.1007/BF00845519

Kohl, A., Rief, W., and Glombiewski, J. A. (2012). How effective are acceptance 
strategies? A meta-analytic review of experimental results. J. Behav. Ther. Exp. Psychiatry 
43, 988–1001. doi: 10.1016/j.jbtep.2012.03.004

Lomas, T., Ivtzan, I., and Fu, C. H. Y. (2015). A systematic review of the 
neurophysiology of mindfulness on EEG oscillations. Neurosci. Biobehav. Rev. 57, 
401–410. doi: 10.1016/j.neubiorev.2015.09.018

Lu, H., Song, Y., Xu, M., Wang, X., Li, X., and Liu, J. (2014). The brain structure 
correlates of individual differences in trait mindfulness: a voxel-based morphometry 
study. Neuroscience 272, 21–28. doi: 10.1016/j.neuroscience.2014.04.051

Lutz, A., McFarlin, D. R., Perlman, D. M., Salomons, T., and Davidson, R. J. (2013). 
Altered anterior insula activation during anticipation and experience of painful stimuli 
in expert meditators. NeuroImage 64, 538–546. doi: 10.1016/j.neuroimage.2012.09.030

Lutz, A., Slagter, H. A., Dunne, J. D., and Davidson, R. J. (2008). Attention regulation 
and monitoring in meditation. Trends Cogn. Sci. 12, 163–169. doi: 10.1016/j.
tics.2008.01.005

Manna, A., Raffone, A., Perrucci, M. G., Nardo, D., Ferretti, A., Tartaro, A., et al. 
(2010). Neural correlates of focused attention and cognitive monitoring in meditation[J]. 
Brain Res. Bull. 82, 46–56. doi: 10.1016/j.brainresbull.2010.03.001

Martinez-Calderon, J., Flores-Cortes, M., Morales-Asencio, J. M., and 
Luque-Suarez, A. (2019). Pain-related fear, pain intensity and function in individuals 
with chronic musculoskeletal pain: a systematic review and Meta-analysis. J. Pain 20, 
1394–1415. doi: 10.1016/j.jpain.2019.04.009

Masedo, A. I., and Rosa, E. M. (2007). Effects of suppression, acceptance and 
spontaneous coping on pain tolerance, pain intensity and distress. Behav. Res. Ther. 45, 
199–209. doi: 10.1016/j.brat.2006.02.006

 Maser, D. The influence of MBSR-training on attentional subsystems in a sustained 
attention task. Master’s thesis In (2012). https://essay.utwente.nl/61852/1/Maser,_D._-_
s1009044_(verslag).pdf

May, A. (2008). Chronic pain may change the structure of the brain. Pain 137, 7–15. 
doi: 10.1016/j.pain.2008.02.034

McCracken, L. M., Vowles, K. E., and Eccleston, C. (2005). Acceptance-based 
treatment for persons with complex, long standing chronic pain: a preliminary analysis 
of treatment outcome in comparison to a waiting phase. Behav. Res. Ther. 43, 1335–1346. 
doi: 10.1016/j.brat.2004.10.003

Merskey, H., and Bogduk, N.International Association for the Study of Pain. Task 
Force on Taxonomy. Classification of chronic pain: descriptions of chronic pain syndromes 
and definitions of pain terms. Washington, DC: IASP Press. (1994).

Mioduszewski, O., Hatchard, T., Fang, Z., Poulin, P., Khoo, E. L., Romanow, H., et al. 
(2020). Breast cancer survivors living with chronic neuropathic pain show improved 
brain health following mindfulness-based stress reduction: a preliminary diffusion 
tensor imaging study. J. Cancer Surviv. 14, 915–922. doi: 10.1007/s11764-020-00903-w

Monroe, T. B., Gore, J. C., Bruehl, S. P., Benningfield, M. M., Dietrich, M. S., 
Chen, L. M., et al. (2015). Sex differences in psychophysical and neurophysiological 

