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ABSTRACT 
 
Pain is a multidimensional experience that combines sensory, affective, and 

cognitive factors, causing its treatment to be extremely complicated and often 

ineffective. Mindfulness meditation has been shown to be an effective approach 

to decreasing pain. While these benefits have largely been seen over extensive, 

eight-week long training regimens, we have repeatedly shown that just three to 

four days of mindfulness meditation training can significantly reduce pain. 

Mindfulness-based analgesia after brief mental training is associated with 

multiple neural processes involved in the cognitive modulation of pain [i.e. rostral 

anterior cingulate cortex (rACC), orbitofrontal cortex (OFC)]. Further, the rACC 

and OFC are implicated in modulating efferent parasympathetic activity. Yet, the 

role of the parasympathetic nervous system (PNS) in meditative analgesia 

remains unknown. The primary objective of the present study was to determine if 

increased high frequency heart rate variability (HF HRV), a marker of higher PNS 

activity, is associated with mindfulness-based pain relief. 60 healthy volunteers 

(30 males; 30 females) were randomly assigned to receive a four-session (25 

minutes per day) mindfulness meditation or placebo mindfulness (i.e. sham 

mindfulness meditation) intervention. Before and after the four-session training 

regimen, HF HRV and behavioral pain intensity and unpleasantness ratings were 

examined in response to noxious heat (49°C) and innocuous neutral series 

(35°C) to the right calf. We hypothesized that the analgesic effects of 

mindfulness meditation, but not sham mindfulness meditation, would be 

associated with increased HF HRV. After training, mindfulness meditation and 

sham mindfulness meditation significantly reduced pain intensity and 

unpleasantness ratings and increased HF HRV when compared to rest (p < 

0.001). Mindfulness-based reductions in pain unpleasantness (p < 0.05) were 

associated with increases in HF HRV. Sham mindfulness-based analgesia was 

not significantly associated with HF HRV. These findings suggest that 

mindfulness-based increases in HF HRV could be optimized to better treat 

clinical pain.
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Pain is an inherently subjective experience that does not depend solely on 

physiological properties of the stimulus but instead encompasses a wide variety 

of cognitive, affective, and sensory factors [21]. As such, chronic pain is a very 

difficult condition to prevent or treat, affecting over 100 million Americans and 

costing the United States more than 635 billion dollars per year in lost 

productivity and medical costs [1]. Rising treatment costs have not been 

accompanied by improvements in patient outcomes or disability rates [41]. In 

fact, widespread use of opioids for chronic pain has led to an opioid epidemic 

[92], with over 1.6 million Americans abusing narcotics [61]. In response, the 

Center for Disease Control has set forth new guidelines limiting opioid 

prescriptions and instead encouraging the development of nonpharmacological 

treatment approaches [42]. Importantly, multiple psychological variables impact 

the pain experience and thus could be targeted by non-drug therapies to 

effectively reduce pain.  

 

Individual differences in a number of cognitive and emotional factors can have 

profound effects on pain-related appraisals in healthy, pain-free populations. 

Focusing one’s attention on a noxious stimulus increases the intensity of pain 

[105], whereas distraction decreases pain intensity and unpleasantness [8; 100; 

105; 139]. Heightened anticipation of an impending stimulus also exacerbates 

sensory-discriminative pain [72; 75], and manipulations that induce a negative 

mood are associated with higher affective pain reports [142; 143]. Moreover, the 

subjective meaning attributed to pain is a key component of its perception [6; 

110; 117; 118; 149]. If an individual feels threatened by a nociceptive event, he 

or she will experience greater pain than someone who evaluates the pain as 

insignificant [6]. Consequently, the interpretation of a noxious stimulus is a key 

component of the subjective experience of pain. 

 

Chronic pain patients engage multiple related psychological processes that may 

worsen pain. Patients preferentially focus their attention on nociceptive stimuli 

[38], anticipate impending pain [19], and display high rates of mood disorders 
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[70; 80]. Furthermore, higher pain catastrophizing predicts the transition from 

acute to chronic pain [16] and is associated with increased pain and physical 

disability within a number of chronic pain cohorts [54; 71; 84]. Pain 

catastrophizing is characterized by magnification of the threat value of a pain 

stimulus, helplessness in the context of pain, and an inability to inhibit intrusive 

negative thoughts [129]. Thus, chronic pain patients may benefit from 

nonpharmacological treatment approaches that target these maladaptive 

cognitive and emotional processes.  

 

To date, cognitive behavioral therapy (CBT) is the most commonly used 

behavioral treatment approach for chronic pain [128]. CBT trains patients to 

identify and reduce negative pain-related cognitions/behaviors and often includes 

psycho-educational didactics, “journaling,” relaxation techniques, and real-world 

desensitization applications [13]. However, CBT can be an expensive treatment 

that requires the presence of a facilitator, thus limiting its accessibility to some 

populations [83]. Mindfulness meditation is a cost-effective cognitive practice that 

does not require facilitator involvement [87] and is effective in improving clinical 

pain across a number of chronic pain cohorts [28; 37; 51; 68; 69]. Training is 

focused on developing non-reactive awareness of present moment experiences 

and engages multiple psychological mechanisms, including attention-related 

processes, the reappraisal of arising thoughts and/or emotions, and the 

attenuation of reactions/judgments to said experiences [155; 156; 159]. 

Furthermore, mindfulness meditation directly targets negative pain-related 

cognitions and emotions. Mindfulness-based practices improve mood [45; 96; 

123; 158], diminish the anticipation of a nociceptive event [20; 81], and lower 

pain catastrophizing [51]. Yet, in order for mindfulness meditation to be clinically 

relevant, the specific analgesic mechanisms underlying mindfulness-based pain 

relief must first be thoroughly delineated. This information could be used to help 

improve the efficacy of mindfulness meditation in treating pain and identify 

patient populations who may benefit from mindfulness-based practices.  
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TRAIT MINDFULNESS AND PAIN 
 

Mindful individuals are those who, overall, pay more attention to their moment-

by-moment experiences without judging themselves or said events [68; 69]. 

Training in mindfulness meditation is not necessary to become mindful [33; 132; 

147]. Higher levels of trait mindfulness (outside of any formal training) are 

associated with lower pain ratings in response to noxious thermal heat in healthy, 

pain-free volunteers [161]. Higher mindfulness is also associated with greater 

deactivation of the precuneus and posterior cingulate cortex (PCC) during 

noxious heat [161], brain regions implicated in modulating ruminative and self-

referential thought processes [77; 140]. Consequently, individuals with higher 

levels of trait mindfulness may exhibit a diminished propensity to fixate on and 

magnify the negative aspects of a painful stimulus. These findings suggest that 

behavioral interventions aimed at increasing mindfulness may alter an 

individual’s relationship to a noxious stimulus in ways that lower pain responses.  

 

WHAT IS MINDFULNESS MEDITATION? 
 

Mindfulness meditation is one technique for cultivating mindfulness and improves 

a wide range of outcomes, including anxiety [55; 87; 160], depression [10; 45; 96; 

158], stress [32; 133], cognition [2; 50; 119; 157], and quality of life [23; 93]. The 

majority of mindfulness-based interventions employ versions of two training 

classifications, namely focused attention (samatha) and open monitoring 

(vipassana) [82]. Samatha training teaches practitioners to maintain their focus 

on a single object of awareness, such as the sensations of the breath. 

Practitioners of samatha meditation become increasingly able to sustain attention 

on one object while simultaneously monitoring for the presence of any 

distractions. Upon noticing a distraction, individuals immediately disengage their 

focus from the disrupting thought or sensation and re-direct attention back to the 

meditative object. In this way, samatha training strengthens cognitive control and 

attentional stability. Vipassana, in contrast to samatha, includes all sensory and 
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cognitive events as a potential focus of attention. Meditators are taught to notice 

thoughts or experiences as they arise and to let them pass through their 

consciousness without attaching a judgment to the perception. The goal of 

vipassana meditation is to gain a heightened, yet non-emotional, awareness of 

one’s mental life. It is hypothesized that this process enables individuals to more 

easily observe and transform their own cognitions, emotions, and behaviors [82].  

 

Extensive training in samatha meditation may begin to promote qualities 

associated with vipassana. To this extent, when a distraction occurs, long-term 

samatha practitioners refrain from mentally elaborating on the meaning of the 

event and instead simply return their attention to the object of meditation. When 

combined, samatha and vipassana meditation help meditators develop 

heightened cognitive control while promoting principles relating to non-

elaborative, nonjudgmental awareness.  

 

MINDFULNESS MEDITATION IMPROVES CHRONIC PAIN 
 

Chronic low back pain affects more than 26 million Americans [91], is the most 

common chronic pain disorder [65], and is the leading cause of disability in those 

under 45 years old [91]. Consequently, the development of effective treatment 

strategies for this condition is vitally important. Mindfulness-based stress 

reduction (MBSR) is a commonly used behavioral intervention that has been 

shown to improve pain-related outcomes in a number of chronic pain cohorts [25; 

28; 68; 69; 88; 89]. MBSR is an eight-week course encompassing mindfulness 

meditation, yoga, and a body-scan meditation that decreases muscle tension. 

Prior to 2016, only two known randomized controlled trials had been performed 

examining MBSR for the treatment of chronic low back pain [44; 89]. Results 

provided preliminary evidence that MBSR may be effective in improving pain-

related outcomes; yet, no active control group was employed in either study [44; 

89]. In a follow up study, Morone and colleagues demonstrated that MBSR is 

more effective than a health education control in improving pain and disability for 
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older adults [88]. Further, in a recent, robustly controlled clinical trial, MBSR was 

compared to CBT and usual care for the treatment of chronic low back pain [28]. 

Participants in the MBSR and CBT groups showed greater improvements in pain 

intensity, pain-related functional improvement, and pain bothersomeness when 

compared to usual care at 26 and 52 weeks. Although there were no significant 

differences between the MBSR and CBT groups [28], these results demonstrate 

that mindfulness-based therapies are as successful as common behavioral 

treatment approaches in reducing chronic low back pain-related symptoms. A 

more thorough analysis of the mechanisms underlying mindfulness-based 

analgesia may help formulate an understanding of the individuals who may 

benefit most from mindfulness meditation.  

 

Mindfulness meditation is effective in improving outcomes associated with a 

number of additional chronic pain conditions, including fibromyalgia [25; 37; 141], 

rheumatoid arthritis [47; 153], irritable bowel syndrome (IBS) [51; 53], and 

migraine [148]. Interestingly, the psychological mechanisms associated with the 

effects of mindfulness meditation may vary across chronic pain disorders. 

Preliminary evidence suggests that mindfulness-based interventions focused on 

the principles of acceptance, social engagement, and non-attachment to self, 

experiences, and environment are most effective in improving fibromyalgia-

related outcomes (Appendix A) [4; 141]. However, mindfulness meditation 

reduces IBS-related pain through decreasing pain catastrophizing and helping 

practitioners cultivate a non-reactive mental stance [26; 51; 138]. These findings 

suggest that mindfulness practices can be modified for different patient 

populations in ways that maximize its pain-relieving qualities. As such, the 

psychological, neural, and physiological mechanisms supporting mindfulness-

based analgesia may be used to help tailor interventions to more successfully 

treat a wide variety of pain conditions.  
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NEUROPHYSIOLOGICAL MECHANISMS ASSOCIATED WITH FACILITATING 
AND MODULATING PAIN RESPONSES 
 

The experience of pain is constructed and regulated by a number of feedback 

connections between low-level sensory processes and higher-order neural 

mechanisms. Acute experimental noxious stimuli first activate A-delta primary 

afferent neurons [18]. A-delta fiber activation is associated with a sharp, prickling 

feeling that comprises the first phase of the nociception response (i.e. first pain) 

[18]. The second phase of nociceptive processing is associated with activation of 

C fibers, which cause a burning/throbbing sensation that lingers after the sensory 

event has ended (i.e. second pain) [18]. A-delta and C fibers terminate in lamina I 

and II of the dorsal horn of the spinal cord. Subsequently, nociceptive information 

is relayed contralaterally through the spinothalamic tract to regions of the 

brainstem [i.e. parabrachial nucleus; periaqueductal gray (PAG)], ultimately 

synapsing on the thalamus [5; 40]. From there, nociceptive input is transmitted to 

the primary and secondary somatosensory cortices (SI and SII, respectively) and 

posterior insula [5; 12; 40; 136; 150], brain regions associated with facilitating the 

sensory-discriminative experience of pain [29; 30]. Ascending nociceptive 

information is then transmitted to the anterior insula, anterior cingulate cortex 

(ACC), and the prefrontal cortex (PFC) [5]. These higher-order neural regions 

and their connections facilitate the impact of cognitive and emotional factors on 

the subjective experience of pain. For example, a potentially noxious event can 

be experienced as pleasurable (i.e. deep tissue massage), and the positive 

implications of a situation (i.e. childbirth) may overshadow any negative 

appraisals of the pain itself [104]. Conversely, stubbing one’s toe immediately 

after a distressing interaction may induce higher evaluations of pain than would 

have occurred otherwise. In these circumstances and others, a confluence of 

factors related to mood, reappraisal mechanisms, attention, previous 

experiences, desires, expectations, and conditioning effects combine to 

formulate the interpretation of a nociceptive event. Areas such as the anterior 

insula, ventrolateral prefrontal cortex (vlPFC), ACC, and orbitofrontal cortex 
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(OFC) are involved in integrating these factors into the subjective evaluation of 

pain [8; 21; 75; 98-100; 117; 118; 142; 149; 150]. Specifically, increased vlPFC 

activity is associated with reappraisal-induced decreases in pain [118; 149], and 

high vlPFC and anterior insula activation facilitates the relationship between 

negative mood and pain (Appendix B). Heightened expectations of a nociceptive 

event are associated with increased anterior insula and ACC activity [75], 

whereas directing one’s attention towards a cognitively demanding task and 

away from a noxious event decreases pain through mechanisms associated with 

higher ACC and OFC activity [8; 100].  

 

Executive-level areas associated with the cognitive regulation of pain (i.e. PFC; 

ACC) have direct connections with regions implicated in the descending inhibition 

of pain (i.e. PAG) [46; 74]. Projections from the PAG to areas of the brainstem 

(i.e. rostroventral medulla (RVM); locus coeruleus) and the dorsal horn of the 

spinal cord are associated with the release of opioids, noradrenaline, and 

serotonin [11; 12]. Thus, there is a direct neural pathway through which 

psychological factors may engage endogenous analgesia. In fact, pain relief from 

placebo, attentional control, conditioned pain modulation, and hypnosis is 

associated with increased PFC and ACC activation [8; 43; 75; 100; 108; 109; 

118; 120; 124; 139; 145; 146] and engages endogenous opioids [3; 43; 58; 73; 

79; 125; 127; 163]. Administration of naloxone (a mu-opioid antagonist) 

diminishes placebo-based activation in the RVM and PAG and reduces coupling 

between the ACC and PAG [43], providing additional support for executive level 

regulation of opioidergic pathways. Pain relief from placebo, conditioned pain 

modulation, and attentional control is also associated with decreased activation 

in sensory processing regions [8; 100; 124; 139; 142; 145]. Many 

nonpharmacological-based pain therapies may therefore engage similar neural 

and physiological mechanisms (i.e. endogenous opioids) to decrease pain.  
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MECHANISMS SUPPORTING THE PAIN-RELIEVING EFFECTS OF LONG-
TERM MEDITATION TRAINING 
 

Adept meditators (>1,000 hours of meditation practice) display lower levels of 

pain sensitivity [20; 48; 56; 57; 81] and higher pain tolerance [57] in response to 

experimentally-induced pain when compared to non-meditators. The analgesic 

effects of long-term training are associated with lower respiration rate at rest [57] 

but do not engage endogenous opioids [86], suggesting that mindfulness-based 

practices augment opioid-based pain therapies to maximize analgesia. 

Experienced meditators exhibit heightened activation in sensory processing 

regions (thalamus; SI; SII) [48; 56] but deactivation of prefrontal regions during a 

noxious stimulus when compared to controls [48; 56]. Thus, adept meditators 

may employ mechanisms that are distinct from other cognitive-based 

interventions (i.e. decreased PFC and increased low-level sensory processing; 

non-opioidergic). We hypothesize that neural mechanisms engaged by expert 

meditators reflect an ability to fully attend to salient sensory processes without 

evaluating said events. Consistent with this theory, long-term mindfulness 

training is more effective in reducing affective pain than sensory-discriminative 

pain [20; 48; 81; 97].  

 

Experienced meditators do not anticipate impending sensory events to the same 

extent as non-meditators [20; 81]. A study by Lutz and colleagues used fMRI to 

examine the neural mechanisms associated with pain and pain anticipation in 

long-term meditators (>10,000 hours of meditation practice) compared to novice 

meditators (<10 hours of meditation practice). During mindfulness meditation, 

expert meditators demonstrated decreased pre-stimulus activity in the anterior 

insula, a region associated with modulating pain-related expectations [75]. 

Decreased baseline anterior insula activity was correlated with lifetime meditation 

experience. Brown and Jones used electroencephalography (EEG) and noxious 

laser stimulation to examine the impact of long-term mindfulness training on pain 

and pain anticipation while practitioners were not engaged in the cognitive 
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practice of meditation [20]. Greater meditation experience was associated with 

smaller anticipatory-related evoked potentials in the right inferior parietal cortex 

and mid-cingulate cortex, regions associated with the expectation of a stimulus. 

Reduced mid-cingulate cortex activation during the anticipation of pain predicted 

lower pain unpleasantness ratings in the meditation but not the control group 

[20], suggesting that changes in expectations regarding a noxious stimulus may 

mediate lower pain ratings in adept meditators. Increased activation in the ACC 

and ventromedial PFC during the anticipation of pain was positively correlated 

with pain ratings in control subjects but negatively correlated with pain for 

meditators [20]. Thus, individuals with long-term meditation training may engage 

cognitive reappraisal mechanisms prior to the experience of a noxious stimulus 

to help facilitate pain relief. Taken together, extensive training in meditation may 

reduce the affective component of pain through decreasing the anticipation and 

negative evaluation of symptoms while also increasing cognitive control 

immediately preceding a nociceptive event.  

 

NEURAL AND PHYSIOLOGICAL MECHANISMS SUPPORTING THE 
ANALGESIC EFFECTS OF BRIEF MINDFULNESS MEDITATION TRAINING 
 

Lengthy training regimens have been cited as barriers to the clinical utilization of 

mindfulness meditation [24]. Thus, brief mindfulness-based interventions may 

provide a more feasible and cost-effective method for treating clinical pain. 

Recent studies have examined the neural, psychological, and physiological 

mechanisms engaged by short-term mindfulness meditation training [154; 155; 

159]. Zeidan and colleagues (2011) examined the effects of mindfulness 

meditation on the behavioral and neural responses to pain after brief (4 days; 20 

minutes per day) meditation training [159]. In each of the four meditation 

sessions, participants were taught to acknowledge arising thoughts, feelings, 

and/or emotions without reaction. Participants were asked to return their attention 

to the sensation of the breath whenever distractions were perceived. After 

training, experimental pain was induced using a thermal probe, and a five-minute 
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noxious paradigm (ten, 12 second plateaus of 49°C interleaved with 35°C) was 

administered to the back of participants’ right calves during arterial spin labeling 

(ASL) functional magnetic resonance imaging (fMRI).  

 

Meditating in the presence of noxious heat decreased ratings of pain intensity by 

40% and pain unpleasantness by 57% [159]. Decreased pain intensity was 

associated with higher activation in the subgenual ACC (sgACC) and right 

anterior insula. The right anterior insula is associated with processing 

interoceptive awareness [35] and modifying incoming sensory information in a 

contextually-relevant manner [30; 31; 75; 95]. The sgACC is associated with the 

cognitive and emotional control of pain [17; 21; 142]. Lower pain unpleasantness 

was associated with heightened OFC activation, a region important for 

modulating the affective value of a stimulus [94; 114]. Thus, while long-term 

meditators may refrain from evaluating arising sensations (reflected by 

decreased prefrontal activity) [48; 56], short-term meditators may actively 

reappraise discursive events (i.e. increased prefrontal activation). Furthermore, 

decreased pain unpleasantness was also associated with lower thalamic 

activation, while the state of mindfulness meditation was associated with 

decreased SI activation corresponding to the stimulation site [159]. The results of 

this study provided preliminary evidence that brief mindfulness-based training 

regimens may engage a cortico-thalamic gating mechanism (i.e. OFC to 

thalamus) by which cognitive control mechanisms alter the transmission of 

sensory information to the cortex (i.e. SI) [59; 155; 156; 159]. However, no 

control group was employed, thus limiting the interpretations that can be 

formulated regarding the unique mechanisms of mindfulness-based analgesia.   

 

Mindfulness meditation incorporates multiple nonspecific psychological 

processes that may be associated with its pain-relieving effects, necessitating the 

use of well-designed, active control groups. For instance, mindfulness meditation 

engages mechanisms associated with conditioning effects, expectations for pain 

relief, lowered respiration rate, facilitator attention, time spent in the intervention, 
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and meditation posture [130; 162]. A subsequent study by Zeidan and colleagues 

sought to unravel the mechanistic similarities and differences between 

mindfulness meditation, sham mindfulness meditation (a placebo mindfulness 

control), and placebo analgesia [155]. Seventy-five healthy, pain-free participants 

were randomly assigned to receive four days (20 minutes per day) of 

mindfulness meditation training, sham mindfulness meditation training, placebo 

conditioning, or a book listening control intervention. Mindfulness meditation 

instruction was similar to the prior study [159]. The sham mindfulness meditation 

intervention was designed so that the only difference between the two regimens 

involved breath-related attention combined with the nonjudgmental awareness of 

arising sensory events employed by the mindfulness meditation group. 

Participants in the sham mindfulness meditation group were told that they had 

been randomly assigned to the mindfulness meditation regimen but instead 

received a breathing-based meditation intervention (e.g. pranayama) [64; 122]. In 

each of the four training sessions, subjects were instructed every 2-3 minutes “to 

close their eyes and to take a deep breath as we sit here in mindfulness 

meditation” [155; 158]. All other aspects of the sham mindfulness meditation 

intervention matched the mindfulness meditation-training regimen. Participants 

assigned to the placebo analgesia group were told that the effects of an 

experimental form of lidocaine cream were being tested. The pain-relieving 

effects of the cream were said to get stronger across repeated applications, such 

that pain should progressively decrease throughout the four training sessions. In 

fact, petroleum jelly was placed on participants’ right calves before administration 

of noxious thermal stimuli. Across the four training sessions, the stimulus 

temperature was reduced from ten, 12 second plateaus of 49°C, to plateaus of 

48°C, 47°C, and 46.5°C to enhance placebo conditioning. The control group 

listened to The Natural History of Selborne (20 minutes per day) during the four 

training sessions. After completion of their respective intervention, participants 

underwent ASL fMRI during a five-minute noxious stimulation paradigm (10, 12 

second plateaus of 49°C interleaved with 35°C) [155].  
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Mindfulness-associated reductions in pain intensity and unpleasantness were 

greater than sham mindfulness and placebo-related analgesia [155]. All groups 

were effective in reducing pain when compared to the book listening control 

regimen [155]. Only mindfulness meditation was effective in increasing levels of 

trait mindfulness. Similar to previous findings [159], mindfulness-associated 

reductions in pain intensity were associated with heightened activation in the 

sgACC, bilateral OFC, right putamen, and anterior insula [155]. Greater 

reductions in pain unpleasantness were associated with increased activation in 

the contralateral inferior frontal gyrus and frontal operculum. When compared to 

rest and the main effect of placebo and sham mindfulness meditation, the 

cognitive state of mindfulness meditation deactivated the PAG and thalamus.  