https://doi.org/10.3389/fnins.2023.1253559
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.pain.2010.04.017
https://doi.org/10.1037/0022-3514.84.4.822
https://doi.org/10.1016/j.biopsych.2011.01.022
https://doi.org/10.1016/j.biopsych.2011.01.022
https://doi.org/10.1037/0033-2909.132.2.180
https://doi.org/10.1007/s10865-007-9130-7
https://doi.org/10.1007/s10865-007-9130-7
https://doi.org/10.1371/JOURNAL.PONE.0040215
https://doi.org/10.1089/jicm.2022.0616
https://doi.org/10.1093/pm/pnab049
https://doi.org/10.1177/0956797615578863
https://doi.org/10.1093/CLIPSY.BPG019
https://doi.org/10.3389/fpsyg.2022.1087055
https://doi.org/10.3389/fpsyg.2022.1087055
https://doi.org/10.3390/IJERPH18137176
https://doi.org/10.3724/SP.J.1042.2014.01616
https://doi.org/10.1037/a0035747
https://doi.org/10.1037/A0017162
https://doi.org/10.1007/s12671-018-0884-5
https://doi.org/10.1093/cercor/bhr352
https://doi.org/10.1093/cercor/bhr352
https://doi.org/10.1007/S10865-011-9391-Z/TABLES/4
https://doi.org/10.1086/697685/ASSET/IMAGES/LARGE/FG3.JPEG
https://doi.org/10.1002/JCLP.22021
https://doi.org/10.1097/PSY.0B013E31818F52EE
https://doi.org/10.1037/a0018334
https://doi.org/10.1016/S0022-3999(03)00573-7
https://doi.org/10.1016/S0005-7967(99)00044-3
https://doi.org/10.1007/BF03395305
https://doi.org/10.1007/S12160-016-9844-2
https://doi.org/10.1016/j.pscychresns.2010.08.006
https://doi.org/10.1016/j.pscychresns.2010.08.006
https://doi.org/10.1038/nrneurol.2014.12
https://doi.org/10.1038/nrneurol.2014.12
https://doi.org/10.1016/j.pain.2012.04.010
https://doi.org/10.1016/j.pain.2012.04.010
https://doi.org/10.3758/CABN.7.2.109
https://doi.org/10.3758/CABN.7.2.109
https://doi.org/10.1016/0163-8343(82)90026-3
https://doi.org/10.1093/CLIPSY.BPG016
https://doi.org/10.1007/BF00845519
https://doi.org/10.1016/j.jbtep.2012.03.004
https://doi.org/10.1016/j.neubiorev.2015.09.018
https://doi.org/10.1016/j.neuroscience.2014.04.051
https://doi.org/10.1016/j.neuroimage.2012.09.030
https://doi.org/10.1016/j.tics.2008.01.005
https://doi.org/10.1016/j.tics.2008.01.005
https://doi.org/10.1016/j.brainresbull.2010.03.001
https://doi.org/10.1016/j.jpain.2019.04.009
https://doi.org/10.1016/j.brat.2006.02.006
https://essay.utwente.nl/61852/1/Maser,_D._-_s1009044_(verslag).pdf
https://essay.utwente.nl/61852/1/Maser,_D._-_s1009044_(verslag).pdf
https://doi.org/10.1016/j.pain.2008.02.034
https://doi.org/10.1016/j.brat.2004.10.003
https://doi.org/10.1007/s11764-020-00903-w


Lu et al. 10.3389/fnins.2023.1253559

Frontiers in Neuroscience 10 frontiersin.org

responses to pain in older adults: a cross-sectional study. Biol Sex Differ 6. doi: 10.1186/
S13293-015-0041-Y

Parisi, A., Hanley, A. W., and Garland, E. L. (2022). Mindfulness-oriented recovery 
enhancement reduces opioid craving, pain, and negative affect among chronic pain 
patients on long-term opioid therapy: an analysis of within- and between-person state 
effects. Behav. Res. Ther. 152:104066. doi: 10.1016/j.brat.2022.104066

Peng, Y. Q., and Ju, M. Z. (2013). The “heart”of the working mechanism of 
mindfulness: attention or attitude? J. Psychol. Sci. 36, 1009–1013.

Perlman, D. M., Salomons, T. V., Davidson, R. J., and Lutz, A. (2010). Differential 
effects on pain intensity and unpleasantness of two meditation practices. Emotion 10, 
65–71. doi: 10.1037/a0018440

Pernet, C. R., Belov, N., Delorme, A., and Zammit, A. (2021). Mindfulness related 
changes in grey matter: a systematic review and meta-analysis. Brain Imaging Behav. 15, 
2720–2730. doi: 10.1007/s11682-021-00453-4/Published

Petrovic, P., Petersson, K. M., Ghatan, P. H., Stone-Elander, S., and Ingvar, M. (2000). 
Pain-related cerebral activation is altered by a distracting cognitive task. Pain 85, 19–30. 
doi: 10.1016/S0304-3959(99)00232

Quevedo, A. S., and Coghill, R. C. (2007). Attentional modulation of spatial 
integration of pain: evidence for dynamic spatial tuning. J. Neurosci. 27, 11635–11640. 
doi: 10.1523/JNEUROSCI.3356-07.2007

Rahrig, H., Vago, D. R., Passarelli, M. A., Auten, A., Lynn, N. A., and Brown, K. W. 
(2022). Meta-analytic evidence that mindfulness training alters resting state default 
mode network connectivity. Sci. Rep. 12:12. doi: 10.1038/s41598-022-15195-6

Rainville, P., Carrier, B., Hofbauer, R. K., Bushnell, M. C., and Duncan, G. H. (1999). 
Dissociation of sensory and affective dimensions of pain using hypnotic modulation. 
Pain 82, 159–171.

Rainville, P., Duncan, G. H., Price, D. D., Carrier, B., and Bushnell, M. C. (1997). Pain 
affect encoded in human anterior cingulate but not somatosensory cortex. Science 277, 
968–971. doi: 10.1126/science.277.5328.968

Santarnecchi, E., Egiziano, E., D’Arista, S., Gardi, C., Romanella, S. M., Mencarelli, L., 
et al. (2021). Mindfulness-based stress reduction training modulates striatal and 
cerebellar connectivity. J. Neurosci. Res. 99, 1236–1252. doi: 10.1002/jnr.24798

Scavone, A., Kadziolka, M. J., and Miller, C. J. (2020). State and trait mindfulness as 
predictors of skin conductance response to stress. Appl. Psychophysiol. Biofeedback 45, 
221–228. doi: 10.1007/S10484-020-09467-Y/FIGURES/5

Schmidt, H., and Pilat, C. (2023). Effects of meditation on pain intensity, physical 
function, quality of life and depression in adults with low back pain – a systematic review 
with meta-analysis. Complement. Ther. Med. 72:102924. doi: 10.1016/J.
CTIM.2023.102924

Segal, Z., Teasdale, J. D., Williams, J. M., and Gemar, M. C. (2002). The mindfulness-
based cognitive therapy adherence scale: inter-rater reliability, adherence to protocol 
and treatment distinctiveness. Clin. Psychol. Psychother. 9, 131–138. doi: 10.1002/
CPP.320

Sezer, I., Pizzagalli, D. A., and Sacchet, M. D. (2022). Resting-state fMRI functional 
connectivity and mindfulness in clinical and non-clinical contexts: a review and 
synthesis. Neurosci. Biobehav. Rev. 135:104583. doi: 10.1016/j.neubiorev.2022.104583

Shapiro, S. L., and Carlson, L. E. The art and science of mindfulness: Integrating 
mindfulness into psychology and the helping professions. Washington, DC: American 
Psychological Association. (2009).

Shapiro, S. L., Carlson, L. E., Astin, J. A., and Freedman, B. (2006). Mechanisms of 
mindfulness. J. Clin. Psychol. 62, 373–386. doi: 10.1002/JCLP.20237

Singer, T., and Klimecki, O. M. (2014). Empathy and compassion. Curr. Biol. 24, 
R875–R878. doi: 10.1016/j.cub.2014.06.054

Smith, A. M., Leeming, A., Fang, Z., Hatchard, T., Mioduszewski, O., Schneider, M. A., 
et al. (2021). Mindfulness-based stress reduction alters brain activity for breast cancer 
survivors with chronic neuropathic pain: preliminary evidence from resting-state fMRI. 
J. Cancer Surviv. 15, 518–525. doi: 10.1007/s11764-020-00945-0

Su, I. W., Wu, F. W., Liang, K. C., Cheng, K. Y., Hsieh, S. T., Sun, W. Z., et al. (2016). 
Pain perception can be modulated by mindfulness training: a resting-state fMRI study. 
Front. Hum. Neurosci. 10:570. doi: 10.3389/fnhum.2016.00570

Tang, Y. Y., Hölzel, B. K., and Posner, M. I. (2015). The neuroscience of mindfulness 
meditation. Nature reviews Neuroscience 16, 213–225. doi: 10.1038/nrn3916

Taylor, V. A., Roy, M., Chang, L., Gill, L. N., Mueller, C., and Rainville, P. (2018). 
Reduced fear-conditioned pain modulation in experienced meditators: a preliminary 
study. Psychosom. Med. 80, 799–806. doi: 10.1097/PSY.0000000000000634