 

Pain relief from placebo was associated with reductions in SII/parietal operculum 

activation contralateral to the stimulation site. When compared to placebo, the 

main effect of mindfulness meditation was associated with increased activity in 

the ACC, bilateral anterior insula, putamen, and SI corresponding to the 

somatotopic representation of the nose [155]. In contrast, the main effect of 

placebo, when compared to mindfulness meditation, was associated with greater 

activation in the bilateral dorsolateral PFC (dlPFC), PAG, thalamus, superior 

frontal gyrus, and PCC. Mindfulness meditation may thus engage more active 

cognitive mechanisms than placebo treatment, as reflected by mindfulness-

related activation in regions involved in the cognitive modulation of pain (ACC) 

[17; 21; 142] and placebo-associated activation in brain regions supporting mind-

wandering (PCC) [77]. 

 

The main effect of sham mindfulness and mindfulness meditation demonstrated 

significant overlapping activation within the bilateral anterior insula, putamen, 

globus pallidus, and SI representation of the nose [155]. Significant overlapping 

deactivation was detected in the PCC and medial PFC. Between group 

differences were observed during heat stimulation. Specifically, sham 

mindfulness meditation significantly deactivated the ACC and activated the 
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thalamus when compared to mindfulness meditation. Additional distinctions were 

seen when examining physiological mechanisms of mindfulness and sham 

mindfulness-based analgesia. While both interventions produced statistically 

equivalent reductions in respiration rate, only sham mindfulness-related 

analgesia was associated with lowered respiration rate. Further, the pain 

relieving effects of sham mindfulness meditation were not associated with 

significant brain activations or deactivations [155]. These findings demonstrate 

that the mechanisms of mindfulness-related pain relief are distinct from training 

regimens in which practitioners do not actively reappraise arising sensory and 

cognitive events (i.e. placebo treatment; sham mindfulness meditation). As such, 

mindfulness meditation may decrease pain through mechanisms directly 

associated with the development of a non-evaluative cognitive state. 

 

Brain regions involved in facilitating mindfulness-induced analgesia (i.e. ACC, 

OFC, and insula) contain high concentrations of opioid receptors [67; 151] and 

are directly implicated in opioidergically-mediated descending inhibition of pain 

[43; 99; 124; 163]. In contrast, the state of mindfulness meditation is also 

associated with decreased PAG activation [155], suggesting that mindfulness 

meditation may engage non-opioidergic mechanisms. In order to understand the 

mechanistic role of opioids in mindfulness-based analgesia, Zeidan and 

colleagues randomized seventy-eight participants to receive a four-day (20 

minutes per day) mindfulness meditation intervention or book listening control 

regimen (i.e. The Natural History of Selborne) (Appendix C) [154]. Subsequently, 

subjects were administered saline or naloxone (an opioid antagonist) during 

noxious thermal stimulation while they either meditated or sat quietly (book 

listening group) (49°C). Mindfulness meditation significantly reduced pain 

intensity and unpleasantness ratings when compared to rest and the control 

regimen, and these effects were not blocked by naloxone administration [154]. 

Thus, mindfulness meditation employs non-opioidergic mechanisms and as such 

may complement opioid-based therapies to successfully treat chronic pain. 
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The analgesic effects of short-term mindfulness meditation training are 

associated with multiple neural and psychological processes [155; 159], are 

distinct from placebo analgesia [155], and are not mediated by endogenous 

opioids [154], expectations for pain relief [155], or reductions in respiration rate 

[155]. We hypothesize that the analgesic effects of mindfulness meditation may 

be associated with a cortico-thalamic filtering mechanism activated by 

meditation-induced shifts in executive attention (i.e. attending to the breath; 

acknowledging passing sensations; returning attention to the breath) [59; 155; 

156; 159]. These effects are likely mediated by projections from the OFC to the 

thalamic reticular nucleus (TRN) [111; 121], a structure responsible for filtering 

the transmission of sensory information from the thalamus to the cortex [34; 59]. 

Specifically, cells within the TRN exert inhibitory effects on the thalamus, in 

essence controlling which sensory information is able to access the cortex and 

achieve conscious perception [111; 121]. Consequently, executive level 

processes engaged by mindfulness meditation may directly inhibit the 

transmission of ascending nociceptive information to the cortex.  

 

In addition to these neural mechanisms, there is likely an array of physiological 

responses that accompanies mindfulness-based cognitive mechanisms. Our lack 

of knowledge regarding the physiological correlates of mindfulness-based 

analgesia after brief mental training limits the clinical usage of mindfulness 

meditation [130]. Specifically, this lack of information prohibits an understanding 

of individuals most likely to benefit from mindfulness-based practices. A further 

understanding of the downstream biological mechanisms associated with 

mindfulness-induced pain relief is a critical factor that could help guide the 

creation of more translatable treatment regimens.  

 

MEDITATIVE ANALGESIA: A ROLE FOR THE PARASYMPATHETIC 
NERVOUS SYSTEM? 
 

Mindfulness meditation is a relaxing practice that increases parasympathetic 
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activity [7; 49; 76; 90; 131]. The parasympathetic nervous system (PNS) is the 

branch of the autonomic nervous system that slows the heart rate and facilitates 

processes occurring at rest, such as digestion, lacrimation, and salivation. 

Further, PNS activity increases when an organism attends to or engages with an 

external stimulus and relaxes in a safe environment [62; 101; 102; 134]. The 

sympathetic nervous system is responsible for activation of the “fight or flight” 

response, a process that enhances strength and speed by maximizing blood flow 

to muscles and increasing heart rate and blood pressure [36].  

 

Alterations in parasympathetic and sympathetic tone are intimately liked with 

physiological and psychological responses to pain. After a nociceptive event, 

primary nociceptive afferent fibers ascend through the spinal chord and synapse 

on brainstem structures supporting autonomic control [i.e. nucleus of the solitary 

tract, PAG, caudal ventrolateral medulla, RVM, locus coeruleus, and parabrachial 

nucleus] [15; 103]. The net effect of activation in these regions is increased 

sympathetic and decreased parasympathetic activity [15; 63; 103; 115; 116; 152]. 

The intensity of these autonomic responses to a nociceptive stimulus is 

associated with heightened pain [103; 106; 107; 137; 164]. The combination of 

increased physiological arousal and negative pain-related evaluations may help 

motivate an organism to disengage from the stimulus (run away; tend a wound; 

defend itself) [60]. 

 

Behavioral interventions that alter how an individual interprets a nociceptive 

event (i.e. CBT) decrease pain through mechanisms that may be associated with 

increased PNS activation [66]. In fact, individuals who effectively reappraise 

aversive stimuli in ways that down-regulate negative responses exhibit 

pronounced increases in parasympathetic activity [22; 39; 126; 144]. In a similar 

fashion, mindfulness practitioners are trained to reduce all reactions to arising 

sensory events by reappraising the sensation in a neutral, nonjudgmental 

manner and redirecting attention to the breath [162]. This process likely reduces 

the intrusive, threatening nature of a nociceptive event. These cognitive 
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mechanisms may simultaneously lower pain responses [51; 52; 155; 162] and 

enhance relaxation (i.e. higher parasympathetic activity) [22; 39; 126; 144]. 

Neuroimaging and neurophysiological findings provide support for this 

hypothesis, since increased activity in brain regions implicated in emotion 

regulation and mindfulness-based analgesia (i.e. OFC; ACC; anterior insula) are 

also associated with increased parasympathetic and decreased sympathetic tone 

[9; 14; 78; 112; 113; 134; 135]. However, the relationship between mindfulness-

based analgesia and parasympathetic activation remains unknown.  

 

Mindfulness meditation also employs nonspecific processes (i.e. lower 

respiration rate) that have been demonstrated to increase parasympathetic 

activity and decrease pain [27; 85]. Thus, the primary objective of the current 

study was to examine if mindfulness-based analgesia is associated with 

increased parasympathetic activation when controlling for respiration rate. 

Further, we employed our validated placebo meditation intervention (i.e. sham 

mindfulness meditation) as a control condition. Sham mindfulness meditation 

controls for aspects of mindfulness meditation related to positioning (posture, 

eyes closed), respiration rate reductions, and the belief that one is practicing 

mindfulness. We hypothesized that mindfulness-related analgesia, but not sham 

mindfulness-based pain relief, would be associated with increased PNS tone 

when controlling for respiration rate. These findings may help delineate 

physiological responses associated with the pain-relieving effects of mindfulness-

based cognitive processes. In turn, this evidence could be used to help modify 

mindfulness interventions to better treat clinical pain. 
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ABSTRACT 
 
Mindfulness meditation is a self-regulatory practice premised on sustaining non-

reactive awareness of arising sensory events. Mindfulness significantly reduces 

pain presumably by actions primarily within the central nervous system. A 

number of cognitive manipulations decrease pain through parasympathetic 

nervous system (PNS) enhancements. Yet, the relationship between 

parasympathetic activation and mindfulness meditation-based analgesia remains 

unknown. The primary objective of the present study was to determine the role of 

high frequency heart rate variability (HF HRV), a marker of PNS activity, in 

mindfulness-based pain relief. Sixty healthy volunteers (30 females; 30 males) 

were randomized to a four-session (25 minutes/session) mindfulness meditation 

or a placebo-mindfulness training regimen (sham mindfulness meditation). 

Before and after each respective four-session training regimen, participants were 

administered noxious heat (49°C) and innocuous neutral (35°C) series to the 

right calf. HF HRV and respiration rate were recorded during and pain intensity 

and unpleasantness ratings (11-point visual analog scale) were collected after 

each stimulation series. We hypothesized that mindfulness meditation-induced 

pain relief would be associated with increased HF HRV. After training, 

mindfulness meditation and sham mindfulness meditation significantly reduced 

pain intensity and unpleasantness ratings, decreased respiration rate, and 

increased HF HRV when compared to rest (p < 0.001). Greater mindfulness-

induced reductions in pain unpleasantness were associated with increased HF 

HRV when controlling for respiration rate (p < 0.05). Sham mindfulness-based 

analgesia was not significantly associated with HF HRV. We postulate that heart 

rate variability is a potential mechanistic target to facilitate mindfulness-related 

analgesia. 
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INTRODUCTION 
 

The autonomic nervous system (ANS) is critical for homeostatic control of heart 

rate, blood pressure, and body temperature, among other physiologic functions 

[22]. Heart rate variability (HRV), defined as the variability in the time between 

adjacent heartbeats, is an index of parasympathetic and sympathetic activity [8; 

13; 21; 65]. Parasympathetic input to the heart is mediated by the vagus nerve, 

which exerts its effects more rapidly than sympathetic fibers [8; 13; 21]. Thus, 

high frequency (fast) changes in heart rate [0.15 - 0.40 Hz; HF HRV] are largely 

driven by parasympathetic activation [8; 13; 21]. Parasympathetic activation is 

directly associated with modulating health outcomes. That is, lower HF HRV is 

associated with higher anxiety [83], stress [53], hypertension [59], and clinical 

pain [7; 19; 36; 71; 85]. Low baseline parasympathetic activity is also associated 

with higher pain ratings in response to experimentally induced pain [85; 103]. 

Yet, the role of HF HRV in the modulation of pain remains poorly characterized.  

 

Pain relief produced by exogenous and endogenously facilitated manipulations is 

associated with increased phasic parasympathetic activity when compared to 

baseline parasympathetic levels [11; 49]. Slow, rhythmic breathing, a common 

self-regulatory practice, reliably attenuates pain and increases HF HRV [16; 62]. 

During normal breathing, changes in blood pressure activate the baroreceptor 

reflex, producing vagally mediated changes in heart rate [10; 24; 46]. Yet, 

progressive breathing reductions increase baroreceptor reflex sensitivity, 

resulting in higher heart rate variability (higher HF HRV) [24; 46].  

 

Mindfulness meditation is also a slow-breathing practice [41; 91; 94; 99] that 

increases HF HRV [3; 30; 55; 69; 81] and reduces clinical [15; 18; 31; 34; 51; 52; 

66; 67] and experimental pain [9; 28; 40; 41; 61; 70; 93-95; 99]. Mindfulness 

reduces pain through multiple, unique mechanisms [éPFC; êthalamus; ê 

periaqueductal gray (PAG)] [94; 99] implicated in the top-down modulation of 

vagal activity [4-6; 17; 77; 82]. However, it is not known if heightened 
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parasympathetic tone is associated with the analgesic effects of mindfulness 

meditation. 

 

The primary objective of the present study was to determine if mindfulness-based 

pain relief is associated with increases in HF HRV above and beyond changes in 

respiration rate. A robust, sham mindfulness meditation comparison condition 

was employed because this technique reliably controls for nonspecific 

mindfulness-related processes (posture; expectations, conditioning, beliefs) and 

reductions in respiration [94; 98]. Further, placebo-based analgesia is not 

mediated by increased parasympathetic activity [50; 72; 84]. Thus, we postulated 

that when controlling for respiration rate, improvements in HF HRV would not be 

associated with sham mindfulness-induced pain relief.  

 

MATERIALS AND METHODS 

 

Participants 
Seventy-five healthy, pain-free volunteers (age range: 18 – 55 years) provided 

informed consent for the present study. Study exclusion criteria included 

individuals with any prior meditation experience, mental illness, personality 

disorder, hypertension, chronic heart, lung, or ongoing pain condition, and those 

using psychotropic, pain, cardiac medications, or any nicotine products. Eight 

subjects voluntarily withdrew from the study due to scheduling conflicts or 

unknown reasons, and one was excluded because of her disclosure of a 

psychiatric disorder after signing consent.  

 

Sixty-six participants successfully completed all study procedures. Of those sixty-

six, four were dismissed and financially compensated because recruitment goals 

(see sample size determination) were met before they completed the study. Two 

individuals were removed from the final analyses because their HF HRV levels 

were approximately 2.90 standard deviations below the sample mean for HRV 

data collected in experimental sessions 1 and 6 [86]. 
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Sixty participants [mean age (SD) = 30 ± 10 years; 30 females; 30 males] (Table 

1) are included in the present paper. Of these, 39 reported identifying as white, 

18 as black, and 3 as Asian. Participants were instructed to refrain from caffeine 

and alcohol for 12 hours and to refrain from exercise for 24 hours prior to 

participation in the pre-intervention and post-intervention sessions due to the 

influence of these variables on autonomic activity [13]. Wake Forest School of 

Medicine’s Institutional Review Board approved all study procedures. All subjects 

provided written, informed consent recognizing that they would experience 

painful heat stimuli, that all methods were clearly explained, and that they were 

free to withdraw from the study without prejudice. 

 

 
Table 1.  

 
Participant demographic, Visual Analog Scale (VAS) pain intensity and 

unpleasantness ratings, respiration rate (RR), HF HRV, and perceived 

intervention effectiveness ratings (mean ± SEM). 

 
   
 Variable 
 

 
Mindfulness          
Meditation 

 
   Sham 
Mindfulness 
 
 

 
Combined 
 

Age 30.13 (1.94) 29.90 (1.80) 
 

30.01 (1.31) 

Sex M = 14; F = 16 M = 16; F = 14 
 

M = 30; F = 30 

Pre-intervention pain intensity 
 

5.30 (0.39) 4.75 (0.30) 5.03 (0.25) 

Pre-intervention pain unpleasantness 
 

5.90 (0.44) 5.07 (0.38) 5.48 (0.29) 

Post-intervention Rest pain intensity  
 

5.22 (0.42) 4.81 (0.21) 5.02 (0.23) 

Post-intervention Meditation pain intensity 
 

4.03 (0.32) 3.75 (0.28) 3.89 (0.21)** 

Post-intervention Rest pain unpleasantness 
 

5.41 (0.44) 5.17 (0.29) 5.29 (0.26) 

Post-intervention Meditation pain unpleasantness 
 

3.43 (0.34) 3.33 (0.36) 3.38 (0.24)** 

Pre-intervention heat RR 
 

16.40 (0.86) 15.88 (0.62) 16.18 (0.53) 

Pre-intervention neutral RR 
 

17.17 (0.68) 16.57 (0.66) 16.86 (0.47) 

Pre-intervention heat HF HRV 8.14 (0.20) 8.48 (0.23) 8.32 (0.15)* 
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Pre-intervention neutral HF HRV 7.95 (0.18) 8.30 (0.21) 

 
8.13 (0.14) 

Post-intervention Rest RR heat 
 

17.26 (0.74) 15.89 (0.50) 16.57 (0.45) 

Post-intervention Rest RR neutral 
 

17.90 (0.75) 17.18 (0.51) 17.54 (0.45) 

Post-intervention Meditation RR heat 
 

11.28 (0.85) 9.84 (0.74) 10.56 (0.57) 

Post-intervention Meditation RR neutral 
 

13.94 (0.88) 13.33 (0.66) 13.63 (0.54) 

Post-intervention Rest HF HRV heat 
 

7.74 (0.21) 8.30 (0.18) 8.03 (0.14) 

Post-intervention Rest HF HRV neutral 
 

7.59 (0.22) 8.10 (0.18) 7.84 (0.14) 

Post-intervention Meditation HF HRV heat 
 

9.69 (0.21) 8.47 (0.17) 8.27 (0.14) 

Post-intervention Meditation HF HRV neutral 8.08 (0.19) 8.46 (0.18) 
 

8.31 (0.13) 

TS 1 perceived meditative effectiveness 5.05 (0.36) 4.46 (0.32) 
 

4.77 (0.24) 

TS 2 perceived meditative effectiveness 
 

5.35 (0.35) 4.93 (0.37) 5.21 (0.26) 

TS 3 perceived meditative effectiveness 
 

5.75 (0.45) 4.83 (0.42) 5.34 (0.31) 

TS 4 perceived meditative effectiveness 
 

6.31(0.47) 6.19 (0.32) 6.25 (0.28) 

 
There were no significant differences between groups on age, sex, pain intensity or 
unpleasantness ratings, RR, HF HRV, or perceived meditative effectiveness across 
meditation training sessions (TS) 1,2,3, and 4.  

 
**p < 0.001. During session 6, both groups significantly reduced pain intensity (-23%) 
and pain unpleasantness ratings (-36%) when compared to rest. There were no between 
group differences on pain intensity (p = 0.42) or unpleasantness ratings (p = 0.72). 

 
*p = 0.003. At session 1, HF HRV during heat was higher for both groups when 
compared to neutral stimulation.  

 
 
Sample size determination 
Based on our previous studies assessing changes in respiration rate (RR) and 

pain during mindfulness meditation [93; 94; 99] and sample size determination 

software (G*Power, 3.1), 62 subjects (n = 31/group) were calculated to provide 

80% power (p < 0.05) to detect a medium effect size (R2 = 0.13) on between-

group analyses examining the relationship between pain ratings and HF HRV.  
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Randomization procedure 
Upon recruitment, participants were randomly assigned to one of the two training 

regimen groups by a third party. Due to the influence of age and sex on HF HRV 

[2; 89], randomization was stratified so that individuals within each sex were 

matched on age (within five years) and assignment to one of the two groups. 

Between group age differences were not significant (F(1, 58) = 0.01; p = 0.93; 

Table 1). After completion of the pre-intervention session (experimental session 

1), the experimenter was informed of the respective participant’s group 

assignment. All participants were told that they had been randomly assigned to 

the mindfulness meditation intervention, regardless of actual group assignment 

(i.e. sham mindfulness meditation or mindfulness meditation). 

 

Stimuli 
A TSA-II device (Medoc) was used to deliver all thermal stimuli using a 16mm2 

surface area thermal probe to the left arm (psychophysical training session) or 

back of the right leg (experimental sessions). This modest stimulus area allows a 

relatively wide range of noxious stimuli to be delivered. All stimulus temperatures 

were £ 49°C. Subjects were free to lift their limb at any time. No stimuli produced 

any tissue damage. 

 

Psychophysical assessment of pain 
Pain intensity and unpleasantness ratings were assessed separately using a 

fifteen cm, 11-point plastic sliding visual analog scale (VAS) [74]. The minimum 

rating (“0”) was designated as “no pain sensation” or “not at all unpleasant,” 

whereas the maximum rating (“10”) was labeled as “most intense pain 

imaginable” or “most unpleasant pain imaginable,” respectively. Participants were 

instructed that, “the distinction between the two aspects of pain might be made 

clearer if you think of listening to a sound, such as a radio. The intensity of pain is 

like loudness; the unpleasantness of pain depends not only on intensity, but also 

on other factors which may affect you” [76]. These scales provide reliably 
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separate assessments of pain intensity and unpleasantness, are internally 

consistent, and approximate ratio scale measurement accuracy [73].  

 
Psychological measures 
 
Perceived intervention effectiveness  

As previously [94], “perceived meditative effectiveness” was assessed with an 

11-point plastic sliding VAS (“0” = not effective at all; “10” = most effective 

imaginable) after the completion of each of the mental training sessions. 

Participants were asked to provide VAS responses to the following question: 

“How effectively did you meditate?” This measure served as a manipulation 

check of the sham mindfulness meditation regimen by verifying that training led 

participants to believe they were practicing mindfulness meditation. It was 

hypothesized that there would be no significant differences between the 

mindfulness and sham mindfulness meditation groups on “perceived meditative 

effectiveness” [94]. 

 

Physiological measures 
 
Physiological acquisition 

All participants were fitted with electrocardiography (ECG) sensors using a lead II 

configuration, where the positive electrode is placed on the left lower abdomen 

and the negative electrode is placed on the right upper chest directly under the 

clavicle [54]. Respiration was measured with a respiratory transducer belt that 

was placed around the participant’s chest close to the diaphragm (Biopac 

MP100, AcqKnowledge; Biopac Systems, Goleta, CA). Subjects were fitted with 

these instruments before heat testing. All physiological activity was recorded at a 

rate of 1 kHz with an integrated software system (Biopac MP100, AcqKnowledge; 

Biopac Systems, Goleta, CA).  
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Physiological signal processing 

All physiological data were processed using Autonomic Nervous System 

Laboratory software (ANSLab v2.51) [92]. The following standardized procedures 

were employed to collect and analyze ECG data and HF HRV values [13]. First, 

cardiovascular data were visually inspected for artifacts and missing R-peaks (an 

ECG wave representing the occurrence of ventricular depolarization during 

systole). Missing R-peaks were determined based upon intervals between 

adjacent R-peaks that appeared too long or too short [13]. If an R-peak was 

missing, an R-peak was inserted at a time-point halfway between the two 

adjacent R-peaks (to preserve variability this insertion was not done more than 

once per minute). Fast Fourier Transformation was then performed on ECG data. 

HF HRV was calculated as the natural log of the high frequency power (0.15 - 

0.40 Hz), a measurement shown to indicate vagal input to the heart [8; 13; 21]. 

RR was calculated as the average number of breaths per minute (min) in each of 

the four, 4min 39s experimental series. 

 

Study Design 
 
Study procedures across experimental sessions and groups are illustrated in 

Figure 1. 

 
Experimental session 1: pre-intervention session 

 

Baseline physiological recording 

 

After obtaining consent, all subjects were fitted with a respiratory transducer and 

ECG sensors. Participants then were instructed to “rest comfortably” in a supine 

position while baseline physiological measurements were acquired (7min 39s). 

The first three minutes of this time period were collected as an acclimation period 

to allow participants to adapt to the ECG sensors, respiration belt, and 

experimental setting [13]. The remaining time (4min 39s) was used to collect 



	 45 

baseline RR and HF HRV and matched the experimental procedures employed 

in the subsequent experimental sessions.  

 

Psychophysical Training 

 

All participants underwent psychophysical training (PT), where they were 

familiarized with 32, five-second stimuli (35-49°C) and trained to use the VAS. 

During PT, stimuli were delivered to the ventral aspect of the left forearm. The 

thermal probe was moved to a new location after each stimulus to reduce 

habituation and/or sensitization. No physiological data were collected during PT.  

 

Pre-intervention pain ratings (Rest + heat) 

 

Innocuous stimulation was characterized by neutral series consisting of continual 

35°C stimulation. Noxious stimulation were labeled heat series that included ten 

alternating, twelve second plateaus of 49°C interleaved with 35°C [93; 94; 99]. 

 

Two neutral and two heat series were administered in the following order 

(neutral-1, heat-1, neutral-2, heat-2; each series = 4min 39s) to all participants. 

VAS pain intensity and unpleasantness ratings were collected after each series 

to assess for potential baseline group differences. That is, after each series, 

participants were instructed to “rate the feeling of pain (intensity and 

unpleasantness, respectively) for the overall experience” of each heat and 

neutral series. Physiological data were collected throughout each thermal 

stimulation series. The thermal probe was moved to a new location on the right 

calf after each series to reduce stimulus habituation and sensitization.  

  

Experimental sessions 2-5: Mindfulness meditation training 

As previously [93; 94; 99], subjects in the meditation group participated in four 

separate sessions (25 min/session) of mindfulness-based mental training within 

seven days. Meditation training was introduced to subjects as a secular practice. 
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Across all training sessions, subjects were trained to focus on the changing 

sensations of the breath and to non-reactively appraise arising sensations, 

thoughts, and feelings. Time spent providing guided meditation instructions were 

progressively reduced across meditation training days to allow subjects to 

meditate in silence [93; 94; 97-100]. 

 

In each meditation training session, participants were trained to acknowledge 

arising thoughts, feelings, and/or emotions without reaction. Participants were 

asked to return “their attention to the sensations of the breath” whenever they 

were distracted from breath focus. Subjects were also taught that perceived 

sensory/affective events were “momentary” and “fleeting” and did not “require 

further evaluation.” During meditation training sessions 1 and 2, participants were 

instructed to focus on the breath sensations occurring “at the tip of the nose” and 

to expand their focus to the “full flow of the breath,” including bodily sensations 

(e.g., rise and fall of the abdomen and chest). During meditation training sessions 

3 and 4, subjects received minimal meditation instructions and meditated while in 

a supine position in order to better acclimate to the positioning in the post-

intervention session. Participants were not instructed to practice outside of 

training. 

 

Experimental sessions 2-5: Sham mindfulness meditation training 

The main purpose of the sham mindfulness meditation intervention was to lead 

participants to believe they were practicing mindfulness meditation without 

providing the explicit instructions related to attending to the breath and engaging 

a non-reactive cognitive stance towards distractions [94; 98]. As previously [94; 

98], participants in the sham mindfulness meditation group were told that they 

had been randomly assigned to the mindfulness meditation group. In each of the 

four training sessions (within seven days; 25 min/session), subjects were 

instructed “to close their eyes and to take a deep breath” every 2-3 minutes “as 

we sit here in mindfulness meditation” [94; 98]. All other aspects of the sham 

mindfulness meditation intervention (i.e., body position; intervention room; 
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facilitator; time spent providing instructions; eyes closed) matched the 

mindfulness meditation-training regimen. During meditation training sessions 3 

and 4, participants meditated while in a supine position to better acclimate to the 

positioning in the post-intervention session. Subjects were not instructed to 

practice outside of training. 

 

Experimental Session 6: post-intervention session  

 

Pre-manipulation (Rest + heat)  

 

As in the pre-intervention session, participants were instructed to “rest 

comfortably” in a supine position and “to not meditate” during physiological 

recording (7 min 39 sec). The first three minutes of this time period was not 

analyzed because it was used to allow participants to acclimate to the sensors 

and testing environment [13]. The remaining time was used to assess RR and 

HF HRV after participation in the intervention sessions.  

 

Subsequently, participants were fitted with the thermal probe on the right calf and 

were administered two neutral and two heat series in the following order (neutral-

1, heat-1, neutral-2, heat-2). Participants provided VAS pain intensity and 

unpleasantness ratings after each series. The thermal probe was moved to a 

new location on the right calf after each series. Physiological data were collected 

during all thermal stimulation series in the post-intervention session.  

 

Manipulation (Meditation) 

 

After the first four thermal stimulation series, participants in both groups were 

instructed to “begin meditating and continue meditating for the remainder of the 

experiment.” They were provided ten minutes to meditate before noxious heat 

stimulation began. Physiological data were collected continuously throughout 

“meditation.” 
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Post-manipulation (Meditation + heat)  

 

After ten minutes of mindfulness meditation or sham mindfulness meditation, two 

neutral and two heat series (neutral-3, heat-3, neutral-4, heat-4) were 

administered. In order to not interrupt participants’ meditation, subjects were not 

informed that they would be administered a thermal stimulus immediately prior to 

neutral-3. The thermal probe was moved to a new location on the right calf after 

each series. Participants provided VAS ratings of pain intensity and pain 

unpleasantness after each thermal series.   



	 49 

Figure 1. Overview of experimental design.  
 

 
 
First column, Session 1 (pre-intervention session). We collected baseline respiration rate 
and HF HRV while participants were asked to “rest quietly” in a supine position. 
Participants then underwent psychophysical training (PT) where they were familiarized 
with the Visual Analog Scales (VAS) and the range of thermal stimuli. Additionally, 
subjects underwent two neutral and two heat thermal stimulation series administered in 
the order neutral, heat, neutral, heat. VAS ratings of pain intensity and pain 
unpleasantness were collected after all thermal series. Participants were randomly 
assigned to a mindfulness meditation or a sham mindfulness meditation group after 
completion of the pre-intervention session. Second column, Sessions 2-5. Participants 
underwent four sessions (25m/d) of mindfulness meditation or sham mindfulness 
meditation training. Third column, Session 6 (post-intervention session). We collected 
baseline measures of respiration rate and HF HRV while participants were instructed to 
“rest quietly” in a supine position. We then administered two neutral and two heat series 
in the order neutral, heat, neutral, heat while subjects were told to “rest comfortably” 
without meditating (i.e., Rest). Subjects in both groups were then asked to “begin 
meditating and continue meditating for the remainder of the experiment.” Participants 
were given ten minutes to meditate (Manipulation). Subsequently, all participants were 
administered two neutral and two heat series in the order neutral, heat, neutral, heat 
while they continued to meditate (Post-Manipulation). Participants were given two 
minutes to meditate in between each of the Post-manipulation thermal series. VAS 
ratings of pain intensity and pain unpleasantness were collected after all thermal series. 
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Analysis of behavioral and physiological data 
 
In all ANOVAs (SPSS 19.0 IBM, Armonk, New York), significant (p < 0.05) main 

effects and interactions were investigated with a priori simple effects tests.  

 

For all results pertaining to the post-intervention session, the delineation “rest” 

corresponds to data collected before subjects practiced mindfulness meditation 

or sham mindfulness meditation. For both groups, the term “meditation” 

corresponds to data collected during the post-manipulation (mindfulness 

meditation; sham mindfulness meditation) series.  

 

Perceived intervention effectiveness 

A 2 (group: mindfulness vs. sham mindfulness) X 4 (session: meditation training 

sessions 1, 2, 3, and 4) mixed ANOVA assessed for significant differences in 

“perceived meditative effectiveness” scores with “group” as a between-subjects 

factor and “session” as a within-subjects factor.   

 

Pain ratings 

Pain ratings given in response to neutral series (35°C) were subtracted from the 

subsequent heat VAS rating [e.g., (heat-1-neutral-1); (heat-2-neutral-2)]. Nine 

participants reported nonzero ratings of pain intensity and unpleasantness to 

neutral series (mean = 0.7 and 0.4, respectively).  

 

Pain intensity and unpleasantness ratings were examined separately. To assess 

between group differences at baseline, we conducted a one-way ANOVA (group: 

mindfulness vs. sham mindfulness) on pain ratings during the pre-intervention 

session.  

 

To test if mindfulness meditation produced significantly greater reductions in pain 

intensity and unpleasantness when compared to rest and sham mindfulness 

meditation, we conducted a 2 (group: mindfulness vs. sham mindfulness) X 2 
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(manipulation: rest vs. meditation) mixed ANOVA on pain ratings during the post-

intervention session with “manipulation” as a within-subjects factor.  

 

HF HRV and respiration rate  

For pre-intervention session analyses, two separate, 2 (group: mindfulness vs. 

sham mindfulness) X 2 (stimulation: heat vs. neutral) mixed ANOVAs tested 

whether there were group differences in HF HRV and RR across heat and 

neutral series, respectively. “Stimulation” was designated as a within-subjects 

factor. 

 

For post-intervention session analyses, two separate 2 (group: mindfulness vs. 

sham mindfulness) X 2 (manipulation: rest vs. meditation) X 2 (stimulation: heat 

vs. neutral) mixed ANOVAs were performed to test whether type of meditation 

differentially impacted the effects of meditating on HF HRV and RR, respectively. 

 

Regression analyses testing the relationship between HF HRV and pain ratings 

 

Separate moderated regressions were conducted to determine if groups 

significantly differed in their relationship between HF HRV and pain intensity and 

pain unpleasantness ratings during meditation, respectively. Pain intensity and 

pain unpleasantness ratings were designated as the dependent variables. Pain 

ratings in response to rest and heat series (rest; pre-manipulation) and 

meditation and heat series (meditation; post-manipulation) were averaged 

separately. Rest and meditation-related RR and HF HRV were averaged across 

neutral and heat series values, respectively. Standardized “group” and 

standardized HF HRV during meditation was multiplied to create the interaction 

term (group X meditation HF HRV) [47].  

 

Age, rest-related pain ratings, RR during rest, HF HRV during rest, RR during 

meditation, standardized “group”, standardized HF HRV during meditation, and 

group X meditation HF HRV were entered in the analyses, respectively [20]. A 
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priori within group analyses tested the primary hypothesis that mindfulness-

based analgesia, but not sham mindfulness-induced pain relief, would be 

associated with increased HF HRV when controlling for respiration rate.  

 
RESULTS 
 

Behavioral Findings 
 
Pain ratings: pre-intervention session  

 

There were no significant pre-intervention between group differences on pain 

intensity (F(1, 58) = 1.28, p = 0.26) and unpleasantness ratings (F(1, 58) = 2.03, p = 

0.16) (Table 1).  

 

No differences in perceived intervention effectiveness between groups 

 

Both groups reported increases in “perceived meditative effectiveness” across 

the four intervention sessions (F(3, 56) = 15.63, p < 0.001 η2p	= 0.22; Table 1). 

There were no significant differences in perceived meditation effectiveness 

between groups (F(1, 56) = 1.17, p = 0.29), or a significant group X session 

interaction (F(3, 56) = 1.05, p = 0.37), demonstrating that our sham mindfulness 

meditation regimen effectively led participants to believe they were practicing 

mindfulness meditation. 

 

Pain ratings: post-intervention session  

 

Mindfulness meditation and sham mindfulness meditation significantly reduced 

pain  

 

Pain intensity: There was a significant reduction (-22.5%; p < 0.001; Figure 2a; 

Table 1) in pain intensity (F(1, 58) = 63.32, p < 0.001, η2p	= 0.52) from rest to 
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meditation across both groups. There was no significant main effect of group (F(1, 

58) = 0.67, p = 0.42) or group X manipulation interaction (F(1, 58) = 0.20, p = 0.65).  

 

Pain unpleasantness: Pain unpleasantness ratings decreased by 36% across 

both groups during meditation when compared to rest (F(1, 58) = 82.07, p < 0.001, 

η2p	= 0.59; Figure 2b; Table 1). There were no significant group differences (F(1, 

58) = 0.13, p = 0.72) or a group X manipulation interaction (F(1, 58) = 0.12, p = 

0.73). 
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Figure 2. Post-intervention session psychophysical pain intensity (A) and pain unpleasantness (B) ratings (mean ±95% 

confidence intervals). 

 
Both groups significantly reduced pain intensity (p < 0.001; left) and unpleasantness (p < 0.001; right) ratings when compared to rest. 
There was no significant group X manipulation interaction on pain intensity (p = 0.65) or unpleasantness (p = 0.73) ratings. 
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Physiological findings 
 
Pre-intervention session 

 

HF HRV: There was a significant main effect of stimulation (F(1, 57) = 9.69, p = 

0.003, η2p	= 0.15), which corresponded to an increase in HF HRV during noxious 

heat when compared to neutral series (Table 1). There were no significant 

between group differences in HF HRV (F(1, 57) = 1.44, p = 0.24) or a group X 

stimulation interaction (F(1, 57) = 0.01, p = 0.93).  

 

Respiration rate: Respiration rate did not significantly vary by stimulation type 

(heat; neutral) (F(1, 57) = 2.07, p = 0.16) or by group (F(1, 57) = 0.40, p = 0.53) and 

there was no significant group X stimulation interaction (F(1, 57) = 0.006, p = 0.94; 

Table 1). 

 

Post-intervention session 

 

Mindfulness and sham mindfulness meditation significantly increased HF HRV 

and decreased RR 

 

HF HRV: There was a significant increase in HF HRV from rest to meditation (F(1, 

58) = 28.69, p < 0.001, η2p			= 0.33; Table 1). There was a significant manipulation 

X stimulation interaction (F(1, 58) = 7.18, p = 0.01, η2p		= 0.11). Simple effects tests 

revealed that during rest but not meditation (F(1, 58) = 0.25; p = 0.62), HF HRV 

was significantly higher during heat when compared to neutral stimulation (F(1, 58) 

= 7.88; p = 0.007). There was no significant main effect of stimulation (F(1, 58) = 

1.61, p = 0.21) or group (F(1, 58) = 3.00, p = 0.09).  

 

Respiration rate: The significant main effect of the manipulation was associated 

with a reduction in RR from rest to meditation (-29.3%; F(1, 58) = 85.44, p < 0.001, 

η2p	= 0.60; Table 1). There was a significant manipulation X stimulation 
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interaction (F(1, 58) = 21.35, p < 0.001, η2p		= 0.27). Post-hoc analyses revealed 

that RR decreases from rest to meditation were significantly greater for heat 

series (-36.3%; F(1, 58) = 104.20; p < 0.001) when compared to neutral series (-

22.3%; F(1, 58) = 45.90; p < 0.001). There was a significant main effect of 

stimulation corresponding to higher RR during neutral when compared to heat 

series (F(1, 58) = 67.63, p < 0.001, η2p	= 0.54). There were no significant between 

group differences on RR (F(1, 58) = 1.74, p = 0.19). 

 

Testing the relationship between meditation, HR HRV, and pain ratings 

 

There were no group differences in the relationship between HF HRV and pain 

intensity 

 

There was no significant group X HF HRV interaction on pain intensity ratings 

during meditation [t(53) = -1.18, p = 0.24; full model is reported in Table 2].  

 

Mindfulness-induced pain unpleasantness reductions were associated with 
higher HF HRV  
 

The moderated regression analysis indicated that the relationship between HF 

HRV and pain unpleasantness during meditation marginally differed by treatment 

group (group X HF HRV interaction) [B = -0.45, SE = 0.24, t(53) = -1.93, p = 

0.059; full model is reported in Table 3]. Planned post-hoc analyses revealed that 

when controlling for RR, higher HF HRV during mindfulness meditation was 

associated with lower pain unpleasantness ratings (b = -0.52, p = 0.049; Figure 

3a; Table 4). In contrast, HF HRV during sham mindfulness meditation was not 

significantly related to pain unpleasantness ratings (b = 0.40, p = 0.13; Figure 3b; 

Table 5). 
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Table 2.  
 

Moderated regression analysis on HF HRV and pain intensity ratings in the post-

intervention session. 

 
 

B, unstandardized beta coefficient; SE B, standard error of unstandardized beta 
coefficient; b, standardized beta coefficient; sr2, semipartial coefficient squared; Rest 
pain intensity, averages of pain intensity ratings at rest; Rest RR, averages of pre-
manipulation heat and neutral respiration rate; Rest HF HRV, averages of pre-
manipulation heat and neutral HF HRV; Meditation RR, averages of post-manipulation 
heat and neutral respiration rate; Meditation HF HRV, standardized average of post-
manipulation heat and neutral HF HRV; Group, standardized value depicting assignment 
to the sham mindfulness or mindfulness meditation group; Group X HF HRV, interaction 
between standardized Group values and Meditation HF HRV values. 

 
**p < 0.001 

 
 

  

 
Variable 

 
  B 

 
SE B 

 
   b 

 
  sr2 

 
Model R2 

 
    F 

      
0.66 
 

 
12.53** 

Age 
 

 0.01 0.02  0.04 0.00   

Rest pain intensity 
 

 0.71 0.08  0.79 0.54**   

Rest RR 
 

-0.03 0.05 -0.06 0.00   

Rest HF HRV 
 

-0.04 0.27 -0.02 0.00   

Meditation RR 
 

 0.03 0.04  0.09 0.01   

Meditation HF HRV  0.19 0.33  0.10 0.00 
 

  

Group 
 

 0.03 0.15  0.02 0.00   

Group X Meditation HF HRV 
 

-0.20 0.17 -0.10 0.01   
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Table 3.  
 

Moderated regression analysis on HRV and pain unpleasantness ratings in the 

post-intervention session. 

 
B, unstandardized beta coefficient; SE B, standard error of unstandardized beta 
coefficient; b, standardized beta coefficient; sr2, semipartial coefficient squared; Rest 
pain unpleasantness, averages of pain unpleasantness ratings at rest; Rest RR, 
averages of pre-manipulation heat and neutral respiration rate; Rest HF HRV, averages 
of pre-manipulation heat and neutral HF HRV; Meditation RR, averages of post-
manipulation heat and neutral respiration rate; Meditation HF HRV, standardized 
average of post-manipulation heat and neutral HF HRV; Group, standardized value 
depicting assignment to the sham mindfulness or mindfulness meditation group; Group 
X HF HRV, interaction between standardized Group values and Meditation HF HRV 
values. 

 
**p < 0.001 
 
†p = 0.059 

 
  

 
Variable 

 
  B 

 
SE B 

 
  b 

 
 sr2 

 
Model R2 

 
  F 

      
0.51 
 

 
6.51** 

Age 
 

 0.03 0.02  0.14 0.01   

Rest pain unpleasantness 
 

 0.57 0.10  0.62 0.36**   

Rest RR 
 

 0.02 0.07  0.03 0.00   

Rest HF HRV 
 

-0.03 0.38 -0.02 0.00   

Meditation RR 
 

 0.07 0.05  0.15 0.02   

Meditation HF HRV  0.09 0.46  0.04 0.00 
 

  

Group 
 

-0.02 0.20 -0.01 0.00   

Group X Meditation HF HRV 
 

-0.45 0.24 -0.20 0.04†   
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Table 4. 
 

Regression analysis on HF HRV and pain unpleasantness ratings for the 

mindfulness meditation group. 

 
B, unstandardized beta coefficient; SE B, standard error of unstandardized beta 
coefficient; b, standardized beta coefficient; sr2, semipartial coefficient squared; Rest 
pain unpleasantness, averages of pain unpleasantness ratings during rest; Rest RR, 
averages of pre-manipulation heat and neutral respiration rate; Rest HF HRV, averages 
of pre-manipulation heat and neutral HF HRV; Meditation RR, averages of post-
manipulation heat and neutral respiration rate; Meditation HF HRV, averages of post-
manipulation heat and neutral HF HRV. 

 
**p < 0.001 

 
*p < 0.05 

 
  

 
Variable 
 

 
  B 

 
SE B 

 
   b 

 
 sr2 

 
Model R2 

 
  F 

     0.71 
 

9.48** 

Age 
 

 0.09 0.03  0.49 0.15*   

   Rest pain unpleasantness 
 

 0.33 0.10  0.44 0.15*   

Rest RR 
 

-0.01 0.06 -0.03 0.00   

Rest HF HRV 
 

 0.69 0.41  0.43 0.04   

Meditation RR 
 

 0.08 0.05  0.19 0.03   

Meditation HF HRV -0.90 0.43 -0.52 0.05*   
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Table 5. 
 

Regression analysis on HF HRV and pain unpleasantness ratings for the sham 

mindfulness meditation group. 

 
B, unstandardized beta coefficient; SE B, standard error of unstandardized beta 
coefficient; b, standardized beta coefficient; sr2, semipartial coefficient squared; Rest 
pain unpleasantness, averages of pain unpleasantness ratings during rest; Rest RR, 
averages of pre-manipulation heat and neutral respiration rate; Rest HF HRV, averages 
of pre-manipulation heat and neutral HF HRV; Meditation RR, averages of post-
manipulation heat and neutral respiration rate; Meditation HF HRV, averages of post-
manipulation heat and neutral HF HRV. 

 
**p < 0.001 

 
Variable 
 

 
  B 

 
SE B 

 
   b 

 
 sr2 

 
Model R2 

 
  F 

     0.63 
 

6.63** 

Age 
 

-0.02 0.03 -0.11 0.01   

   Rest pain unpleasantness 
 

 0.89 0.17  0.72 0.45**   

Rest RR 
 

-0.02 0.12 -0.03 0.00   

Rest HF HRV 
 

-0.94 0.53 -0.47 0.05   

Meditation RR 
 

-0.04 0.09 -0.07 0.00   

Meditation HF HRV  0.86 0.54  0.40 0.04   
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Figure 3. The relationship between HF HRV and pain unpleasantness ratings. 

 
There was a marginally significant group difference on the relationship between HF HRV 
and pain unpleasantness (p = 0.059). A) A within group analysis revealed that for the 
mindfulness meditation group, higher HF HRV was significantly associated with lower 
pain unpleasantness (r = -0.52; p = 0.049) after accounting for age, pre-manipulation 
pain ratings, respiration rate, and pre-manipulation HF HRV. B) For the sham 
mindfulness meditation group, higher HF HRV was non-significantly associated with 
higher pain unpleasantness when accounting for age, pre-manipulation pain ratings, 
respiration rate, and pre-manipulation HF HRV (r = 0.40; p = 0.13). 
  

1.00.50.00- . 5 0- 1 . 0 0

3.50

2.50

1.50

.50

- . 5 0

- 1 . 5 0

- 2 . 5 0

- 3 . 5 0

1.00.50.00- . 5 0- 1 . 0 0

3.50

2.50

1.50

.50

- . 5 0

- 1 . 5 0

- 2 . 5 0

- 3 . 5 0

(adjusted)

*r = -0.52

A B

V
A

S
 P

ai
n 

U
np

le
as

an
tn

es
s 

R
at

in
gs

 (a
dj

us
te

d)

HF HRV (adjusted)
Sham mindfulness-induced 
 

V
A

S
 P

ai
n 

U
np

le
as

an
tn

es
s 

R
at

in
gs

 (a
dj

us
te

d)

 Mindfulness-induced HF HRV
 

r = 0.40



	 62 

DISCUSSION 
 

Mindfulness meditation and sham mindfulness meditation significantly reduced 

pain intensity and pain unpleasantness ratings (Figure 2), increased heart rate 

variability, and lowered respiration rate (Table 1). Mindfulness-induced 

reductions in pain unpleasantness ratings, but not pain intensity, were associated 

with greater high frequency heart rate variability (HF HRV) when controlling for 

the 28% reduction in respiration rate (Figure 3a; Table 4). In contrast, sham 

mindfulness-induced decreases in pain unpleasantness ratings were not 

significantly associated with increases in HF HRV (Figure 3b; Table 5).  

 

Notably, sham mindfulness meditation was employed to better characterize and 

disentangle the specific analgesic mechanisms supporting mindfulness 

meditation. This manipulation resembles mindfulness meditation, not only in 

appearance (posture, eyes closed) but also in respiration rate reductions, 

increases in HRV, and the belief that one is practicing mindfulness (Table 1). It is 

then not surprising that both conditions significantly reduced pain (Figure 2). 

However, these experimental conditions differed by one key feature that may 

explicate the differential relationship between HF HRV and reductions in pain 

unpleasantness observed between groups (Figure 3). That is, unlike sham 

mindfulness meditation, the mindfulness meditation condition involved 

engagement of a non-evaluative, present-moment focused cognitive stance to 

attenuate affective responses to noxious stimulation. It is possible that this 

distinguishing cognitive feature may have reduced pain unpleasantness through 

mechanisms supporting heightened parasympathetic activation.  

 

The role of parasympathetic activation in mindfulness-based analgesia 
 

Cognitive reappraisal techniques attenuate affective reactions to aversive 

sensory events by recontextualizing the meaning of said events to decrease their 

perceived degree of threat or harm [33; 37; 38; 43; 63; 64]. Effective use of 
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reappraisal significantly increases parasympathetic activity [12; 23; 80; 88]. 