Terkelsen, A. J., Andersen, O. K., Mølgaard, H., Hansen, J., and Jensen, T. S. (2004). Mental 
stress inhibits pain perception and heart rate variability but not a nociceptive withdrawal 
reflex. Wiley Online Library 180, 405–414. doi: 10.1111/j.1365-201X.2004.01263.x

Vanhaudenhuyse, A., Boly, M., Balteau, E., Schnakers, C., Moonen, G., Luxen, A., et al. 
(2009). Pain and non-pain processing during hypnosis: a thulium-YAG event-related 
fMRI study. NeuroImage 47, 1047–1054. doi: 10.1016/j.neuroimage.2009.05.031

Vencatachellum, S., van der Meulen, M., Van Ryckeghem, D. M. L., Van Damme, S., 
and Vögele, C. (2021). Brief mindfulness training can mitigate the influence of prior 
expectations on pain perception. Europ. J. Pain 25, 2007–2019. doi: 10.1002/ejp.1817

Wager, T. D., Rilling, J. K., Smith, E. E., Sokolik, A., Casey, K. L., Davidson, R. J., et al. 
(2004). Placebo-induced changes in FMRI in the anticipation and experience of pain[J]. 
Science 303, 1162–1167. doi: 10.1126/science.1093065

Wang, Y. Z., Liu, X., Xu, W., and Liu, X. H. (2015). Mindfulness training improves 
acceptance of pain. Chin. J. Clin. Psych. 23, 567–570.

Watkins, E., Teasdale, J. D., and Williams, R. M. (2000). Decentring and distraction 
reduce overgeneral autobiographical memory in depression. Psychol. Med. 30, 911–920. 
doi: 10.1017/S0033291799002263

Wetherell, J. L., Afari, N., Rutledge, T., Sorrell, J. T., Stoddard, J. A., Petkus, A. J., et al. 
(2011). A randomized, controlled trial of acceptance and commitment therapy and 
cognitive-behavioral therapy for chronic pain. Pain 152, 2098–2107. doi: 10.1016/j.
pain.2011.05.016

Wiech, K., Ploner, M., and Tracey, I. (2008). Neurocognitive aspects of pain 
perception[J]. Trends in cognitive sciences 12, 306–313. doi: 10.1016/j.tics.2008.05.005

Wiech, K., Kalisch, R., Weiskopf, N., Pleger, B., Stephan, K. E., and Dolan, R. J. (2006). 
Anterolateral prefrontal cortex mediates the analgesic effect of expected and perceived 
control over pain. J. Neurosci. 26, 11501–11509. doi: 10.1523/JNEUROSCI.2568-06.2006

Wielgosz, J., Goldberg, S. B., Kral, T. R. A., Dunne, J. D., and Davidson, R. J. (2019). 
Mindfulness meditation and psychopathology. Annu. Rev. Clin. Psychol. 15, 285–316. 
doi: 10.1146/annurev-clinpsy-021815-093423

Williams, J. M. G. (2010). Mindfulness and psychological process. Emotion 10, 1–7. 
doi: 10.1037/a0018360

Xu, W., Wang, Y. Z., and Liu, X. C. (2015). Effectiveness of 8-week mindfulness 
training improving negative emotions. Chin. Ment. Health J. 29, 497–502.

Yang, S., and Chang, M. C. (2019). Chronic pain: structural and functional changes 
in brain structures and associated negative affective states. Int. J. Mol. Sci. 20:3130. doi: 
10.3390/IJMS20133130

Zeidan, F., Emerson, N. M., Farris, S. R., Ray, J. N., Jung, Y., Mchaffie, J. G., et al. 
(2015). Mindfulness meditation-based pain relief employs different neural mechanisms 
than placebo and sham mindfulness meditation-induced analgesia. Soc. Neurosci. 35, 
15307–15325. doi: 10.1523/JNEUROSCI.2542-15.2015

Zeidan, F., Grant, J. A., Brown, C. A., McHaffie, J. G., and Coghill, R. C. (2012). 
Mindfulness meditation-related pain relief: evidence for unique brain mechanisms in 
the regulation of pain. Neurosci. Lett. 520, 165–173. doi: 10.1016/j.neulet.2012.03.082

Zeidan, F., Martucci, K. T., Kraft, R. A., Gordon, N. S., Mchaffie, J. G., and Coghill, R. C. 
(2011). Brain mechanisms supporting the modulation of pain by mindfulness 
meditation. J. Neurosci. 31, 5540–5548. doi: 10.1523/JNEUROSCI.5791-10.2011