Similarly, mindfulness meditation also employs unique reappraisal mechanisms 

by redirecting attention to the present moment (breath; body sensations) in a 

non-reactive fashion [26; 27; 32; 94; 99]. When mindfulness is practiced during 

noxious stimulation, initial appraisals of said stimuli as an affectively laden threat 

to bodily integrity are subsequently reappraised as momentary, albeit intense 

sensory events [101]. This cognitive process of shifting from affective to sensory 

processing of pain sensations has been shown to mediate the effects of 

mindfulness-based interventions on pain reduction [31; 34]. Here, we show that 

analgesia produced by mindful attention during noxious stimulation and mindful 

reappraisal of the meaning of that stimulation is associated with increased 

parasympathetic activity (Figure 3a). This process likely engages GABAergically 

mediated regulation of subcortical autonomic centers (amygdala, PAG, 

hypothalamus) via higher-order neural regions [orbitofrontal cortex (OFC); rostral 

anterior cingulate cortex (rACC)] to attenuate physiological arousal (i.e. higher 

HF HRV) [4-6; 77; 82; 90; 94; 99]. Higher parasympathetic tone is also 

associated with enhanced relaxation [35] and reduces distracting physiological 

sensations (éheart rate; é perspiration) that may hinder meditative efficacy. 

Thus, increases in parasympathetic activation may help sustain meditative state 

efficiency [60].   

 

Mindfulness meditation engages distinct mechanisms from placebo to 
reduce pain 
 

The current findings add to the body of evidence indicating that mindfulness 

meditation engages distinct mechanisms from placebo to reduce pain (Zeidan et 

al., 2016). For one, mindfulness-based increases in HF HRV were associated 

with lower pain (Figure 3a), and sham mindfulness-based increases in HF HRV 

were not significantly associated with pain reductions (Figure 3b). Similarly, 

placebo analgesia does not engage the parasympathetic nervous system [50; 72; 

84]. Placebo analgesia is mediated by endogenous opioidergic systems [1; 25; 
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42; 57; 102] and mindfulness meditation-based analgesia is not [93]. Additionally, 

mindfulness-induced pain relief is facilitated by top-down regulation of ascending 

nociceptive information (éOFC & rACC; ê thalamus) [94; 99]. In contrast, sham 

mindfulness meditation produces greater ACC deactivation and thalamic 

activation during painful heat [94]. We postulate that mindfulness meditation 

uniquely attenuates pain through multiple mechanisms, an integral step in 

fostering the validity of mindfulness meditation as a pain therapy. 

 

Considerations for mindfulness-based analgesia 

 
The present findings provide novel evidence that HF HRV is a mechanistic target 

for mindfulness interventions to attenuate pain unpleasantness. Importantly, the 

emotional augmentation of pain is a critical component of the subjective 

experience of pain. Pain accompanied by emotional distress (i.e. cancer) is rated 

as significantly more unpleasant than intense, whereas pain associated with 

positive experiences (i.e. childbirth) is characterized as more intense than 

unpleasant [75]. Thus, treatment approaches that “uncouple” noxious sensations 

from the cognitive evaluation of pain may enhance quality of life and well-being 

[51]. To this extent, mindfulness meditation lowers the affective dimension of pain 

(Figure 2) more than pain intensity [9; 28; 29; 40; 41; 61; 93; 94; 99]. Mindfulness 

alters one’s relationship to a nociceptive stimulus in a way that lowers pain 

catastrophizing [31] and enhances pain-related coping [68], possibly by 

increasing the capacity for reappraisal [32; 33]. We therefore propose that 

mindfulness meditation may distinctively improve pain conditions (i.e. 

fibromyalgia; chronic low back pain; irritable bowel syndrome) that are associated 

with maladaptive coping strategies [18; 31; 39; 44; 78; 87]. Brief mindfulness-

based training regimens, like the one employed in the current study, may also be 

more clinically pragmatic since significant time commitments have been cited as 

barriers to the clinical utilization of mindfulness meditation [14]. It is important to 

note that sham mindfulness meditation also significantly reduced pain intensity 

and unpleasantness ratings. Sham mindfulness meditation does resemble other 



	 65 

meditative techniques [48; 79] and is easier to practice than mindfulness 

meditation [94; 98; 101]. Thus, slow breathing practices characterized as 

“meditation” may prove to be clinically viable and pragmatic to treat pain [96]. 

 

Mindfulness meditation and sham mindfulness meditation increased HF HRV, 

decreased respiration rate, and lowered pain, factors that could reflect 

desensitization effects. However, in previous studies employing identical 

experimental paradigms [93; 94], control regimen participants exhibited 

significant pain increases (+16%) in response to noxious heat. Nevertheless, a 

third-arm, non-manipulation regimen may have provided a more suitable control 

for potential habituation/sensitization effects. The present findings are 

generalizable to healthy, pain-free individuals and consequently may not be 

directly applicable to chronic pain patients. However, chronic pain patients exhibit 

an array of comorbidities that can confound specific mechanisms of action. 

Consequently, we employed healthy subjects in order to provide a critical first 

step in identifying the physiological processes supporting mindfulness-based 

analgesia. This is the first study to demonstrate that mindfulness-induced 

reductions in affective pain are associated with increased HF HRV, suggesting 

that HF HRV is a potential target to attenuate clinical pain by mindfulness 

meditation. To this extent, techniques that increase HF HRV, such as 

biofeedback [45; 56], transcutaneous vagal nerve stimulation [11], and exercise 

[58] can be utilized in conjunction with mindfulness meditation to optimize 

mindfulness-based pain relief. Taken together, clinical pain is often 

uncontrollable, yet an individual’s reactions to pain are modifiable. Mindfulness 

meditation is distinct from other therapies since it is premised on accepting, not 

changing, present moment experiences. Here, we provide novel evidence that 

increased HF HRV is a marker of mindfulness-based reappraisal efficacy, a 

factor that could be used to tailor mindfulness-based interventions to more 

successfully treat chronic pain. 
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In order for mindfulness meditation to be successfully utilized in clinical pain 

populations, a thorough understanding of the physiological processes involved 

must be delineated [33]. However, prior to the current study, no information 

existed concerning the involvement of the parasympathetic nervous system in 

meditative analgesia. We provide novel evidence that mindfulness-based 

improvements in affective pain are associated with increased parasympathetic 

activation when controlling for respiration rate and when compared to a robust, 

placebo control regimen (i.e. sham mindfulness meditation). The only difference 

between the two groups involved mindfulness-based attention to present moment 

sensations (i.e. breath) and engagement of a non-evaluative mental stance. The 

current findings thus demonstrate that distinct mindfulness-related cognitive 

processes reduce pain through mechanisms associated with parasympathetic 

activity. Sham mindfulness-based analgesia, similar to placebo analgesia, does 

not reduce pain through activation of the parasympathetic nervous system [20; 

26; 34]. 

 

The practice of mindfulness meditation involves maintaining attention on a 

meditative object while cultivating an objective and accepting mental stance 

towards all arising thoughts, experiences, and sensations [21]. In this way, 

practitioners do not avoid aversive stimuli but rather re-evaluate them. Individuals 

learn that many painful or negative experiences pass quickly, are not in fact 

threatening, and do not require extensive mental elaboration [46]. This alteration 

in the interpretation of an event likely allows one to remain calm (i.e. lower 

physiological arousal) in situations that may have previously evoked feelings of 

fear and anxiety [6; 15; 19; 24; 35]. In fact, mindfulness practitioners in the 

current study stated that during meditation, they felt “calm” and “less 

overwhelmed” by the pain. Converging evidence suggests that enhanced 

relaxation (as measured by parasympathetic activity) during an aversive stimulus 

acts as a marker of reappraisal efficacy [5; 12; 32; 37]. As a result, we postulate 

that mindfulness-based increases in HF HRV serve as an indicator of an 

individual’s ability to successfully reappraise a nociceptive event in a way that 
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diminishes the threatening, intrusive nature of the pain. Increases in 

parasympathetic tone may activate a bottom-up feedback loop that further 

encourages relaxation and by doing so supports the maintenance of a non-

evaluative mental stance. In this way, heightened HF HRV may help facilitate the 

analgesic effects of mindfulness meditation by enhancing mindfulness-based 

attention and reappraisal processes. 

 

Despite these initial findings, it remains unknown if increases in parasympathetic 

tone mediate mindfulness-based pain reductions. Future studies could employ 

pharmacological blockade of efferent parasympathetic activity (using atropine) 

during mindfulness meditation and noxious stimulation to test if the analgesic 

effects of mindfulness practices are lessened when vagally mediated effects are 

decreased. If the mindfulness-based pain relief is mediated by increases in vagal 

tone, mindfulness meditation could be combined with transcutaneous vagal 

nerve stimulators [4] and HRV biofeedback methods [18; 23] to maximize pain 

reductions. There is also the possibility that blocking cardiac vagal tone will not 

reduce the analgesic effects of mindfulness meditation. This could indicate that 

increased HF HRV does not play a mechanistic role in facilitating pain relief but 

instead is simply a marker of mindfulness-based reappraisal efficacy. If this is the 

case, HF HRV could be used to help modify mindfulness-associated cognitive 

techniques in ways that maximize their success in down-regulating negative 

affective responses. We also hypothesize that neural connections between 

higher-order regions [i.e. orbitofrontal cortex (OFC); rostral anterior cingulate 

cortex (rACC)] and the periaqueductal gray (PAG) may be associated with 

mindfulness-related changes in HF HRV. Functional connectivity neuroimaging 

studies could be performed to test this postulation.  

 

LIMITATIONS OF THE CURRENT STUDY 
 

Sham mindfulness meditation and mindfulness meditation were equally effective 

in decreasing pain, increasing HF HRV, and decreasing respiration rate, 
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indicating that participants could have become desensitized to the stimulus. Yet, 

in previous studies employing identical experimental paradigms [39; 40], subjects 

assigned to a book listening control regimen experienced sensitization in 

response noxious heat (+16%). Nevertheless, a non-manipulation control group 

may have provided a more appropriate comparison. Our power calculations 

originally indicated that we needed 62 subjects (31/group) to adequately test our 

hypotheses. Two participants were identified as outliers based upon their HF 

HRV values and were consequently excluded. Therefore, we may have been 

underpowered to detect a significant difference between and within groups on the 

relationship between HF HRV and pain. This could explain why we observed a 

marginally significant (p = 0.059) difference on the between group relationship 

between HF HRV and pain unpleasantness. Moreover, varied evidence exists 

supporting the temporal stability of HF HRV, suggesting that it may not provide a 

reliable estimate of parasympathetic tone [28]. These findings should be 

replicated in future studies and evaluated for their clinical significance.  

 

FUTURE DIRECTIONS FOR MINDFULNESS MEDITATION RESEARCH 
 

Neural mechanisms of mindfulness-based pain relief 
 
While mindfulness-associated analgesia does not engage the body’s 

endogenous opioidergic systems [39], the involvement of multiple 

neuromodulators (i.e. dopamine; cannabinoids; serotonin; norepinephrine) in 

meditation-induced pain relief remains unknown. A more thorough analysis of 

these neurotransmitter systems will help formulate a more complete 

understanding of the active treatment components of mindfulness meditation. 

Further, the majority of mindfulness-based research has focus on examining 

brain activations and deactivations within discrete regions of interest. However, 

large-scale brain networks most likely mediate the multifaceted and dynamic 

effects of mindfulness meditation [33]. Functional connectivity studies should be 

performed to delineate the neural networks associated with mindfulness-based 
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analgesia. It is likely that multiple pathways between the prefrontal cortex and 

subcortical nociceptive and autonomic structures modulate pain relief after brief 

mindfulness meditation training.  

 

Investigating factors that modulate the efficacy of mindfulness meditation 

 

Considerable variability has been observed concerning the magnitude of 

mindfulness-based analgesia and its effectiveness in comparison to active 

control regimens. Even across studies in our own laboratory, mindfulness-based 

intensity reductions vary from 21% to 40% [39; 40; 44], while pain 

unpleasantness reductions range from 36% to 57% [39; 40; 44]. Further, one 

study demonstrated that mindfulness meditation is more effective than sham 

mindfulness meditation in reducing pain [40], while the current study showed that 

both interventions are equally effective. The prior study incorporated 

neuroimaging [40], while the current one used electrocardiography. The 

environment of a neuroimaging scanner can be stressful, and mindfulness 

meditation may be more effective than sham mindfulness in alleviating negative 

emotions (i.e. stress) that exacerbate pain. However, a number of unexplored 

inter-individual (i.e. psychological) and contextual factors (i.e. intervention setting; 

social support; meditation instructor) likely modulate the analgesic effects of 

mindfulness and sham mindfulness practices in healthy, pain-free individuals.  

 

Within clinical pain populations, similar variability exists concerning the extent to 

which mindfulness meditation improves outcomes when compared to active 

control regimens and gold-standard behavioral interventions [9; 11; 29; 36]. In 

one large and well-controlled study, eight weeks of mindfulness-based stress 

reduction (MBSR) did not produce stabilized improvements in fibromyalgia-

related outcomes when compared to a health education class [29]. In contrast, 

additional studies demonstrated that mindfulness-based programs are more 

effective than active control regimens and cognitive behavioral therapy (CBT) in 

improving fibromyalgia and IBS-associated symptomology [11; 36; 47]. For 
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chronic low back pain patients, MBSR and CBT produce equivalent reductions in 

pain-related outcomes when compared to usual care [9]. These conflicting 

findings demonstrate that factors influencing when and for whom meditation is 

effective remain largely unknown.  

 

Preliminary evidence suggests that differences in cognitive and emotional factors 

between individuals and across patient populations impact the efficacy of 

mindfulness meditation. Specifically, mindfulness meditation is more effective in 

improving pain for fibromyalgia and rheumatoid arthritis patients diagnosed with 

depression [11; 38]. An individual’s depression history is just one factor that may 

be associated with mindfulness-based pain relief. A host of additional 

psychological, genetic, neural, and lifestyle factors (i.e. sleep; exercise; social 

support; diet) may influence the ability of mindfulness meditation to decrease 

pain. Thus, certain individuals and patient populations may be more likely to 

benefit from mindfulness interventions than others. Contextual variables 

associated with the intervention may also play a vital role in modulating the 

efficacy of mindfulness-based analgesia. A thorough examination of these 

processes could help guide the successful development and clinical translation of 

mindfulness-based treatment regimens.  

 

Dosing: How much meditation is enough? 
 

We have repeatedly found that just a few days of meditation training can improve 

not only pain [39-41; 44], but also mood [43], cognition [42], anxiety [45], and 

autonomic variables [43] immediately following the treatment regimen. 

Nevertheless, the dosage of meditation required to produce sustained 

improvements remains unknown. Specifically, very few randomized controlled 

trials have tested for dose-response relationships associated with mindfulness 

meditation, either by manipulating meditation dosage directly or by tracking the 

relationship between home meditation practice/class attendance and treatment 

outcomes [10].  
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The beneficial effects of eight weeks of MBSR on clinical pain have been 

observed up to twelve [9] and even fifteen months [22] after completion of the 

intervention. Preliminary evidence suggests that the effects of MBSR fade by two 

years [8]. Unfortunately, the time spent engaged in formal and informal 

meditation practice during and after the interventions was not comprehensively 

assessed in any of these studies, preventing an accurate understanding of the 

amount of meditation that facilitates (or fails to facilitate) long-term 

improvements. Future studies should analyze the longitudinal effects of a variety 

of meditation dosages on clinical pain outcomes. Furthermore, physiological and 

neuroimaging studies should examine how mindfulness-based analgesic 

mechanisms change as novice meditators gain experience.  

 

Moreover, it is not yet understood how, and at what point, daily meditation 

practice translates into stabilized changes in attitudes and thought patterns that 

can be applied outside of formal meditation. Sustained improvements in trait 

variables such as mindfulness, pain catastrophizing, pain acceptance, and mood 

may help individuals engage effective coping strategies when a painful event 

occurs during everyday life. Although increased meditation training may 

modulate these effects, other contextual factors associated with the intervention 

(mindfulness instructor; social support; length of training session; style of 

meditation training) may also impact the development of pain-related coping 

tactics. These mechanisms should be explored in order to maximize the clinical 

applicability of mindfulness meditation.  

 

CONCLUSIONS 
 

Mindfulness meditation teaches individuals to observe all thoughts and 

experiences with an open and accepting mental stance. As a result, the 

practitioner begins to appreciate the transient nature of all physical and emotional 

states, in turn realizing that there is no need to react to or personalize passing 
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thoughts and occurrences. This process cultivates a sense of detachment from 

identification with the events of one’s own life and mind [19]. In this way, 

mindfulness practices may foster an attitude identified in western psychology as 

“decentering,” or the ability to “step outside of one’s experiences, thereby 

changing the very nature of that experience” [3; 19; 27; 30].  

 

In the context of pain, these cognitive mechanisms help meditators “uncouple” 

nociceptive sensations from any positive or negative evaluations, instead viewing 

the event as objective and fleeting [21]. Practitioners refrain from mentally 

elaborating on the future implications of the pain, the relation of the current event 

to their past experiences, or the personal implications of the pain. Instead, the 

individual simply returns his or her attention to the meditative object (i.e. breath). 

We hypothesize that after short-term training, meditation-related reappraisal 

mechanisms and shifts in executive attention engage a cascade of neural events 

associated with decreased autonomic arousal (éOFC; êPAG) and reductions in 

the cortical transmission of nociceptive information (éOFC; êthalamus) [40; 44]. 

Long-term meditators may abstain altogether from evaluating the experience 

[êprefrontal cortex (PFC)] while fully attending to pain-related sensations 

(ésensory-processing) [14; 16]. Importantly, all data concerning long-term 

meditators have been obtained through cross-sectional studies. The qualities 

associated with expert practitioners thus could be due to baseline differences 

unrelated to meditation experience and should be examined in future longitudinal 

studies. 

 

It is worth noting that while mindfulness meditation engages mechanisms similar 

to those of distraction and placebo, a number of distinctions exist. For instance, 

mindfulness meditation and distraction both involve changes in attention and are 

associated with increased OFC and ACC activation and decreased thalamic 

activity [2; 40; 44]. However, pain relief from distraction is mediated by 

endogenous opioids [31] and is not associated with parasympathetic activity [7], 

factors that are in direct opposition to mindfulness-based mechanisms [39]. 
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Mindfulness meditation and placebo analgesia engage mechanisms associated 

with expectations for pain relief and conditioning effects. Nevertheless, 

mindfulness meditation employs more active cognitive processes (i.e. é ACC; ê 

PCC) than placebo [40]. Mindfulness-based analgesia, in contrast to placebo 

analgesia, is not mediated by endogenous opioids and is associated with 

heightened parasympathetic activity [1; 13; 17; 20; 25; 26; 34; 39; 48]. We 

postulate that mindfulness meditation is mechanistically distinct from other 

cognitive interventions since it is focused on accepting all present moment 

experiences, including pain. Instead of attempting to change the event, 

practitioners alter how they interpret a noxious stimulus. Meditators thus develop 

coping strategies that reduce negative pain-related sequelae (i.e. impaired 

mobility; negative mood; lack of social engagement) and enhance quality of life 

[9; 21; 22]. Yet, in order to maximize mindfulness-associated improvements, the 

specific mechanisms and circumstances mediating mindfulness-based treatment 

efficacy should be delineated. 

 

In order to fully understand how and for whom mindfulness meditation is 

effective, potential studies must focus on three broad areas of interest. First, 

inter-individual differences in a number of variables, including psychological, 

physiological, neural, genetic factors, and lifestyle habits should be assessed 

throughout the training regimen and in the months and years that follow. This 

information will help formulate a more thorough understanding of the conditions 

that moderate mindfulness-associated improvements. Furthermore, the 

mechanisms that facilitate the short-term and long-term effects of mindfulness-

based pain relief should be delineated as a function of meditation dosage. 

Finally, mindfulness-based interventions must be extended to more diverse 

patient populations, including those who are young, old, and under-privileged 

[19]. By combining these initiatives, mindfulness meditation can be tailored to 

more effectively treat pain across a wide variety of disorders and communities. 

	
	
	



	 88 

REFERENCES 
 
[1] Amanzio M, Benedetti F. Neuropharmacological dissection of placebo 

analgesia: expectation-activated opioid systems versus conditioning-

activated specific subsystems. The Journal of neuroscience : the official 

journal of the Society for Neuroscience 1999;19(1):484-494. 

[2] Bantick SJ, Wise RG, Ploghaus A, Clare S, Smith SM, Tracey I. Imaging how 

attention modulates pain in humans using functional MRI. Brain : a journal 

of neurology 2002;125:310-319. 

[3] Bernstein A, Hadash Y, Lichtash Y, Tanay G, Shepherd K, Fresco DM. 

Decentering and Related Constructs: A Critical Review and Metacognitive 

Processes Model. Perspectives on psychological science : a journal of the 

Association for Psychological Science 2015;10(5):599-617. 

[4] Busch V, Zeman F, Heckel A, Menne F, Ellrich J, Eichhammer P. The effect 

of transcutaneous vagus nerve stimulation on pain perception--an 

experimental study. Brain stimulation 2013;6(2):202-209. 

[5] Butler EA, Wilhelm FH, Gross JJ. Respiratory sinus arrhythmia, emotion, and 

emotion regulation during social interaction. Psychophysiology 

2006;43(6):612-622. 

[6] Cassidy EL, Atherton RJ, Robertson N, Walsh DA, Gillett R. Mindfulness, 

functioning and catastrophizing after multidisciplinary pain management 

for chronic low back pain. Pain 2012;153(3):644-650. 

[7] Chalaye P, Goffaux P, Lafrenaye S, Marchand S. Respiratory effects on 

experimental heat pain and cardiac activity. Pain medicine 

2009;10(8):1334-1340. 

[8] Cherkin DC, Anderson ML, Sherman KJ, Balderson BH, Cook AJ, Hansen 

KE, Turner JA. Two-Year Follow-up of a Randomized Clinical Trial of 

Mindfulness-Based Stress Reduction vs Cognitive Behavioral Therapy or 

Usual Care for Chronic Low Back Pain. Jama 2017;317(6):642-644. 

[9] Cherkin DC, Sherman KJ, Balderson BH, Cook AJ, Anderson ML, Hawkes 

RJ, Hansen KE, Turner JA. Effect of Mindfulness-Based Stress Reduction 

vs Cognitive Behavioral Therapy or Usual Care on Back Pain and 



	 89 

Functional Limitations in Adults With Chronic Low Back Pain: A 

Randomized Clinical Trial. Jama 2016;315(12):1240-1249. 

[10] Creswell JD. Mindfulness Interventions. Annual review of psychology 

2017;68:491-516. 

[11] Davis MC, Zautra AJ. An online mindfulness intervention targeting 

socioemotional regulation in fibromyalgia: results of a randomized 

controlled trial. Annals of behavioral medicine : a publication of the Society 

of Behavioral Medicine 2013;46(3):273-284. 

[12] Denson TF, Grisham JR, Moulds ML. Cognitive reappraisal increases heart 

rate variability in response to an anger provocation. Motiv Emotion 

2011;35(1):14-22. 

[13] Eippert F, Bingel U, Schoell ED, Yacubian J, Klinger R, Lorenz J, Buchel C. 

Activation of the opioidergic descending pain control system underlies 

placebo analgesia. Neuron 2009;63(4):533-543. 

[14] Gard T, Holzel BK, Sack AT, Hempel H, Lazar SW, Vaitl D, Ott U. Pain 

attenuation through mindfulness is associated with decreased cognitive 

control and increased sensory processing in the brain. Cerebral cortex 

2012;22(11):2692-2702. 

[15] Garland EL, Gaylord SA, Palsson O, Faurot K, Douglas Mann J, Whitehead 

WE. Therapeutic mechanisms of a mindfulness-based treatment for IBS: 

effects on visceral sensitivity, catastrophizing, and affective processing of 

pain sensations. Journal of behavioral medicine 2012;35(6):591-602. 

[16] Grant JA, Courtemanche J, Rainville P. A non-elaborative mental stance and 

decoupling of executive and pain-related cortices predicts low pain 

sensitivity in Zen meditators. Pain 2011;152(1):150-156. 

[17] Grevert P, Albert LH, Goldstein A. Partial antagonism of placebo analgesia 

by naloxone. Pain 1983;16(2):129-143. 

[18] Hassett AL, Radvanski DC, Vaschillo EG, Vaschillo B, Sigal LH, Karavidas 

MK, Buyske S, Lehrer PM. A pilot study of the efficacy of heart rate 

variability (HRV) biofeedback in patients with fibromyalgia. Applied 

psychophysiology and biofeedback 2007;32(1):1-10. 



	 90 

[19] Holzel BK, Lazar SW, Gard T, Schuman-Olivier Z, Vago DR, Ott U. How 

Does Mindfulness Meditation Work? Proposing Mechanisms of Action 

From a Conceptual and Neural Perspective. Perspectives on 

Psychological Science 2011;6(6):537-559. 

[20] Jiang W, Ladd S, Martsberger C, Feinglos M, Spratt SE, Kuchibhatla M, 

Green J, Krishnan R. Effects of Pregabalin on Heart Rate Variability in 

Patients With Painful Diabetic Neuropathy. J Clin Psychopharm 

2011;31(2):207-213. 

[21] Kabat-Zinn J. An outpatient program in behavioral medicine for chronic pain 

patients based on the practice of mindfulness meditation: theoretical 

considerations and preliminary results. General hospital psychiatry 

1982;4(1):33-47. 

[22] Kabat-Zinn J, Lipworth L, Burney R. The clinical use of mindfulness 

meditation for the self-regulation of chronic pain. Journal of behavioral 

medicine 1985;8(2):163-190. 

[23] Lehrer PM, Gevirtz R. Heart rate variability biofeedback: how and why does 

it work? Frontiers in psychology 2014;5:756. 

[24] Levenson RW, Ekman P, Ricard M. Meditation and the startle response: a 

case study. Emotion 2012;12(3):650-658. 

[25] Levine JD, Gordon NC, Fields HL. The mechanism of placebo analgesia. 

Lancet 1978;2(8091):654-657. 

[26] Pollo A, Vighetti S, Rainero I, Benedetti F. Placebo analgesia and the heart. 

Pain 2003;102(1-2):125-133. 

[27] Safran JD, Seval, Z.V. Interpersonal process in cognitive therapy. Lanham, 

MD: Rowman & Littlefield, 1990. 

[28] Sandercock GR, Bromley PD, Brodie DA. The reliability of short-term 

measurements of heart rate variability. International journal of cardiology 

2005;103(3):238-247. 

[29] Schmidt S, Grossman P, Schwarzer B, Jena S, Naumann J, Walach H. 

Treating fibromyalgia with mindfulness-based stress reduction: results 

from a 3-armed randomized controlled trial. Pain 2011;152(2):361-369. 



	 91 

[30] Shapiro SL, Carlson LE, Astin JA, Freedman B. Mechanisms of mindfulness. 

Journal of clinical psychology 2006;62(3):373-386. 

[31] Sprenger C, Eippert F, Finsterbusch J, Bingel U, Rose M, Buchel C. 

Attention modulates spinal cord responses to pain. Current biology : CB 

2012;22(11):1019-1022. 

[32] Stange JP, Hamilton JL, Fresco DM, Alloy LB. Flexible parasympathetic 

responses to sadness facilitate spontaneous affect regulation. 

Psychophysiology 2017;54(7):1054-1069. 

[33] Tang YY, Holzel BK, Posner MI. The neuroscience of mindfulness 

meditation. Nature reviews Neuroscience 2015;16(4):213-225. 

[34] Tracy LM, Gibson SJ, Labuschagne I, Georgiou-Karistianis N, Giummarra 

MJ. Intranasal oxytocin reduces heart rate variability during a mental 

arithmetic task: A randomised, double-blind, placebo-controlled cross-over 

study. Progress in neuro-psychopharmacology & biological psychiatry 

2018;81:408-415. 

[35] Turner JA, Anderson ML, Balderson BH, Cook AJ, Sherman KJ, Cherkin DC. 

Mindfulness-based stress reduction and cognitive behavioral therapy for 

chronic low back pain: similar effects on mindfulness, catastrophizing, self-

efficacy, and acceptance in a randomized controlled trial. Pain 

2016;157(11):2434-2444. 

[36] Van Gordon W, Shonin E, Dunn TJ, Garcia-Campayo J, Griffiths MD. 

Meditation awareness training for the treatment of fibromyalgia syndrome: 

A randomized controlled trial. British journal of health psychology 

2017;22(1):186-206. 

[37] Volokhov RN, Demaree HA. Spontaneous emotion regulation to positive and 

negative stimuli. Brain and cognition 2010;73(1):1-6. 

[38] Zautra AJ, Davis MC, Reich JW, Nicassario P, Tennen H, Finan P, Kratz A, 

Parrish B, Irwin MR. Comparison of cognitive behavioral and mindfulness 

meditation interventions on adaptation to rheumatoid arthritis for patients 

with and without history of recurrent depression. Journal of consulting and 

clinical psychology 2008;76(3):408-421. 



	 92 

[39] Zeidan F, Adler-Neal AL, Wells RE, Stagnaro E, May LM, Eisenach JC, 

McHaffie JG, Coghill RC. Mindfulness-Meditation-Based Pain Relief Is Not 

Mediated by Endogenous Opioids. The Journal of neuroscience : the 

official journal of the Society for Neuroscience 2016;36(11):3391-3397. 

[40] Zeidan F, Emerson NM, Farris SR, Ray JN, Jung Y, McHaffie JG, Coghill 

RC. Mindfulness Meditation-Based Pain Relief Employs Different Neural 

Mechanisms Than Placebo and Sham Mindfulness Meditation-Induced 

Analgesia. Journal of Neuroscience 2015;35(46):15307-15325. 

[41] Zeidan F, Gordon NS, Merchant J, Goolkasian P. The effects of brief 

mindfulness meditation training on experimentally induced pain. The 

journal of pain : official journal of the American Pain Society 

2010;11(3):199-209. 

[42] Zeidan F, Johnson SK, Diamond BJ, David Z, Goolkasian P. Mindfulness 

meditation improves cognition: evidence of brief mental training. 

Consciousness and cognition 2010;19(2):597-605. 

[43] Zeidan F, Johnson SK, Gordon NS, Goolkasian P. Effects of brief and sham 

mindfulness meditation on mood and cardiovascular variables. Journal of 

alternative and complementary medicine 2010;16(8):867-873. 

[44] Zeidan F, Martucci KT, Kraft RA, Gordon NS, McHaffie JG, Coghill RC. Brain 

mechanisms supporting the modulation of pain by mindfulness meditation. 

The Journal of neuroscience : the official journal of the Society for 

Neuroscience 2011;31(14):5540-5548. 

[45] Zeidan F, Martucci KT, Kraft RA, McHaffie JG, Coghill RC. Neural correlates 

of mindfulness meditation-related anxiety relief. Social cognitive and 

affective neuroscience 2014;9(6):751-759. 

[46] Zeidan F, Vago DR. Mindfulness meditation-based pain relief: a mechanistic 

account. Annals of the New York Academy of Sciences 2016;1373(1):114-

127. 

[47] Zomorodi S, Abdi S, Tabatabaee SK. Comparison of long-term effects of 

cognitive-behavioral therapy versus mindfulness-based therapy on 

reduction of symptoms among patients suffering from irritable bowel 



	 93 

syndrome. Gastroenterology and hepatology from bed to bench 

2014;7(2):118-124. 

[48] Zubieta JK, Bueller JA, Jackson LR, Scott DJ, Xu Y, Koeppe RA, Nichols 

TE, Stohler CS. Placebo effects mediated by endogenous opioid activity 

on mu-opioid receptors. The Journal of neuroscience : the official journal 

of the Society for Neuroscience 2005;25(34):7754-7762. 

	

	



	

	 94 

 
 
 
 
 
 

APPENDIX A 
 

MINDFULNESS MEDITATION FOR FIBROMYALGIA: MECHANISTIC AND 

CLINICAL CONSIDERATIONS 

 

Adrienne L. Adler-Neal & Fadel Zeidan 

 

Published in Current Rheumatology Reports, 2016, volume 19, issue 9 

Doi: 10.1007/s11926-017-0686-0. Stylistic variations are due to requirements of 

the journal.  



	

	 95 

 
ABSTRACT 
 

Purpose: Fibromyalgia is a disorder characterized by widespread pain and a 

spectrum of psychological comorbidities, rendering treatment difficult and often a 

financial burden. Fibromyalgia is a complicated chronic pain condition that 

requires a multi-modal therapeutic approach to optimize treatment efficacy. Thus, 

it has been postulated that mind-body techniques may prove fruitful in treating 

fibromyalgia. Mindfulness meditation, a behavioral technique premised on non-

judgmental sensory awareness, attenuates pain and improves mental health 

outcomes. However, the impact of mindfulness meditation on fibromyalgia-

related outcomes has not been comprehensively characterized. The present 

review will delineate the existing evidence supporting the effectiveness and 

hypothesized mechanisms of mindfulness meditation in treating fibromyalgia-

related outcomes. Recent Findings: Mindfulness interventions premised on 

cultivating acceptance, non-attachment, and social engagement may be most 

effective in decreasing fibromyalgia-related pain and psychological symptoms. 

Mindfulness-based therapies may alleviate fibromyalgia-related outcomes 

through multiple neural, psychological, and physiological processes. Summary: 
Mindfulness meditation may provide an effective complementary treatment 

approach for fibromyalgia patients when combined with other reliable techniques 

(exercise; cognitive behavioral therapy). However, characterizing the specific 

analgesic mechanisms supporting mindfulness meditation is a critical step to 

fostering the clinical validity of this technique. Identification of the specific 

analgesic mechanisms supporting mindfulness-based pain relief could be utilized 

to better design behavioral interventions to specifically target fibromyalgia-related 

outcomes.  
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INTRODUCTION 
 

Musculoskeletal chronic pain affects over seven million Americans and is 

characterized by pain and loss of function in the joints, tendons, ligaments, 

bones, and/or muscles lasting for greater than or equal to three months [1]. To 

date, over one hundred rheumatic disorders have been identified, with causes 

ranging from biochemical and biomechanical changes (osteoarthritis), 

inflammation (gout), infection (septic arthritis), and immune dysregulation 

(rheumatoid arthritis) to more complex origins (fibromyalgia).  

 

Fibromyalgia is chronic pain condition characterized by widespread “aching” pain 

and is often accompanied by tenderness in eighteen pre-specified bodily 

locations [2]. It is often accompanied by sleep disturbances and fatigue [3, 4]. 

Thus, effective treatment protocols should employ a multimodal approach to 

better improve pain, psychological comorbidities, and sleep [4]. Although there is 

growing evidence for the clinical utility of mindfulness meditation to treat 

fibromyalgia-related pain [5], the analgesic mechanisms supporting the use of 

this ancient technique remain poorly characterized. The present review will focus 

on identifying the efficacy and mechanisms supporting mindfulness-based 

therapies for fibromyalgia-related pain.  

 

Recommended treatment guidelines for fibromyalgia include a combination of 

pharmacological and behavioral treatment approaches [6]. The two most 

commonly employed fibromyalgia drug-treatments are antidepressants (tricyclics; 

serotonin/ norepinephrine reuptake inhibitors) and GABAergic nerve pain 

medications (pregabalin) [6]. Exercise and Cognitive Behavioral Therapy (CBT) 

have shown the most pronounced improvements in treating fibromyalgia-related 

pain in comparison to other behavioral interventions [6-8]. To date, CBT is the 

most effective psychological treatment for fibromyalgia [6, 8]. CBT helps patients 

identify and reduce maladaptive cognitions/behaviors and includes psycho-

educational didactics relevant to fibromyalgia, “journaling”, relaxation techniques, 
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and real-world desensitization applications [9]. CBT may reduce fibromyalgia-

related outcomes by attenuating psychological factors involved in facilitating pain, 

including anxiety [10], depression [11, 10], and pain catastrophizing [12]. Pain 

catastrophizing is a cognitive and emotional state where patients magnify the 

threat value of a pain stimulus, report helplessness in the context of pain, and are 

unable to inhibit intrusive pain-related thoughts [13]. Exercise therapy is a 

supplementary treatment found to effectively decrease fibromyalgia-related 

disease burden by increasing physical strength, mobility, positive mood and 

functional status [14, 15]. Unfortunately, the long-term effectiveness of these 

treatments is limited [16]. In fact, on average, only ten percent of fibromyalgia 

patients report clinically significant improvements in disease symptomology over 

ten-years of treatment following current recommended treatment guidelines [16]. 

In contrast to pharmacologic therapies, we postulate that mindfulness-based 

treatments produce more stabilized improvements in pain and quality of life 

measures as a function of meditation training frequency and experience [17, 18]. 

Mindfulness-based therapies may uniquely reduce symptomology by engaging 

mechanisms involved in altering the evaluation of self-referential thought 

processes in a less reactive and present-centered fashion.   

 

Physiological mechanisms of fibromyalgia 
 

Fibromyalgia patients exhibit a number of pain-related alterations in neural 

processing that support the role of central sensitization and cognitive/emotional 

processes in facilitating pain [19-22, 12]. Specifically, during noxious pressure 

stimulation, fibromyalgia patients reported greater pain and heightened activation 

in pain-related brain regions including the insula, anterior/posterior cingulate 

cortex, cerebellum, and primary (SI) and secondary (SII) somatosensory cortices 

when compared to healthy, age and gender matched controls [19]. Furthermore, 

fibromyalgia patients, in comparison to healthy controls, exhibited heightened 

activation during noxious pressure stimuli in the medial PFC (mPFC) [19], a 

region associated with higher-order evaluation of nociceptive information [23]. 
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Decreased activation during pain-inducing pressure in the dorsolateral PFC 

(dlPFC), a region associated with the cognitive/affective regulation of pain [24, 

25] was also detected [19]. Furthermore, Napadow and colleagues [22] revealed 

that fibromyalgia patients, while at rest (eyes closed), demonstrated greater 

connectivity between the default mode network (DMN), a neural network 

supporting self-referential [26, 27] and mind-wandering [28] processes, and the 

SII and insula when compared to healthy controls [22]. Heightened clinical pain 

was also associated with heightened connectivity between the right anterior and 

mid insula and the DMN [22]. The anterior insula is involved in modulating the 

evaluation of noxious stimuli [29-31] and is associated with interoceptive 

awareness of bodily sensations [32]. Consequently, heightened connectivity 

between the DMN and the insula could reflect a mental state where patients are 

primed to observe and evaluate noxious stimuli due to years of being in chronic 

pain.  

 

Other studies have shown that pain catastrophizing in fibromyalgia patients is 

positively associated with increased activation, during noxious stimulation, in 

brain regions associated with the anticipation (medial frontal cortex) [33], 

emotional evaluation ([rostral anterior cingulate cortex (rACC)]) [34-36], and 

sensory-discrimination (SII) [37] of pain [21]. Fibromyalgia patients exhibiting 

high rates of pain catastrophizing demonstrated increased connectivity between 

SI and the anterior insula, suggesting greater sensitivity during the evaluation of 

nociceptive processes in patients classified as high pain catastrophizers [12]. 

Interestingly, subsequent CBT participation reduced pain catastrophizing, clinical 

pain, and SI/anterior insula connectivity [12]. Reduced pain catastrophizing was 

also associated with lower clinical pain and SI/anterior insula connectivity [12]. 

Psychological factors, such as pain catastrophizing, may be associated with 

fibromyalgia-related changes in neural network connectivity that subsequently 

heighten the experience of clinical pain. Thus, therapies focused on enhancing 

cognitive control and affective regulation may provide long-term relief for 

fibromyalgia patients.  
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Psychological stress also contributes to the enhancement of fibromyalgia-related 

symptoms by engaging processes that increase pain sensitivity. Fibromyalgia 

patients report high rates of stress [38] which is associated with increases in pro-

inflammatory cytokines [39-41]. Specifically, fibromyalgia patients exhibit higher 

levels of the pro-inflammatory molecules interleukin-1 (IL-1) [42], IL-6 (IL-6) [43, 

44] and IL-8 [45, 46]. Heightened inflammation exacerbates pain through 

activating and sensitizing peripheral nociceptors [47] and by increasing 

substance P [48], a molecule associated with pain perception [49]. Interestingly, 

heightened ACC and insula activation during social stress is associated with 

stress-induced increases in pro-inflammatory cytokines [50]. Increased ACC and 

insula activation is also associated with degree of inflammation in asthma 

patients shown asthma-relevant emotional stimuli [51], suggesting that top-down 

processes may mediate the effects of stress on inflammation. Therefore, 

interventions aimed at attenuating stress-induced alterations in neural processing 

may impact fibromyalgia-related outcomes through decreasing inflammatory 

processes.  

 

Mindfulness meditation-based pain relief 
 

There has been a significant surge in scientific evidence supporting the clinical 

efficacy of mindfulness meditation to attenuate pain [52-58, 5]. Although 

mindfulness interventions vary in didactic approaches, they are generally 

premised on a) developing sustained attention to arising sensory, affective, and 

cognitive events, b) recognizing such experiences as momentary and fleeting, 

and c) attenuating reactions/judgments to said experiences [17]. Mindfulness 

training reliably improves catastrophizing [59], anxiety [60-63], depression [52, 

64-66], mood [67], and stress [68, 69]. Thus, improvements in mood and 

cognitive flexibility could lead to greater pain relief by altering the way patients 

interpret/contextualize pain-related ruminations [70, 71]. Yet, it is not known if 
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mindfulness attenuates clinical pain by targeting psychological comorbidities that 

exacerbate pain or vice versa. 

 

MINDFULNESS MEDITATION AND FIBROMYALGIA 
 

The “standard” eight-week mindfulness-based stress reduction (MBSR) program 

is the most widely studied mindfulness treatment approach for fibromyalgia-

related outcomes [5]. MBSR has been shown to be equally effective compared to 

other behavioral interventions (CBT; health education) in treating a wide 

spectrum of chronic pain-related outcomes [5, 72, 56]. MBSR educates 

individuals to respond more effectively to stress, pain, and illness through the use 

of multiple techniques, including meditation practice (focusing on the breath; 

walking meditation, eating meditation), yoga, daily homework and a one-day 

retreat [73].  

 

There have been a number of studies that have shed light on the efficacy of 

MBSR in treating fibromyalgia. MBSR was found to be more effective than usual 

care in improving depression [54] and fibromyalgia-associated symptoms, such 

as fatigue, stress, sleep, pain, and global well-being [74, 75]. However, 

conflicting evidence exists as to whether MBSR is more effective than active 

control regimens in treating fibromyalgia-associated symptoms [76-78]. A recent 

review detected low quality of evidence for MBSR-induced quality of life and pain 

improvements in fibromyalgia patients when compared to usual care, health 

education training, and social support [77, 78, 54, 76, 5, 55, 74]. In one large and 

well-controlled study, 120 patients were randomized to eight weeks of MBSR, a 

health education class, or a wait-listed control group [55]. Participants assigned 

to the MBSR intervention reported no significant pain reductions but rather 

improvements in quality of life when compared to the other groups. Yet, these 

benefits were not maintained at the two-month follow-up, suggesting that MBSR 

does not produce stabilized improvements in quality of life for fibromyalgia 

patients. Other studies have shown more inconsistent findings across 
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fibromyalgia-based clinical trials [76-78]. These varying results are perplexing 

and highlight the perceived barriers associated with participating in an MBSR 

program, such as the non-trivial temporal and financial commitments. It may 

prove fruitful to implement shorter, more accessible and translatable 

interventions that are tailored to specifically target mechanisms found to improve 

fibromyalgia-associated outcomes.  

 

For instance, a recent six-week, online mindfulness intervention compared the 

effects of a mindful socioemotional regulation regimen (MSER) to a “healthy 

lifestyle tips” intervention (HLT) [79]. Both regimens consisted of twelve online, 

fifteen-minute presentations followed by weekly meditation homework for those 

assigned to the MSER group. MSER training promotes acceptance of affective 

experiences to improve quality of life and strengthen social networks [79]. The 

HLT intervention provides didactics on how to eat healthy, exercise and sleep 

well. Neither intervention produced significant improvements in daily pain levels 

[79]. However, the MSER group reported significant improvements in stress and 

pain coping efficacy, positive affect, family stress, and loneliness when compared 

to the HLT group [79]. Further, depressed patients in the MSER group reported 

improvements in loneliness, family stress, and positive affect. This effect was not 

detected in the HLT group [79], suggesting that mindfulness techniques may 

uniquely exert increased effectiveness in patients diagnosed with concurrent 

depression. Interestingly, a separate study examined the efficacy of seven weeks 

of mindfulness training in comparison to a wait-list control on depression, anger, 

and anxiety in fibromyalgia patients [80]. Mindfulness training incorporated 

aspects of MBSR but was similar to MSER in that it was modified to focus on 

acceptance of emotions, thoughts, and sensations. Mindfulness training 

effectively reduced dispositional anger, state anxiety, depression and increased 

participant’s ability to control their anger [80]. These results were maintained at a 

three-month follow-up. Thus, acceptance-based mindfulness practices may 

improve psychological comorbidities and physical symptomology associated with 

fibromyalgia.  
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A recent trial provides further support for the efficacy of tailoring mindfulness-

based interventions to better target fibromyalgia [81]. An eight-week meditation 

awareness training program was compared with cognitive behavioral therapy for 

groups, an intervention seemingly similar to CBT but performed in a group 

setting. This group-based CBT approach controlled for all the nonspecific 

aspects associated with meditation awareness training, including overall course 

length, facilitator, individual session duration and format, and inclusion of at-

home practice [81]. Meditation awareness training incorporated eight weekly, 

two-hour workshops, guided meditation “homework,” facilitated group 

discussions, and two one-on-one hour-long support sessions with the program 

instructor. The intervention differed from MBSR in that it educated practitioners 

on the principle of non-attachment, a concept based on the view that discomfort 

can arise from an individual’s attachment to experiences, ideas, and/or objects 

[81]. Meditation awareness training was also modified to specifically address 

fibromyalgia-related symptomology, with mindfulness practices altered to 

incorporate: (1) objectifying somatic pain, (2) compassion-empathy training, and 

(3) altruism promoting techniques.  

 

The meditation awareness training group reported significant improvements over 

the control group in fibromyalgia-related symptomology, pain, sleep, 

psychological distress, and civic engagement [81]. Civic engagement partially 

mediated all treatment effects, whereas non-attachment almost fully mediated 

the effects of meditation awareness training on fibromyalgia-related 

symptomology and pain perception [81]. Non-attachment based coping strategies 

may decrease pain symptomology through didactics premised on detachments 

from the concept of “self” and one’s relationship to pain, consequently decreasing 

the affective salience of noxious sensations. Taken together, these studies 

suggest that mindfulness-based techniques principled on developing (a) 

acceptance of pain, (b) nonjudgmental awareness of sensory experiences, and 

(c) non-attachment to concepts related to self, symptoms, or environment may be 
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the most effective in improving fibromyalgia-related pain and psychological 

comorbidities. Furthermore, interventions that help patients engage in social 

activities and relationships may further alleviate fibromyalgia-related 

symptomology, potentially through reducing stress [82] and depression [83].  

 

MINDFULNESS-BASED ANALGESIA ENGAGES UNIQUE NEURAL 
MECHANISMS 
 

Mindfulness meditation engages multiple mechanisms to reduce pain [84-90]. 

However, the analgesic mechanisms supporting mindfulness-based analgesia 

are distinct across meditative training expertise and frequency [84-90]. We have 

repeatedly demonstrated that mindfulness meditation, after brief mental training 

(4 sessions; 20 minutes/session), significantly improves anxiety [61, 91, 92] and 

pain [84, 85, 93, 92]. Mindfulness meditation-induced pain relief, after brief 

mental training, is associated with heightened activation in regions involved in the 

cognitive and emotional evaluation of pain such as the pregenual ACC (pgACC), 

the orbitofrontal cortex (OFC), and the right anterior insula [85, 84]. Mindfulness 

meditation-induced analgesia after brief mental training is also associated with 

decreased activation in low-level sensory processing regions (i.e., thalamus) [84, 

85]. We proposed that the cognitive reappraisal mechanisms engaged by 

mindfulness meditation may alleviate pain through a cortico-thalamo-cortical 

gating mechanism [85, 84, 93, 94].  