Zeidan, F., Salomons, T., Farris, S. R., Emerson, N. M., Adler-Neal, A., Jung, Y., et al. 
(2018). Neural mechanisms supporting the relationship between dispositional 
mindfulness and pain. Pain 159, 2477–2485. doi: 10.1097/j.pain.0000000000001344

Zeidan, F., and Vago, D. R. (2016). Mindfulness meditation–based pain relief: a 
mechanistic account. Ann. N. Y. Acad. Sci. 1373, 114–127. doi: 10.1111/NYAS.13153

Zhou, D., Kang, Y., Cosme, D., Jovanova, M., He, X., Mahadevan, A., et al. (2023). 
Mindful attention promotes control of brain network dynamics for self-regulation and 
discontinues the past from the present. Proc. Natl. Acad. Sci. U. S. A. 120. doi: 10.1073/
PNAS.2201074119/-/DCSUPPLEMENTAL

https://doi.org/10.3389/fnins.2023.1253559
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/S13293-015-0041-Y
https://doi.org/10.1186/S13293-015-0041-Y
https://doi.org/10.1016/j.brat.2022.104066
https://doi.org/10.1037/a0018440
https://doi.org/10.1007/s11682-021-00453-4/Published
https://doi.org/10.1016/S0304-3959(99)00232
https://doi.org/10.1523/JNEUROSCI.3356-07.2007
https://doi.org/10.1038/s41598-022-15195-6
https://doi.org/10.1126/science.277.5328.968
https://doi.org/10.1002/jnr.24798
https://doi.org/10.1007/S10484-020-09467-Y/FIGURES/5
https://doi.org/10.1016/J.CTIM.2023.102924
https://doi.org/10.1016/J.CTIM.2023.102924
https://doi.org/10.1002/CPP.320
https://doi.org/10.1002/CPP.320
https://doi.org/10.1016/j.neubiorev.2022.104583
https://doi.org/10.1002/JCLP.20237
https://doi.org/10.1016/j.cub.2014.06.054
https://doi.org/10.1007/s11764-020-00945-0
https://doi.org/10.3389/fnhum.2016.00570
https://doi.org/10.1038/nrn3916
https://doi.org/10.1097/PSY.0000000000000634
https://doi.org/10.1111/j.1365-201X.2004.01263.x
https://doi.org/10.1016/j.neuroimage.2009.05.031
https://doi.org/10.1002/ejp.1817
https://doi.org/10.1126/science.1093065
https://doi.org/10.1017/S0033291799002263
https://doi.org/10.1016/j.pain.2011.05.016
https://doi.org/10.1016/j.pain.2011.05.016
https://doi.org/10.1016/j.tics.2008.05.005
https://doi.org/10.1523/JNEUROSCI.2568-06.2006
https://doi.org/10.1146/annurev-clinpsy-021815-093423
https://doi.org/10.1037/a0018360
https://doi.org/10.3390/IJMS20133130
https://doi.org/10.1523/JNEUROSCI.2542-15.2015
https://doi.org/10.1016/j.neulet.2012.03.082
https://doi.org/10.1523/JNEUROSCI.5791-10.2011
https://doi.org/10.1097/j.pain.0000000000001344
https://doi.org/10.1111/NYAS.13153
https://doi.org/10.1073/PNAS.2201074119/-/DCSUPPLEMENTAL
https://doi.org/10.1073/PNAS.2201074119/-/DCSUPPLEMENTAL

	Dynamic processes of mindfulness-based alterations in pain perception
	1. Introduction
	1.1. Pain and pain perception
	1.2. Mindfulness
	1.3. Clinical effects of mindfulness in chronic pain
	1.4. Effects on brain structure and function induced by mindfulness-based processes
	1.5. Possible brain-behavior pathways of mindfulness-based analgesia and inconsistencies in the previous studies

	2. The impact of mindful attitude and attention on pain perception
	2.1. Effects of mindful attitude on pain perception
	2.2. Effects of mindful attention on pain perception

	3. Into a dynamic model of mindfulness-based analgesia
	4. Limitations and complement to the dynamic model
	4.1. Mindfulness-based training strategies might not be sensitive to target neural mechanisms
	4.2. The brain-behavior correlations related to mindfulness analgesia may vary depending on different attention directions
	4.3. Mindfulness may also indirectly influence pain perception by impacting emotional reactions and anticipation

	5. Conclusions and future direction
	Author contributions

	References