 

The cognitive state of mindfulness meditation reduces acute pain by 

maintaining/sustaining attention on a meditative object (i.e., breath) and 

nonjudgmentally acknowledging innocuous and noxious sensory events as they 

arise. Thus, shifts in executive attention (engaging breath > disengaging breath > 

engaging distraction non-judgmentally > reengaging breath) are likely mediated 

by rostral aspects of the ACC and OFC [85, 84, 95]. Thalamic deactivation is 

then driven by prefrontal cortices to reduce the elaboration of nociceptive 

information throughout the cortex (i.e., primary somatosensory cortex) [94, 95, 
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85, 84, 93], thereby decreasing the subjective experience of pain. Furthermore, 

brief, yet intensive meditation training increases resting state functional 

connectivity between the DMN and the dlPFC, a region involved in top-down 

executive control [96]. Increased connectivity between these regions was 

associated with decreased IL-6 in highly stressed, unemployed individuals [96], 

suggesting that reappraisal mechanisms engaged by short-term mindfulness 

meditation may also alleviate inflammatory processes associated with 

fibromyalgia-related outcomes [43, 44]. However, greater frequency of meditative 

training may render long-term, stabilized reductions in the subjective experience 

of pain and likely employs distinct mechanisms from those exhibited by novice 

practitioners.  

 

To this extent, Davidson and colleagues examined the effects of eight weeks of 

MBSR training in healthy participants on brain electrical activity 

[electroencephalography (EEG)] and immune function [97]. MBSR training 

produced stabilized increases in left-lateralized, alpha-band activity 

corresponding to the anterior temporal region immediately following positive 

mood induction. Furthermore, MBSR training was associated with increases in 

antibody titers in response to an influenza vaccine, and MBSR-associated 

increases in alpha band activity in the central electrodes corresponding to the 

sensory/motor cortices were associated with increased immune responses [97]. 

Additional trials have found that MBSR training reduces pro-inflammatory nuclear 

factor kappa B (NF-κB) gene expression, associated with stress responses, in 

older adults [98] and increases the rate of resolution of psoriatic lesions [99], 

further suggesting that eight weeks of mindfulness training directly impacts 

inflammatory-associated conditions.  

 

Multiple studies reveal that adept meditators (>1,000 hours of meditation 

practice) report lower levels of pain sensitivity [87, 89, 90, 88, 86] and higher pain 

tolerance [88]. Neuroimaging findings show that experienced meditators exhibit 

heightened activation in sensory processing regions (thalamus; SI; SII) [89, 90] 
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but deactivation of prefrontal cortices [89, 90], reflecting a unique ability to fully 

attend to salient sensory processes without engaging higher-order appraisals 

and judgments of said sensory events. These mechanisms are remarkably 

consistent with the principles of mindfulness (i.e., non-judgmental awareness of 

arising sensations, feelings and emotions).  

 

Additional studies focused on adept meditators report reduced anticipation and/or 

expectations of impending sensory events [87, 86]. During mindfulness 

meditation, expert meditators demonstrated decreased pre-stimulus activity in 

the anterior insula when compared to novices, indicating that long-term 

practitioners may maintain focus on present moment experiences and reduce 

expectations of impending pain [87]. Brown and Jones used EEG and noxious 

laser stimulation to examine the impact of long-term mindfulness on pain and 

pain anticipation while practitioners were instructed not to practice meditation 

[86]. They found that greater meditation experience was associated with smaller 

anticipatory related evoked potentials in regions associated with the expectation 

of a stimulus, such as the right inferior parietal cortex and mid-cingulate cortex. 

Reduced mid-cingulate cortex activation during the anticipation of pain predicted 

lower pain unpleasantness ratings in the meditation but not the control group 

[86], suggesting that changes in expectations regarding a noxious stimulus may 

particularly facilitate lower pain ratings in experienced meditators. Additionally, 

heightened activation in the ACC and ventromedial PFC during the anticipation of 

pain was positively correlated with pain ratings in control subjects but negatively 

correlated with pain for meditators [86]. Thus, cognitive reappraisal mechanisms 

engaged immediately prior to the experience of a noxious stimulus may play an 

important role in mediating the pain-relieving effects of long-term meditation 

training. Taken together, greater bouts of meditation training may target the 

emotional augmentation of chronic pain through decreasing the anticipation and 

negative appraisal of clinical symptoms while increasing cognitive and emotional 

control immediately prior to a known noxious stimulus.   
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CONCLUSION 
 

Mindfulness meditation attenuates pain by enhancing cognitive flexibility and the 

ability to regulate emotional reactions with a nonjudgmental and nonreactive 

focus. MBSR may effectively improve outcomes such as stress, quality of life, 

pain, and symptom severity in fibromyalgia patients when compared to a wait-list 

control [74, 75]. However, mindfulness interventions that specifically focus on the 

principles of acceptance, non-attachment, and social engagement in addition to 

nonjudgmental awareness appear to be most effective in improving fibromyalgia-

related outcomes [79-81]. This subset of mindfulness-based interventions 

produces improvements in depression, anxiety, anger, pain, fibromyalgia-related 

symptomology, stress, coping efficacy, and positive affect in comparison to wait-

list and active control regimens [79-81]. Future studies should examine the 

impact of mindfulness-based interventions on fibromyalgia-associated 

inflammatory and neural processes in order to better identify biological 

mechanisms associated with meditation-based pain relief. 

 

Preliminary evidence suggests that the concept of non-attachment to self, 

experiences, and environment may be a key mediator of the effects of 

mindfulness on fibromyalgia-related pain [81]. Consequently, an individual’s 

ability to detach from the personal salience and affective value of a stimulus may 

be an important factor in facilitating fibromyalgia-related symptom improvement. 

Interestingly, expert meditators have been shown to demonstrate greater 

reductions in pain unpleasantness, but not pain intensity, when compared to 

novice meditators [87], further suggesting that meditation practices may improve 

outcomes through modifying an individual’s evaluation of painful experiences 

without impacting the strength of the stimulus.  

 

Yet, mindfulness meditation is a cognitively demanding task that may not be 

appropriate for all fibromyalgia patients. Up to 65% of rheumatic patients report 

severe fatigue [100], and mindfulness meditation requires constant and sustained 
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attention on a meditative object while also recognizing and reappraising 

discursive sensory events as they arise. This can be very demanding on 

fibromyalgia patients. Thus, non-pharmacologic approaches that are less 

cognitively engaging may prove more useful for some subsets of patients (CBT; 

relaxation; acupuncture; yoga). Interestingly, preliminary evidence suggests that 

acceptance and commitment therapy (ACT), a type of CBT, may effectively 

improve pain-related and psychological outcomes in fibromyalgia patients [101]. 

ACT educates patients on principles of acceptance and mindfulness through 

helping participants notice interfering thoughts and sensations while refraining 

from acting on them. ACT is aimed at increasing cognitive flexibility, enabling 

patients to engage in goal-oriented behaviors even in the presence of negative 

experiences. Consequently, mindfulness-based therapies may exert increased 

effectiveness when combined with ACT.  

 

Other prominent mind-body interventions such as yoga [102], massage therapy 

[103], and heart rate variability (HRV) biofeedback [104] are effective at reducing 

fibromyalgia pain. Relaxation-based regimens may improve such outcomes by 

decreasing stress and/or anxiety [105-107]. Yoga may impact fibromyalgia-

associated outcomes through a number of mechanisms due to the combination 

of exercise, mindfulness techniques, and social support. Similar to exercise, yoga 

may improve balance [108], strength [109], and mobility [110] and thus improve 

functional status. Additionally, instructors teach practitioners to observe thoughts 

and sensations associated with the practice of yoga without reaction or judgment. 

The ability to nonjudgmentally observe uncomfortable mental and physical 

experiences during yoga may enable patients to engage mindfulness-related 

skills more effectively during the experience of clinically relevant stimuli. Yoga is 

often taught within group settings and may provide social support that could 

alleviate stress and depression-induced augmentation of pain [105]. Taken 

together, yoga may alleviate current clinical pain and buffer against future 

symptoms through combining multiple techniques that may reduce the physical 

and psychological symptoms of fibromyalgia. It may also prove fruitful to 
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incorporate mindfulness-based physical exercises (yoga; walking meditation) in a 

group setting to better attenuate pain and co-morbid symptomology. 

Nevertheless, a more comprehensive understanding of the specific mechanisms 

of action supporting mind-body approaches will significantly inform our 

understanding of fibromyalgia epidemiology. Although behavioral treatments may 

not fully alleviate fibromyalgia-related pain, mindfulness techniques could be 

optimized to help patients detach from the reflexive personalization and negative 

evaluation of such an experience.  
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ABSTRACT 
 
 
Clinical pain and depression commonly exhibit a comorbid relationship. Yet, the 

psychophysical and neural mechanisms supporting the relationship between pain 

and dysphoric mood remain unknown. In an exploratory data analysis obtained 

during a study comparing mindfulness to placebo-analgesia, 76 healthy, pain-

free individuals completed the Beck Depression Inventory-II (BDI) and were 

administered noxious heat (49°C) to the right calf during arterial spin labeling 

functional magnetic resonance imaging to identify brain moderators supporting 

the relationship between trait depression and pain. Higher BDI scores were 

positively associated with pain intensity (r = .32; p = .006) and pain 

unpleasantness (r = .34; p = .003) ratings. Greater activation in regions involved 

in the evaluation of pain (ventrolateral prefrontal cortex; anterior insula) and 

sensory-discrimination (secondary somatosensory cortex; posterior insula) 

moderated the positive relationship between depression and pain intensity. 

Higher activation in the primary somatosensory cortex corresponding to the 

stimulation site moderated the relationship between depression and pain 

unpleasantness, while low activation in the orbitofrontal cortex, anterior insula, 

and rostral anterior cingulate cortex moderated the relationship between 

depression and pain unpleasantness. The present findings demonstrate that 

individuals with increased subclinical levels of depression exhibit heightened 

sensitivity to experimental pain. Furthermore, we provide novel evidence that 

higher order and sensory-discriminative regions play a multimodal role in 

facilitating the bidirectional relationship between dispositional depression and 

pain-related appraisals.  
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INTRODUCTION 
 
Pain and depression exhibit a reciprocal, co-morbid relationship across a 

spectrum of clinical populations (1-10). Approximately 92% of depressed patients 

report ongoing pain (11). Higher depression reports are also associated with 

greater pain sensitization (12-14) and the development of chronic pain (8, 15). 

This is likely reflective of the inability to self-regulate cognitive distortions 

supporting the magnification of noxious sensory events in depressed individuals 

(16, 17). Dysphoric mood in healthy individuals is associated with increased 

experimentally induced pain intensity (18) and pain unpleasantness (18, 19) 

ratings as well as decreased pain thresholds (20) and tolerance (21, 22). Further, 

the influence of dysphoric mood on nociceptive processing is associated with 

greater activation in regions supporting pain-related ruminations [posterior 

cingulate cortex (PCC); medial prefrontal cortex (mPFC)] (23, 24) and fear 

(amygdala) (25) in healthy (26) and clinical (27, 28) populations.  

 

It is well established that distributed neural networks process sensory and 

cognitive aspects of pain (29-31). Psychological processes significantly modulate 

affective dimensions of pain (32, 33) and are critical in shaping quality of life in 

clinical pain populations (34). Yet, the neural mechanisms supporting the 

relationship between depression and sensory/affective dimensions of pain are 

unknown. The present study combined perfusion fMRI and psychophysical pain 

testing in healthy, pain-free individuals to determine a) if trait depression is 

associated with higher pain sensitivity and b) the neural mechanisms supporting 

the proposed relationship between depression and pain intensity and pain 

unpleasantness, respectively. We employed fMRI-focused moderation analyses 

to test the hypotheses that the positive relationship between pain a) intensity and 

depression co-varies with greater activation in sensory discriminative brain 

regions (somatosensory/insular cortices and thalamus) (29, 35) and b) 

unpleasantness and depression is contingent on activation in brain regions 

supporting self-referential processes (mPFC; PCC) (23, 24).  
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MATERIALS AND METHODS 
 
 
Participants 
These data were collected as part of a previously published dataset examining 

brain mechanisms of meditation and placebo (36). Eighty-five healthy, pain-free, 

right-handed volunteers completed the study. However, MRI-related artifacts 

compromised data from nine subjects (defined below in the CBF Artifact 

Detection Procedures section). Therefore, data from 76 participants (mean age = 

27 ± 5 years; 40 females; 36 males) are presented here (Table 1). Of the 76 

subjects, 57 were White, eight were Black, five were Asian, five were mixed race, 

and one was Hispanic. Exclusion criteria eliminated individuals taking 

psychotropic or pain medications, pregnant women, those with prior meditation 

experience, and those with clinically significant depression scores. Wake Forest 

School of Medicine’s Institutional Review Board approved all study procedures. 

All subjects provided written, informed consent recognizing that they would 

experience painful heat stimuli, that all methods were clearly explained, and that 

that they were free to withdraw from the study. 

 
 
Table 1.  

 
Participant demographic information and mean (SEM) BDI, pain intensity, and 

pain unpleasantness ratings. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Variable 

 
Descriptives 
 

Age 
 

27.04 (0.58) 

Gender 
 

M = 36, F = 40 

BDI 
 

4.92 (0.52) 

Pain Intensity 
 

4.76 (0.24) 

Pain Unpleasantness 5.02 (0.27) 
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Stimuli 
 
As described previously (36-39), a TSA-II device (Medoc) was used to deliver all 

thermal stimuli using a 16 mm2 surface area thermal probe. This modest stimulus 

area allows a relatively wide range of noxious stimuli to be delivered. The thermal 

probe was moved to a new stimulation site after each experimental series to 

reduce habituation. All stimulus temperatures were £ 49°C. By design, subjects 

were free to lift their limb at any time and no stimuli produced any tissue damage. 

 

Psychophysical assessment of pain 
Pain intensity and unpleasantness ratings were assessed separately using a 15 

cm plastic sliding visual analog scale (VAS) (40). The minimum rating (“0”) was 

designated as “no pain sensation” or “not at all unpleasant,” whereas the 

maximum rating (“10”) was labeled as “most intense pain sensation imaginable” 

or “most unpleasant sensation imaginable,” respectively. Participants were 

instructed that, “the distinction between the two aspects of pain might be made 

clearer if you think of listening to a sound, such as a radio. The intensity of pain is 

like loudness; the unpleasantness of pain depends not only on intensity, but also 

on other factors which may affect you” (41). These scales provide reliably 

separate assessments of pain intensity and unpleasantness, are internally 

consistent, and approximate ratio scale measurement accuracy (32). 

 

Psychological Outcomes 
The Beck Depression Inventory II (BDI) is a 21-item assessment designed to 

measure the severity of depression using a 4-point Likert scale (0-3) (42). Total 

BDI scores range from 0-63 and higher scores indicate greater levels of 

depression. The BDI was administered before session 1 to measure depression 

levels (see Study Design). The BDI exhibits high internal consistency (α = .91) 

(42). Individuals exhibiting clinically significant levels of moderate depression 

(BDI scores ≥ 20) (42) were excluded from the study to better identify neural 

correlates of depression and pain in healthy individuals. 
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Anatomical MRI Acquisition 
Participants were scanned on a 3T Siemens Skyra scanner with a 32-channel 

head coil. High-resolution T1-weighted images were obtained using a MP-RAGE 

sequence: flip angle = 9°, T1 = 900 ms, TE = 2.95, TR = 2300 ms, pixel 

bandwidth = 240 Hz/pix, FOV = 25.6 X 24 cm, 192 slices, 1 mm isotropic spatial 

resolution, GRAPPA factor of 2, scan time = 5 min 12 s. 

 

Functional MRI Acquisition 
Four pseudo-continuous arterial spin labeling (PCASL) series (43) were 

performed to acquire whole-brain cerebral blood flow (CBF) images: tagging 

duration = 1.8 s, TI = 3 s, TE = 12 ms, TR = 4 s, reps = 66, FOV = 22 X 22 cm, 

in-plane matrix size = 64 X 64, 26, 5 mm axial slices with 1 mm slice gap, scan 

time = 4 min 24 s. A single-shot EPI acquisition with GRAPPA factor of 2 was 

used.  

 

Study Design 
 
Experimental Session 1: Psychophysical Training 

After providing written consent, subjects completed the BDI. As previously 

employed (36, 38, 39), participants underwent psychophysical training, where 

they were familiarized with 32, 5 s duration stimuli (35-49°C) and use of the VAS. 

Stimuli were delivered to the ventral aspect of the left forearm. The thermal probe 

was moved to a new location after each stimulus to reduce habituation and/or 

sensitization. Subjects were administered a 4 min 24 s thermal stimulation series 

delivered to the back of the left calf that was identical to the heat paradigm used 

in the subsequent MRI session. This heat series consisted of ten alternating 12 s 

plateaus of 49°C and 35°C. Individuals too sensitive to tolerate the stimulus or 

too insensitive (VAS ratings < 2) to produce detectable pain-related brain 

activation were excluded (39, 44). 

 

Experimental Session 2: MRI Session 
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On a separate day, participants reported to the Wake Forest MRI center and 

were positioned in the MRI scanner with a chest-placed respiratory transducer 

(TSD 201; Biopac Systems Inc., USA) and finger pulse oximeter (OXY-MRI-

SP02; Biopac Systems Inc., USA). These data are not reported in the present 

manuscript. Subjects positioned the back of the right calf onto the thermal probe 

and were free to withdraw their leg from the stimulus in the unlikely event of a 

probe malfunction. The probe was attached to a custom-made force transducer 

(Biopac Systems Inc., USA) coupled to a digital chart recorder (AD Instruments, 

Milford, MA) to confirm that subjects’ legs were continuously maintained on the 

thermal probe. 

 

During all MRI acquisition periods, participants were instructed to “stay still and 

keep eyes closed”. We first acquired a structural MRI scan (~5 min). Next, four 

PCASL series were acquired (4 min 24s each). Two heat and two neutral PCASL 

series were administered in an alternating fashion and the order of administration 

was counterbalanced across participants (i.e., heat-neutral-heat-neutral or 

neutral-heat-neutral-heat).  

 

The PCASL neutral series consisted of continual, innocuous (35°C) stimulation. 

The heat PCASL series included ten alternating, 12 s plateaus of 49°C and 35°C 

(rise/fall rate = 5°C/s). The first 24 s of each “heat” series consisted of 35°C 

stimulation for MRI equilibration. VAS ratings of pain intensity and 

unpleasantness were obtained after each PCASL series. The thermal probe was 

moved to a new location on the right calf after each PCASL series in order to 

reduce habituation and/or sensitization.  

 

Statistical Analysis of Behavioral Data 
Behavioral data were analyzed using SPSS 19 software (IBM, Armonk, New 

York). As previously employed (36, 38, 39), pain intensity and unpleasantness 

ratings were analyzed separately. To test our primary hypotheses, multiple 
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regression analyses examined the relationship between BDI and pain intensity 

and unpleasantness ratings, respectively, while controlling for age and gender.  

 

Analysis of Neuroimaging Data 
 

Calculation of Cerebral Blood Flow 

Each 4D series of PCASL images was converted into a single CBF file. 

Alternating tag and control images were subtracted in order to generate 

perfusion-weighted series. Due to the motion-sensitive nature of PCASL, we 

filtered data to remove individual perfusion-weighted images with higher motion 

parameters and perfusion fluctuations that may corrupt the final CBF map (45). 

Long recovery time (3 TRs) after presaturation was used during the first volume 

of the PCASL data to allow for magnetization recovery. This volume was used to 

estimate the CSF M0 value and to scale raw perfusion weighted images into a 

quantitative CBF map according to the general kinetic model (46). Global CBF 

was calculated by averaging the CBF of all voxels within the brain. 

 
CBF Artifact Detection Procedures 

Careful visual inspections were first performed on perfusion-weighted images to 

identify gross MRI-related artifacts. Next, regional masks were created to sample 

CBF in the territories of the carotid and vertebral arteries to identify potential 

tagging failures. Additionally, global CBF values were extracted to further 

characterize potential CBF artifacts. CBF images exhibiting low (≤ 20ml/100g 

tissue/min) global/regional CBF values were subsequently characterized as 

anomalous (36). In sum, nine subjects exhibited artifacts and/or anomalous CBF 

and their data were subsequently removed from the present analyses (76 

participants are included in the present study). 

	

Statistical Analysis of Regional Signal Changes Within the Brain  

Regional CBF was the dependent variable in the statistical analyses examining 

changes in regional brain signals. Changes in CBF were considered indicative of 
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changes in brain activation. FSL [Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) Software Library (Center for FMRIB, University of Oxford, Oxford, 

UK)] was used for image processing and analysis. Individual CBF volumes from 

each PCASL series were concatenated into one 4D volume for first-level 

analyses (4-volume series). Functional data were spatially smoothed with a 9mm 

full-width at half-maximum 3D isotropic Gaussian kernel prior to standard 

processing within the FEAT module of FSL. Each CBF volume was scaled by its 

mean global intensity (intensity normalization) within the FEAT module of FSL to 

minimize confounds arising from global CBF fluctuations. Temporal filtering was 

not performed since each CBF volume in the series is temporally independent 

from adjacent CBF volumes. Functional images were registered to their 

respective structural space using a six-parameter linear 3D transformation. Brain-

extracted structural data were transformed into standard stereotaxic space (as 

defined by Montreal Neurologic Institute) using a 12-parameter affine 

transformation followed by a nonlinear transformation (47-49). This nonlinear 

transformation was then applied to CBF data. 

 

Statistical analysis of regional signal changes were performed on 4D 

concatenated CBF data (first-level analyses) using fixed-effects general linear 

modeling (GLM) (50). Activation across individuals was assessed using random-

effects analyses. T/F statistic images were Gaussianized and thresholded using 

clusters determined by a z > 2.3. Corrected cluster significance threshold was set 

at p < 0.05 (51). This procedure ensures that the probability of false-positive 

findings was corrected for multiple comparisons (52).  

 

Brain Moderation Analyses 

A first-level ANOVA was first performed for each participant to identify the main 

effect of pain (heat vs. neutral stimulation). A second-level analysis was then 

performed across individuals to identify significant mean effects corresponding to 

the main effect of pain. A third-level analysis examined brain moderators 

supporting the relationship between VAS pain intensity and unpleasantness 
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ratings (respectively) and BDI scores. The interactions between demeaned pain 

intensity and unpleasantness ratings and BDI were characterized as the 

moderation terms (53). Mean centered BDI, pain intensity, and pain 

unpleasantness ratings were entered as the first, second, and third regressors, 

respectively. The moderation term between demeaned BDI and pain intensity 

ratings (BDI X INT) was modeled as the fourth regressor, and the interaction 

term between demeaned BDI and pain unpleasantness ratings (BDI X UNP) was 

modeled as the fifth regressor. Since pain intensity and unpleasantness ratings 

are highly correlated (38, 54), the BDI X UNP term was orthogonalized to the BDI 

X INT term to identify the unique variability in brain activity corresponding to BDI 

X UNP (55). Binary masks corresponding to significant brain activation maps 

from the first three regressors’ contrast images were created to extract mean 

intensity values (FSL’s Featquery tool) to verify that significant neural activation 

was significantly correlated with BDI, pain intensity, or pain unpleasantness 

ratings, respectively.  

 

The SPSS PROCESS moderation/mediation macro (53) was employed to 

confirm the directionality of significant BDI X INT and BDI X UNP moderation 

effects, respectively. Binary masks corresponding to the significant brain 

moderation effects were created to extract mean intensity values (FSL’s 

Featquery tool). These mean intensity values were designated and entered as 

moderator (M) values in the confirmatory moderation analyses (SPSS 

PROCESS). For the BDI X INT, we assessed the influence of mean intensity 

values (M) on the relationship between BDI (X) and pain intensity ratings (Y). For 

the BDI X UNP, we similarly assessed the degree that mean intensity values (M) 

influenced the relationship between (X) and pain unpleasantness ratings (Y) 

while controlling for pain intensity ratings. Finally, we employed the pick-a-point 

approach (53, 56) to identify the directionality of significant X*M moderation 

effects. In brief, the pick-a-point approach determines the conditional effect of X 

(BDI) on Y (pain) at low [1 standard deviation (SD) below the mean], average 

(mean), and high levels (1 SD above mean) of brain activation (M) (53, 56).
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RESULTS 

 
Behavioral Results 
 
Dispositional depression is positively associated with pain ratings 

Higher depression (BDI) scores were associated with greater pain intensity (p = 

.006, sr2 = .10; Table 2) and pain unpleasantness ratings (p = .003, sr2 = .11; 

Table 3). Pain intensity and unpleasantness ratings were also significantly 

correlated with each other (p < .001; r = .94). Demographic variables did not 

significantly co-vary with pain intensity (p > .15) (Table 2) or unpleasantness 

ratings (p > .06) (Table 3).  

 

 
Table 2. 
 
Multiple regression analysis on BDI scores and pain intensity ratings. 

 
 
 
 
 
 
 
 
 

 
B, unstandardized beta coefficient; SE B, standard error of unstandardized beta 
coefficient; b, standardized beta coefficient; sr2, semipartial coefficient squared. 

 
*p = .03 

 
**p = .006 
 
 
 
 
 
 
 
 
 

 
Variable 

   
B 

 
SE B 

   
 b 

  
sr2 

 
Model R2 

   
F 

      
.11 

 
3.04* 

Age 
 

-.02 .05 -.05 .00   

Gender 
 

-.33 .24 -.16 .02   

BDI  .15 .05  .32 .10**   
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Table 3.  
 

Multiple regression analysis on BDI scores and pain unpleasantness ratings. 

 
B, unstandardized beta coefficient; SE B, standard error of unstandardized beta 
coefficient; b, standardized beta coefficient; sr2, semipartial coefficient squared. 

 
*p = .01 

 
**p = .003 
 
 

Brain Moderation Findings 
 

Heat-related brain activation 

When compared to neutral (35°C) stimulation, noxious (49°C) heat produced 

significant activation in the primary somatosensory cortex (SI) corresponding to 

the stimulation site (right calf), bilateral thalamus, cerebellum, secondary 

somatosensory cortex (SII), inferior frontal gyrus, anterior/posterior insula, and 

the supplementary motor area (SMA). Noxious heat produced significant 

deactivations in the bilateral PFC, and posterior cingulate cortex 

(PCC)/precuneus when compared to neutral stimulation (Figure 1; Table S1).  

 
  

 
Variable 

 
 B 

 
SE B 

   
  b 

  
sr2 

 
Model R2 

  
 F 
 

     .14 3.98* 
Age 
 

-.01 .05 -.02 .00   

Gender 
 

-.49 .25 -.21 .04   

BDI  .18 .06  .34 .11**   
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Figure 1. Brain activations and deactivations associated with the main effect of 
pain.  
 

 
Significant activations during painful stimulation were seen in the primary somatosensory 
cortex (SI) corresponding to the stimulation sight, bilateral thalamus, cerebellum, anterior 
and mid-cingulate cortices, anterior/posterior insula, frontal operculum, secondary 
somatosensory cortex (SII), supplementary motor area (SMA), and inferior frontal gyrus. 
Significant deactivations were detected in the bilateral medial prefrontal cortex (mPFC), 
orbitofrontal cortex (OFC), and posterior cingulate cortex (PCC)/precuneus. Slice 
locations correspond to standard stereotaxic space. 

   x = 6

   z = 3

   z = 68

Main Effect of Pain

 L

Cerebellum
PCC/Precuneus
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Anterior/mid-cingulate cortex
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Thalamus
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    -17.3       -2.3      2.3        17.3
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BDI, pain intensity, and pain unpleasantness-related brain activation 
BDI, pain intensity and pain unpleasantness ratings were not significantly 

associated with brain activation. 

 

Brain moderators supporting the relationship between depression and pain 

 

Pain Intensity 

 

The relationship between BDI and pain intensity ratings (BDI X INT) was 

significantly moderated by activation in the contralateral SII, parietal and central 

operculum, posterior insula, ventrolateral PFC (vlPFC), and anterior insula 

(Figure 2; Table S2a). Post-hoc analyses confirmed that higher activation in 

these brain regions moderated the positive relationship between BDI scores and 

pain intensity ratings (Figure 2). 
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Figure 2. Brain regions moderating the relationship between depression and pain intensity. 

 
The positive relationship between BDI and pain intensity ratings was moderated by 1 SD greater than average (+1SD) (p < .001) 
activation in the contralateral ventrolateral prefrontal cortex, anterior insula, secondary somatosensory cortex, parietal/central 
operculum, and posterior insula during noxious stimulation. Squares ( ) are indicative of brain activation 1 SD below the mean 
(1SD). Circles ( ) are indicative of mean brain activation, and triangles ( ) indicate brain activation that is 1 SD greater than the 
mean. Slice locations correspond to standard stereotaxic space.	 
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Pain Unpleasantness 

 

The relationship between BDI scores and pain unpleasantness ratings (BDI X 

UNP), when controlling for pain intensity, was significantly moderated by 

activation in the contralateral SI corresponding to the stimulation site (Figure 3a; 

Table S2b), orbitofrontal cortex (OFC), rostral anterior cingulate cortex (rACC), 

and anterior insula (Figure 3b; Table S2c). Post-hoc analyses revealed that 

higher activation in the contralateral SI moderated the positive relationship 

between BDI scores and pain unpleasantness ratings (Figure 3a). In contrast, 

low contralateral OFC, rACC, and anterior insular activation moderated the 

positive relationship between BDI and pain unpleasantness ratings (Figure 3b).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

	 138 

Figure 3. Brain regions moderating the relationship between depression and 

pain unpleasantness.  

 

 
 
A. 1 SD greater than average (+1SD) (p = .01) activation in the contralateral primary 
somatosensory cortex corresponding to the stimulation site during noxious stimulation 
moderated the positive relationship between BDI and pain unpleasantness ratings when 
controlling for pain intensity. B. The positive relationship between BDI and pain 
unpleasantness ratings was moderated by 1 SD below average (-1SD) (p = .003) 
activation in the contralateral rostral anterior cingulate cortex, orbitofrontal cortex (OFC), 
(rACC), and anterior insula during noxious stimulation when controlling for pain intensity. 
Squares ( ) are indicative of brain activation 1 SD below the mean. Circles ( ) are 
indicative of mean brain activation, and triangles ( ) indicate brain activation that is 1 SD 
greater than the mean. Slice locations correspond to standard stereotaxic space.  

Neural Activation
+1SDMean-1SD

V
A

S
 P

ai
n 

U
np

le
as

an
tn

es
s 

R
at

in
gs

5.50

5.30

5.10

4.90

4.70

4.50

-4.52: R2  Linear = 1
.00: R2  Linear = 1.000

4.52: R2  Linear = 1.000

BDI

1SD Below Mean

Mean 

1SD Above Mean 

Neural Activation
+1SDMean-1SD

V
A

S
 P

ai
n 

IU
np

le
as

an
tn

es
s 

R
at

in
gs 5.50

5.30

5.10

4.90

4.70

4.50

Page 1

  A

 L

  B
         x = -8

        z = -20

         z = -10

        z = 72

BDI

1SD Below Mean

Mean 

1SD Above Mean 

         = OFC

         = rACC

         = Anterior Insula

         = SI

    -17.3       -2.3      2.3        17.3



	

	 139 

DISCUSSION 
 

This is the first known study to demonstrate that higher subclinical depression is 

associated with greater pain intensity and pain unpleasantness during noxious 

heat. The positive relationship between depression, sensory pain and pain 

unpleasantness was moderated by several, distinct neural mechanisms. The 

association between depression and pain intensity was driven by high activation 

(mean intensity values = 1 SD above mean activation) in brain mechanisms 

(vlPFC; anterior insula) supporting cognitive-affective appraisals of pain (57-59) 

and low-level nociceptive processing (contralateral SII, parietal/central 

operculum, posterior insula) (35) (Figure 2). Low activation (mean intensity 

values = 1 SD below mean activation) in brain regions supporting the cognitive 

regulation of pain (contralateral rACC; OFC; anterior insula) (60-63) moderated 

the positive association between depression and pain unpleasantness ratings 

(Figure 3b). The positive relationship between depression and pain 

unpleasantness, when controlling for pain intensity, was driven by high activation 

of the SI representation of the stimulation site (right calf) (Figure 3a). Thus, we 

provide novel evidence that brain regions implicated in the cognitive modulation 

of pain and sensory-discriminative processing are key facilitators of the link 

between dispositional mood and subjective pain. 

 
High vlPFC, insular, and somatosensory activation moderated the positive 
relationship between depression and pain intensity 
 
Prefrontal, insular, and somatosensory regions are anatomically connected (64-

67) and are well positioned to assimilate ascending nociceptive and affective 

information (59). In the present study, high contralateral vlPFC, insular, SII, and 

parietal/central operculum activation moderated the positive relationship between 

depression and pain intensity (é pain + édepression; êpain + ê depression) 

(Figure 2). It is important to note that said neural correlates of the BDI X INT 

interaction term also encompass regions associated nonspecifically with both 
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interaction terms (i.e. BDI X INT and BDI X UNP). This occurred because we 

orthogonalized the BDI X UNP term to the BDI X INT term in order to also identify 

brain regions uniquely associated with the interaction between depression and 

pain unpleasantness (i.e. not implicated in the relationship between depression 

and pain intensity). As such, the vlPFC, insula, SII, and parietal/central 

operculum are involved in facilitating the relationship between depression and 

pain intensity as well as any overlap between intensity and unpleasantness. 

 

The vlPFC and anterior insula play a multimodal role in constructing and 

regulating pain-related and affective appraisals (57, 61, 68-73). For example, 

vlPFC activation is associated with reappraisal-induced decreases in pain (57, 

74) and the pain exacerbating effects of heightened fear and anxiety (68, 70). 

Further, the anterior insula is involved in integrating emotional and interoceptive 

states to formulate a contextually relevant evaluation of an event (72). 

Consequently, during a nociceptive stimulus, the vlPFC and anterior insula may 

modulate subjective pain responses in a manner that facilitates the pain 

enhancing or alleviating effects of dispositional mood.  

 

High SII, parietal operculum, and posterior insula activation also moderated the 

relationship between depression and pain intensity. For individuals with elevated 

negative mood, high activation in said neural regions may be associated with a 

pain-related attentional bias (29, 35, 75-79). However, increased somatosensory 

and insular activation also facilitated low depression and pain. While surprising, 

we postulate that activity in low-level sensory regions may simply reflect the 

salience nature of a noxious stimulus (80-82). To this extent, activation in SII and 

posterior insula increases in parallel with subjective ratings of salience, 

independent of sensory modality (i.e. somatosensory; auditory; visual) (80-82). 

Further, somatosensory activity is more associated with perceived salience than 

pain intensity (80). As such, those with lower levels of depression and increased 

low-level sensory activation may interpret noxious stimuli as a profoundly 

salient/intrusive experience without characterizing said experiences as painful.  
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Low OFC, rACC, and anterior insula activation and high SI activation 
moderated the positive relationship between depression and pain 
unpleasantness 

 

In the present study, low activation in the contralateral OFC, rACC, and anterior 

insula and high somatosensory activation (i.e. SI) corresponding to the 

stimulation site (right calf) moderated the positive relationship between 

depression and pain unpleasantness (épain + édepression; ê pain + ê 

depression) (Figure 3). The OFC, rACC, and anterior insula are implicated in 

incorporating psychologically relevant information (i.e. attention; reappraisals; 

emotions; expectations) into the subjective evaluation of pain (57, 61, 63, 74, 86-

92). During the experience of a nociceptive stimulus, individuals with higher 

depression exhibit a diminished ability to cognitively regulate emotional 

responses (i.e. low OFC; rACC; anterior insula activity) leading to higher pain 

unpleasantness ratings (17, 93-95). Executive level brain regions modulate the 

context-dependent processing of pain-related information by activating a “gating 

mechanism” that down-regulates sensory transmission from the thalamus to the 

cortex (i.e. SI) (96-103). Consequently, decreased executive control may have 

facilitated increased SI activity, thus generating the observed relationship 

between higher SI and increased depression and pain unpleasantness (91, 99, 

100, 103). Conversely, individuals with lower levels of depression exhibited 

decreased pain unpleasantness ratings, a relationship that was also associated 

with diminished higher-order activity and increased SI activation. This process 

may reflect the ability of those with lower depression to fully attend to the neutral, 

sensory qualities of a stimulus (i.e. increased SI) without evaluating the event 

(i.e. lower OFC, rACC, anterior insula) (83, 84, 104-106). As such, we provide 

novel evidence that the SI is not only involved in sensory-discriminative 

processing (29, 35) but also plays an important role in facilitating the impact of 

dispositional mood on affective pain. 
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CONCLUSIONS 
 

Taken together, our results demonstrate that healthy, pain-free individuals exhibit 

an association between depression and pain. Furthermore, the same brain 

mechanisms facilitate heightened or diminished pain, depending on whether an 

individual has high or low depressive symptomology, respectively. These findings 

are consistent with previous studies demonstrating that executive-level and 

sensory-discriminative brain regions impact pain responses in a multimodal 

manner (39, 44, 61, 63, 83, 84, 87).  

 

Moreover, we provide preliminary evidence that pain-sensitive, subclinically 

depressed individuals exhibit changes in neural activation that are similar to 

mechanisms implicated in clinical depression (17, 93, 107-109). Specifically, 

depressed patients demonstrate increased activation in low-level sensory 

processing regions (107, 108) and decreased activation in cognitive control 

regions (17, 93, 109, 110). While our findings were obtained in healthy, pain-free 

individuals, they may provide evidence that the comorbid relationship between 

depression and pain develops prior to the establishment of a clinical diagnosis. 

Thus, specific neural mechanisms could be targeted to help alleviate and prevent 

the development of clinical depression and pain. 
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SUPPLEMENTAL TABLES 

 
Table S1.  

 
Brain coordinates (as defined by the Montreal Neurologic Institute) corresponding 
to peak cerebral blood flow changes in figures 1, 2 and 3. 

 
  

Region 
 
Z score  

 
Coordinates 
(x,y,z) 

 
P value  

 
Figure 1: Main effect of pain 
                    
Activation 
                   
 
 
 
 
 
 
 
 
 
 
 
 
 
             
                  
 
 
 
 
 
 
 
 
 
Deactivation 

 
 
 
Right cerebellum 
 
Left Cerebellum 
 
Right thalamus 
 
Anterior/mid-cingulate 
cortex 
 
Frontal operculum 
 
Right anterior insula 
 
Left anterior insula 
 
Right posterior insula 
 
Left posterior Insula 
 
Left SII 
 
Left SMA 
 
Left SI 
 
 
PCC/Precuneus 
 
OFC 
 
mPFC 
 
Inferior frontal gyrus 
 

 
 
 
9.21 
 
10.49 
 
7.58 
 
14.15 
 
 
6.86 
 
11.78 
 
7.25 
 
6.39 
 
11.40 
 
10.19 
 
8.08 
 
8.25 
 
 
8.66 
 
6.7 
 
10.49 
 
5.28 

 
 
 
2, -60, -8 
 
-4, -58, -18 
 
12, -20, 4 
 
2, -4, 46 
 
 
46, 10, 4 
 
32, 14, 2 
 
-32, 14, 6 
 
38, -16, 0 
 
-36, -18, 14 
 
-36, -20, 14 
 
-6, -14, 64 
 
-4, -38, 62 
 
 
-8, -50, 36 
 
-38, 32, -18 
 
-6, 56, -4 
 
-52, 28, -4 
 

 
 
 
< .001 
 
< .001 
 
< .001 
 
< .001 
 
 
< .001 
 
< .001 
 
< .001 
 
< .001 
 
< .001 
 
< .001 
 
< .001 
 
< .001 
 
 
< .001 
 
< .001 
 
< .001 
 
< .001 
 

Figure 2: Brain regions 
moderating the relationship 
between depression and 
pain intensity 

Left vlPFC 
 
Left anterior insula 
 
Left SII, parietal  
operculum, posterior 
insula 

4.78 
 
4.74 
 
4.98 

-38, 14, -14 
 
-36, 24, -10 
 
-50, 0, 8 

< .001 
 
< .001 
 
< .001 
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Figure 3: Brain regions 
moderating the relationship 
between depression and 
pain unpleasantness 

Left SI 
 
Left OFC 
 
Left rACC 
 
Left anterior insula 

5.21 
 
3.87 
 
4.62 
 
4.2 

-12, -40, 72 
 
-24, 26, -16 
 
-10, 42, 20 
 
-34, 16, -8 

< .01 
 
   .02 
 
   .02 
 
   .02 

 
SII, secondary somatosensory cortex; SMA, supplementary motor cortex; SI, primary 
somatosensory cortex; PCC, posterior cingulate cortex; OFC, orbitofrontal cortex; 
mPFC, medial prefrontal cortex; vlPFC, ventrolateral prefrontal cortex; rACC, rostral 
anterior cingulate cortex 
 
 
Table S2a. 
 
Moderation analysis on vlPFC, insula, SII, and parietal operculum activation and 

pain intensity ratings. 

 
B, unstandardized beta coefficient; SE B, standard error of the beta coefficient; t, t-value; 
p, p-value; BDI, Beck Depression Inventory scores; vlPFC/insula/SII/parietal operculum 
Activation, mean intensity values from the BDI X INT brain moderation effect 
corresponding to activation in the contralateral ventrolateral prefrontal cortex, anterior 
insula, secondary somatosensory cortex, parietal and central operculum, and posterior 
insula; BDI*Activation, the product of BDI and PFC/insula/SII/parietal operculum 
Activation 

 
*p = .002 
 

 
 
 
 
 
 
 
 

 
Variable 

  
 B 

 
SE B 

  
  t 

 
 p 

 
Model R2 

    
 F 
 
 

     .43 
 

5.53* 

BDI 
 

.09 .05 1.67 .10   

vlPFC/insula/SII/parietal operculum Activation 
 

.00 .00 .632 .53   

BDI*Activation .00 .00 2.64 .01   
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Table S2b.  
 

Moderation analysis on SI activation and pain unpleasantness ratings when 

controlling for pain intensity. 

 
 
 
 
 
 
 
 
 
 
 
 

B, unstandardized beta coefficient; SE B, standard error of the beta coefficient; t, t-value; 
p, p-value; BDI, Beck Depression Inventory scores; SI Activation, mean intensity values 
from the BDI X UNP moderation effect corresponding to activation in the contralateral 
primary somatosensory cortex; BDI*Activation, the product of BDI and SI Activation. 

 
*p < .001 

 
Table S2c.  

 
Moderation analysis on OFC, rACC, and anterior insula activation and pain 

unpleasantness ratings when controlling for pain intensity. 

 
 
 
 
 
 
 
 
 
 

 
B, unstandardized beta coefficient; SE B, standard error of the beta coefficient; t, t-value; 
p, p-value; BDI, Beck Depression Inventory scores; OFC/rACC/anterior insula Activation, 
mean intensity values from the BDI X UNP moderation effect corresponding to activation 
in the contralateral orbitofrontal cortex, rostral anterior cingulate cortex, and anterior 
insula; BDI*Activation, the product of BDI and OFC/rACC/anterior insula Activation.  
 
*p < .001 

 
Variable 

  
B 

 
SE B 

  
  t 

    
 p 

 
Model R2 

     
    F 

      
.95 
 

 
169.28* 

Intensity 
 

1.03 .04 24.18 .00   

BDI  
 

.04 .02 1.75 .09   

SI Activation 
 

.00 .00 1.74 .09   

BDI*Activation .00 .00 2.10 .04   

 
  Variable 
 

  
 B 

 
SE B 

   
  t 

 
 p 

 
Model R2 

    
   F 
 

     .95 
 

170.7* 

Intensity 
 

 1.05 .04 24.59 .00   

BDI  
 

 .04 .02  1.70 .09   

OFC/rACC/anterior insula Activation 
 

 .00 .00  1.09 .28   

BDI*Activation -.00 .00 -3.36 .00   
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ABSTRACT 
 

Mindfulness meditation, a cognitive practice premised on sustaining non-

judgmental awareness of arising sensory events, reliably attenuates pain. 

Mindfulness meditation activates multiple brain regions that contain a high 

expression of opioid receptors. However, it is unknown if mindfulness meditation-

based analgesia is mediated by endogenous opioids. The present double blind, 

randomized study examined behavioral pain responses during mindfulness 

meditation and a non-manipulation control condition in response to noxious heat 

and intravenous administration of the opioid antagonist naloxone, or saline-

placebo. Meditation during saline infusion significantly reduced pain intensity and 

unpleasantness ratings when compared to the control + saline group. However, 

naloxone infusion failed to reverse meditation-induced analgesia. There were no 

significant differences in pain intensity or pain unpleasantness reductions 

between the meditation + naloxone and the meditation + saline groups. 

Furthermore, mindfulness meditation during naloxone produced significantly 

greater reductions in pain intensity and unpleasantness than the control groups. 

These findings demonstrate that mindfulness meditation does not rely on 

endogenous opioidergic mechanisms to reduce pain.  
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SIGNIFICANCE STATEMENT 
 

Endogenous opioids have been repeatedly shown to be involved in the cognitive 

inhibition of pain. Mindfulness meditation, a practice premised on directing 

objective attention to arising sensory events, reduces pain by engaging 

mechanisms supporting the cognitive control of pain. However, it remains 

unknown if mindfulness-based analgesia is mediated by opioids, an important 

consideration for utilizing meditation to treat chronic pain. To address this 

question, the present study examined pain reports during meditation in response 

to noxious heat and administration of the opioid antagonist, naloxone and 

placebo-saline. The results demonstrate that meditation-based pain relief does 

not require endogenous opioids. Thus, the treatment of chronic pain may be 

more effective with meditation due to a lack of cross-tolerance with opiate-based 

medications. 
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INTRODUCTION 
 

Opioidergic mechanisms have been repeatedly demonstrated to be involved in 

cognitive inhibition of pain (Bandura et al., 1987; Tracey et al., 2002; Wager et 

al., 2007). Pain relief produced by placebo (Levine et al., 1978; Grevert et al., 

1983; Amanzio and Benedetti, 1999; Zubieta et al., 2005; Eippert et al., 2009), 

conditioned pain modulation (King et al., 2013), attentional control (Sprenger et 

al., 2012), and hypnosis (Stephenson, 1978; Frid and Singer, 1979) is reversed 

by administration of the opioid antagonist, naloxone. Furthermore, brain regions 

associated with facilitating the cognitive modulation of pain including the anterior 

cingulate cortex (ACC), orbitofrontal cortex (OFC) and insula contain high 

concentrations of opioid receptors (Jones et al., 1991; Adler et al., 1997; Willoch 

et al., 1999; Casey et al., 2000; Willoch et al., 2004; Wager et al., 2007) and 

activation of these opioidergic systems (Petrovic et al., 2002; Zubieta et al., 2005; 

Bingel et al., 2006; Wager et al., 2007; Eippert et al., 2009; Sprenger et al., 2012) 

produces analgesia (Tracey et al., 2002; Bingel et al., 2006). Several of these 

brain regions, such as the ACC and prefrontal cortex (PFC), project to the 

periaqueductal gray (PAG) (Floyd et al., 2000), a structure that can also be 

directly activated by opioids. The PAG projects to the rostral ventral medulla 

(Beitz, 1982; Mantyh, 1983b, a) that in turn projects to the spinal dorsal horn and 

can inhibit nociceptive processing via multiple neurotransmitter systems 

(Liebeskind et al., 1973).  

 

Mindfulness meditation is another cognitive technique that can attenuate the 

subjective experience of pain.  As implemented in our laboratory, this technique 

combines focused attention on the breath with diminished evaluation of arising 

thoughts and sensations. Brain imaging has shown that mindfulness meditation-

related pain reductions are associated with activation of the perigenual ACC 

(pgACC), OFC and anterior insula (Zeidan et al., 2011; Zeidan et al., 2015). 

While activation of these regions could be suggestive of opioidergic mechanisms, 

given their high concentrations of opioid receptors, other patterns of brain activity 
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raise the possibility of alternative mechanisms supporting mindfulness 

meditation-induced pain relief.  Specifically, mindfulness meditation significantly 

deactivates the thalamus (Zeidan et al., 2011; Zeidan et al., 2015), potentially 

reflecting cognitive gating of the transmission of sensory information to the cortex 

(Zeidan et al., 2011; Zeidan et al., 2012). Moreover, mindfulness meditation 

deactivates the PAG (Zeidan et al., 2015), a finding inconsistent with activation of 

this structure by opioid-dependent cognitive pain modulatory manipulations 

(Watkins and Mayer, 1982; Basbaum and Fields, 1984).  In order to test the 

hypothesis of an opioid mechanism, the present double blind, randomized 

psychophysical study examined subjective pain reports during mindfulness 

meditation in response to noxious heat stimulation during naloxone or saline 

administration.  

 

METHODS AND MATERIALS 

 

Participants 
Ninety-five healthy, pain-free and meditation naive participants, recruited from 

the local community, provided informed consent for the present study. Wake 

Forest School of Medicine’s Institutional Review Board approved all study 

procedures. All subjects provided written, informed consent recognizing that (1) 

they would experience painful, heat stimuli, (2) all methods were clearly 

explained, and (3) they were free to withdraw from the study without prejudice. 

Subjects were informed that the study was focused on assessing “if meditation is 

associated with the release of naturally occurring opiates” and that they “may 

receive intravenous administration of saline or naloxone, a relatively safe drug 

that blocks the transmission of opioid activity.” 

 

Seventy-eight participants (75 right-handed; mean age = 27 years ± 7 years; 39 

males; 39 females) successfully completed all study procedures (57 were White, 

8 were Asian, 7 were Black, 4 were Hispanic, 1 was Native American, and 1 self-

identified as “mixed”).  
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Seventeen recruited participants were excluded from the final analysis for a 

variety of reasons including age (n =1), IV administration trouble (n = 2), 

equipment malfunction (n =1), scheduling conflicts (n = 2), chronic pain (n =1), 

sleeping through the meditation training (n = 2), pain insensitivity (n =1), and 

procedural errors (n = 3). Importantly, four subjects experienced several adverse 

effects including dizziness (n = 3) and syncope (n =1) during the administration of 

the naloxone bolus. All of these subjects were white females with weights less 

than 70kg. All four participants recovered rapidly after termination of the 

naloxone infusion. 

 

Sample Size Determination 
Based on our previous studies (Zeidan et al., 2010a; Zeidan et al., 2011; Zeidan 

et al., 2015) and sample size determination software (G*power, 3.1), sixteen 

subjects per group were considered sufficient to detect a significant difference 

(large effect size = η2p =.14) between groups on a two-sided, 0.05 test of 

proportions (repeated measures “within-between interaction” ANOVA) with over 

80% power. However, variability in responses to naloxone may exist, therefore 

we targeted a sample of 20 subjects per group for a total of 80 subjects. This 

sample size was calculated to provide over 90% power to detect a significant 

difference between groups on VAS pain ratings.  

 

Randomization Procedure 
Randomization was stratified by gender so that each sex would have their 

respective list of randomization codes. Males and females were randomized 

without replacement across a block of 80 codes using an Excel-based random 

number generator. The four treatment arms (1, 2, 3, 4) were permuted with 

respect to treatment assignment (meditation + naloxone, control + naloxone, 

meditation + saline, control + saline) in a double blind fashion. Participants were 

informed of their respective group assignment after completion of experimental 

session 1. 
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Stimuli  
As previously (Quevedo and Coghill, 2007; Starr et al., 2009; Yelle et al., 2009; 

Zeidan et al., 2011; Lobanov et al., 2014), MEDOC TSA-II (Medoc, Inc.) was 

employed to deliver all thermal stimuli employing a 16mm2 surface area thermal 

probe. To reduce habituation, the thermal probe was moved to a new stimulation 

site after each experimental series. All stimulus temperatures were less than or 

equal to 49°C and subjects were free to escape the stimulator at any time by 

lifting their limb from a custom-made probe holder.  

 
Psychophysical Assessment of Pain 
As previously (Zeidan et al., 2011; Zeidan et al., 2015), pain intensity and 

unpleasantness ratings were assessed with 15cm plastic sliding visual analog 

scales (VAS) (Price et al., 1994). We instructed subjects “that the distinction 

between the two aspects of pain might be made clearer if you think of listening to 

a sound, such as a radio. The intensity of pain is like loudness; the 

unpleasantness of pain depends not only on intensity, but also on other factors 

which may affect you” (Price et al., 1983). The minimum rating (“0”) was 

designated as “no pain sensation” and “not at all unpleasant” whereas the 

maximum (“10”) was labeled as “most intense pain sensation imaginable” or 

“most unpleasant sensation imaginable”, respectively. These scales have been 

demonstrated to 1) provide reliably separate assessment of pain intensity and 

unpleasantness, 2) be internally consistent, and 3) approximate ratio scale 

measurement accuracy (Price, 2000).  

 
Drug Administration 
A 0.15 mg/kg bolus dose of naloxone (Naloxone HCI, Amphastar 

Pharmaceuticals, Inc., Rancho Cucamonga, California) or saline in 25ml normal 

saline was administered over 10 minutes via the intravenous (IV) line inserted 

into the antecubital vein of the non-dominant arm. Onset of naloxone-induced 

opioidergic antagonism (after IV administration) occurs within two minutes and 
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exhibits an average half-life of 64 minutes (Summary of Product, Amphastar 

Pharmaceuticals, Inc.). Importantly, the duration of the experiment from the onset 

of naloxone infusion to completion was 22 minutes. However, in order to further 

ensure that naloxone would antagonize opioid receptors for entirety of the 

experiment, we administered a supplementary IV infusion dose of 0.1mg/kg/hour 

naloxone or saline immediately after bolus infusion ceased till the end of the 

experiment (~12 minutes). This large dose comprehensively antagonizes 

endogenous opioids (Levine and Gordon, 1986) and is larger than dosages 

previously employed to successfully reverse analgesia produced by placebo 

(Levine et al., 1978; Grevert et al., 1983; Amanzio and Benedetti, 1999; 

Benedetti et al., 1999), electrical stimulation of periventricular gray matter 

(Adams, 1976; Hosobuchi et al., 1977), transcranial magnetic stimulation (de 

Andrade et al., 2011; Taylor et al., 2013), acupuncture (Mayer et al., 1977), and 

hypnosis (Stephenson, 1978). Only the study physicians, research pharmacist, 

and research coordinator were aware of participant-drug assignment. Subjects, 

research nurses, and all experimenters were blinded to drug assignment.  

 
Experimental Design 
 

Experimental Session 1 (Psychophysical Training + Baseline Pain Testing):  

 

Subjects were initially familiarized with 32, 5s duration stimuli (35 - 49°C) and use 

of the VAS (Zeidan et al., 2011; Emerson et al., 2014; Lobanov et al., 2014). 

Stimuli were delivered to the ventral aspect of the left forearm. We then assessed 

baseline (pre-intervention) psychophysical responses to noxious heat by 

administering two heat series. Heat series (4min and 24s) included ten, 

alternating 12s plateaus of 49°C and 35°C stimulation to the back of the right 

calf. We moved the thermal probe to a different region on the back of the right 

calf after completion of the first heat series. VAS pain intensity and 

unpleasantness ratings were collected after each series. After successful 
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completion of sensory testing, participants were instructed of their respective 

group assignment (i.e., meditation; control). 

 

Experimental Session 2-5: Group Training Sessions 

 

Mindfulness Meditation Training Regimen: As in previous studies (Zeidan et al., 

2011; Zeidan et al., 2015), subjects in the meditation group participated in four 

separate days (20m/d) of mindfulness-based mental training. Subjects were 

informed that meditation training was secular and taught as the cognitive practice 

of mindfulness meditation. Across all of the meditation training sessions, subjects 

were instructed to focus on the changing sensations of the breath while 

employing a non-evaluative cognitive state. Time providing guided meditative 

instructions was progressively reduced across meditation training days to allow 

subjects to meditate in silence (Zeidan et al., 2010a; Zeidan et al., 2010c; Zeidan 

et al., 2010b; Zeidan et al., 2011; Zeidan et al., 2013).  

 

In each meditation training session, mindfulness-based instructions emphasized 

acknowledging arising thoughts, feelings and/or emotions without judgment or 

emotional reaction and to “simply return their attention back to the breath” 

sensation whenever such discursive events occurred. Subjects were also taught 

that perceived sensory/affective events were “momentary” and “fleeting” and did 

not require further interpretation or evaluation. In meditation training session 1, 

subjects were instructed to focus on the breath sensations occurring “at the tip of 

the nose”. In meditation training session 2, we instructed participants to expand 

their focus to the “full flow of the breath”, including bodily sensations (e.g., rise 

and fall of the abdomen and chest). On meditation training day 3 and 4, subjects 

received minimal meditation instruction. Contrary to traditional mindfulness-

based training programs, subjects were not instructed to practice outside of 

training. 
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Book Listening Control Regimen: The control group listened to an audio 

recording of The Natural History of Selborne (White, 1908) across four days 

(20m/d). This group was employed to control for facilitator attention and the time 

elapsed in the other interventions. Subjects were not allowed to sleep, use their 

phones, or talk to the experimenter during book listening.  

 

Experimental Session 6 

 

After successful completion of respective group interventions, subjects reported 

to Wake Forest School of Medicine’s Clinical Research Unit (CRU). CRU nurses 

first administered an opiate-focused urine drug screening to confirm that no 

subjects were using opioids and to minimize the chance that opioid-dependent 

individuals would experience withdrawal during naloxone administration. Weight 

was subsequently measured to confirm the prescribed drug dosage. A CRU 

nurse then inserted the IV catheter into the non-dominant arm of each subject. 

For safety purposes, blood pressure, respiration rate, oxygen saturation, and 

heart rate data were systematically monitored/recorded throughout the entire 

experiment. Finally, subjects placed their right calf on a custom-made thermal 

probe holder and were provided with an overview of the experimental procedures 

before the testing phase of the experiment.  

 

Testing Phase 

 

Rest: Two heat series were administered. VAS pain intensity and 

unpleasantness ratings were collected after each series. The thermal probe was 

moved to a different location of the right calf after each heat series to reduce 

potential habituation and sensitization.  

 

Naloxone/Saline Administration: After the first two heat series, a research nurse 

initiated the naloxone/placebo infusion. Participants in the meditation group were 
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instructed to “begin meditating until the end of the experiment.” Control group 

subjects were told to “close your eyes and relax until the end of the experiment.”  

 

Manipulation (Meditation/Control): Two more heat series were administered 

during meditation or rest (i.e., control condition). VAS pain intensity and 

unpleasantness ratings were collected after each series and the thermal probe 

was moved to a different location of the right calf after each heat series. After 

completion of the experiment, we collected blood pressure and assessed 

participants for potential naloxone-related symptoms. 

 
Analysis of Behavioral Data 
 

Behavioral data were analyzed with SPSS 19.0 software (IBM, Armonk, New 

York, USA). 

 

Pain Ratings 

Psychophysical assessment of pain from baseline (experimental session 1) and 

experimental session 6 were analyzed separately. In experimental session 1, 

group differences in pain intensity and unpleasantness ratings were examined 

with a single-factor ANOVA to assess for potential baseline (pre-intervention) 

group differences.  

 

In experimental session 6, a two-factor ANOVA tested the hypothesis that 

meditating in the presence of saline and noxious heat stimulation would produce 

significantly lower pain intensity and unpleasantness ratings when compared to 

rest, meditating in the presence of naloxone, and control groups. Significant (p < 

.05) main effects and interactions were investigated with planned post-hoc tests 

(Bonferroni adjusted alpha level of .013 per test) comparing the percent change 

(from rest to manipulation) in pain intensity and unpleasantness ratings 

(Toothaker, 1993; Cohen and Lea, 2004).  
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Secondary Outcomes 

Univariate ANOVA analyses examining potential group differences on 

demographics (age, weight), drug dosage, and outcomes corresponding to the 

naloxone symptoms checklist (Bentley et al., 2004; Eippert et al., 2009) were 

conducted.  

 
RESULTS 
 

There were no significant differences in baseline pain ratings across groups 

  

Prior to intervention training, there were no significant baseline (i.e. Session 1) 

differences among groups for pain intensity, F(3,74)= 2.00, p =.12 or 

unpleasantness ratings, F(3,74)= .99, p =.40, ratings (Table 1).  
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Table 1. Group demographics, weight [kilograms (kg)], baseline pain ratings, and 
naloxone symptom assessments. 
 

  
Meditation + 

naloxone 

 
Control + 
naloxone 

 
Meditation + 

saline  
 
 

 
Control + 

saline 
 

   
 F 

 
  P 
value 

Age 
 

27.25(2.07) 26.55 (1.39) 26.6 (1.24) 27.25(1.46) .06 .98 

Weight (kg) 
 

69.10(2.08) 78.03 (4.15) 74.78(3.85) 76.43(3.54) 1.26 .30 

Drug/saline dosage (mg) 12.08 (.36) 13.65 (.72) 13.09 (.68) 13.37(.61) 1.28 .29 

Baseline VAS pain intensity  5.34 (.40) 4.74 (.49) 4.18 (.39) 5.60 (.51) 2.00 .12 

Baseline VAS pain 
unpleasantness 

5.36 (.41) 4.96 (.54) 4.59 (.45) 5.68 (.52) .98 .40 

Naloxone Symptom  
Assessment 

 

      

Dry mouth 1.5 (.33) .94 (.32) .95 (.27) .74 (.31) 1.14 .34 

Dry skin .40 (.18) .61 (.26) .30 (.21) .58 (.26) .43 .74 

Blurred vision .05 (.15) .11 (.08) .15 (.15) .16 (.12) .22 .88 

Sedation .35 (.15) .50 (.20) .40 (.22) .42 (.26) .09 .97 

Nausea 0 .06 (.06) .06 (.06) .16 (.12) .97 .41 

Dizziness .05 (.05) .17 (.09) .05 (.05) .16 (.16) .46 .71 

Headache .15 (.08) .06 (.06) .15 (.08) 0 1.29 .29 

Drowsy 2.11 (.57) 2.91 (.59) 2.26 (.47) 1.65 (.51) .89 .45 

Excited 1.42 (.40) 2.12 (.30) 1.11 (.32) 1.62 (.42) 1.31 .26 

Feeble 2.59 (.64) 2.27 (.44) 1.46 (.44) 1.25 (.30) 1.83 .15 

Clear-headed 1.14 (.44) 2.35 (.59) 1.14 (.26) 1.36 (.47) .04 .99 

Clumsy 1.13 (.43) 2.35 (.59) 1.14 (.26) 1.36 (.47) 1.64 .19 
Energetic 6.05 (.46) 6.16 (.55) 6.82 (.50) 6.57 (.60) .47 .70 

Discontented 1.03 (.32) 1.97 (.51) 1.01 (.38) 1.68 (.49) 1.25 .30 

Tranquil 8.36 (.51) 8.09 (.54) 8.64 (.25) 7.55 (.54) .98 .41 

Quick-witted 7.48 (.43) 7.34 (.45) 7.67 (.32) 7.30 (.65) .13 .94 

Relaxed 8.60 (.28) 7.24 (.49) 8.65 (.25) 7.51 (.52) 3.34 .02 
Dreamy 3.86 (.69) 3.07 (.47) 2.64 (.49) 1.86 (.42) 2.44 .07 

Proficient 8.08 (.38) 8.06 (.37) 8.45 (.27) 8.29 (.37) .28 .84 
Sad .82 (.32) 1.86 (.37) 1.14 (.58) 1.02 (.26) 1.17 .33 

Amicable 9.02 (.27) 8.24 (.35) 9.02 (.22) 9.42 (1.07) .68 .57 

Bored 2.37 (.57) 3.54 (.58) 1.45 (.35) 2.43 (.46) 2.94 .04 

Gregarious 6.49 (.59) 7.06 (.35) 7.71 (.29) 6.83 (.48) 1.37 .26 

Insecure 1.23 (.40) 1.58 (.34) .63 (.19) 1.02 (.26) 1.76 .16 
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Naloxone did not reverse mindfulness meditation-induced analgesia 

 

Pain intensity 

The RM ANOVA conducted on pain intensity ratings exhibited a significant main 

effect of rest/manipulation, F(1, 74) = 4.22, p =.043, η2p= .05. There was also a 

significant main effect of group, F(3,74) = 3.85, p =.01, η2p= .14. However, a 

univariate ANOVA found no significant between group differences on pain 

intensity ratings at rest, F(3, 74) = 2.03, p =.12. Importantly, there was a 

significant rest/manipulation X group interaction, F(3, 74) = 12.86, p<.001, η2p= 

.34 (Figure 1). 

 

A priori independent samples t-tests were conducted on the percent change in 

pain intensity ratings to investigate the significant interaction and to test study’s 

hypotheses. Mindfulness meditation in the presence of saline significantly 

reduced (p< .001) pain intensity ratings (-21%) when compared to the control 

group during saline administration (+21%). Importantly, naloxone failed to 

reverse meditation-induced reductions in pain intensity ratings. That is, there 

were no significant differences in the percent change in pain intensity reductions 

produced by meditation in the presence of naloxone (-24%) when compared to 

meditation in the presence of saline (p = .69). Furthermore, meditation in the 

presence of naloxone significantly reduced (ps< .001) pain intensity ratings when 

compared to the control + saline and the control + naloxone (+11%) groups. 
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Figure 1. Psychophysical pain intensity ratings (± 95% confidence intervals).  

 
* Meditation during saline (Meditation + Saline) infusion significantly (ps<.001) reduced 
pain intensity and unpleasantness ratings when compared to rest and the control and 
saline (Control + Saline) group. Importantly, naloxone failed to reverse meditation-
induced analgesia. *Meditation during naloxone administration (Meditation + Naloxone) 
significantly (ps<.001) reduced pain intensity ratings when rest, the Control + Saline 
group, and the control and naloxone (Control + Naloxone) groups. Second, there were 
no significant differences on pain intensity reductions (p=.69) between the Meditation + 
Saline and the Meditation + Naloxone groups.  
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Pain unpleasantness 

The RM ANOVA on pain unpleasantness ratings detected a significant main 

effect of rest/manipulation, F(3, 74) = 14.93, p<.001, η2p= .17 and a main effect of 

group, F(3, 74) = 6.04, p=.001, η2p= .20. However, univariate ANOVA confirmed 

no significant between groups differences in pain unpleasantness ratings at rest, 

F(3, 74) = 2.26, p=.09. There was also a rest/manipulation X group interaction, 

F(3, 74) = 18.09, p<.001, η2p= .42 (Figure 2). 

 

Follow-up independent samples t-tests comparing the percent change in pain 

unpleasantness ratings between groups found that meditation during saline 

administration significantly reduced (p< .001) pain unpleasantness ratings (-36%) 

when compared to the control group during saline administration (+18%). Similar 

to the analysis on pain intensity ratings, naloxone did not reverse meditation-

induced reductions in pain unpleasantness ratings. There were no significant 

differences between the meditation groups in the presence of naloxone and 

saline (p = .75). Meditation during naloxone administration (-33%) also 

significantly reduced pain unpleasantness when compared to the control + saline 

(p< .001) and control + naloxone (p< .001; +15%) groups. 
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Figure 2. Psychophysical pain unpleasantness ratings (± 95% confidence 

intervals).  

 
*Meditation during saline (Meditation + Saline) infusion significantly (ps<.001) reduced 
pain unpleasantness when compared rest and the control and saline (Control + Saline) 
group. Naloxone did not reverse meditation-induced pain relief. *Meditation during 
naloxone administration (Meditation + Naloxone) significantly (ps<.001) reduced pain 
unpleasantness ratings when compared to rest, the Control + Saline group and the 
control and naloxone (Control + Naloxone) groups. There were also no significant 
differences on pain intensity reductions (p =.75) between the Meditation + Saline and the 
Meditation + Naloxone groups. 
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Naloxone-related side effects 

Four participants (data not included in the results) were withdrawn from the study 

due to side effects associated with naloxone infusion (see Table 2). We 

discontinued infusion immediately after subjects reported any discomfort and all 

four subjects were discharged from the study after medical evaluation. Subject 

“A” experienced syncope approximately eight minutes after initiation of the 

naloxone bolus. The subject lost consciousness and was “unresponsive and 

pale”. Upon regaining consciousness (after ~ 3 minutes), the participant had an 

episode of vomiting. After being taken to the Emergency Department, the 

subject’s blood pressure and heart rate elevated to normal levels and she was 

also no longer symptomatic. The subject later revealed that she had history of 

syncope. Subject “B” reported feeling “hot with chest pressure” seven minutes 

after initiation of the naloxone bolus. Almost immediately after the infusion was 

discontinued, the subject reported feeling “fine” and her blood pressure and heart 

rate returned to baseline levels (22 minutes after the infusion was halted). 

Subject “C” reported feeling “lightheaded” nine minutes after naloxone bolus 

induction. During this time, her blood pressure decreased and heart rate 

increased (Table 2). However, her heart rate and blood pressure returned to 

baseline levels approximately 10 minutes after discontinuation of naloxone 

infusion. The subject later revealed a history of “feeling lightheaded when 

anxious.” Subject “D” reported feeling “lightheaded” approximately 13 minutes 

after naloxone infusion began. At the onset of this episode, the subject’s blood 

pressure and heart rate decreased (Table 2). However, the subject reported 

“feeling better” and her blood pressure and heart rate returned to baseline levels 

approximately ten minutes after discontinuing naloxone.  

 

After the completion of session 6, subjects rated 7-items employed in previous 

studies (Bentley et al., 2004; Petrovic et al., 2008; Eippert et al., 2009) assessing 

potential adverse effects of naloxone. Each adverse effect was rated as 

“inexistent” (0), “very weak” (1), “weak” (2), “moderate” (3), “strong” (4), “very 

strong” (5), and “extremely strong” (6) with a numerical rating scale (0-6). In the 
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subjects with no overt adverse effects, naloxone did not produce potentially un-

blinding subjective effects as there were no significant differences between 

groups in self-reported ratings of dry mouth, dry skin, blurred vision, sedation, 

nausea, dizziness, and headache (all Ps > .33; Table 1).  To further confirm this, 

all participants were asked if they “were able to identify if they received naloxone 

or saline” after experimental session 6. Seventy-six of the 78 participants 

answered “no”. One subject correctly identified assignment to the naloxone 

condition and the other participant incorrectly identified assignment to the 

naloxone condition (i.e., subject received saline). 

 
  



	 177 

Table 2. Characteristics associated with naloxone infusion-related side effects (kg = kilograms, BP= blood pressure, HR = 
heart rate).  
 

	

 
Subject ID 

 
Group 

 
Sex 

 
Weight 

 
Symptoms 

 
BP during 

baseline 

 
BP during naloxone-

induced side 
effects 

 
 

 
HR during 

baseline 

 
HR during naloxone-
induced side effects 

Subject A Meditation + 
naloxone 

Female 60.2 kg Syncope 
 
Vomiting 
 

104/64 70/40 94 b/m 74 b/m 

Subject B  Control + 
naloxone 

Female 57.4 kg Cloudy vision 
 
Excessive 
perspiration 

 
Chest 
pressure 

 

112/66 69/41 65 b/m 55 b/m 

Subject C  Control + 
naloxone 

 

Female 69.5 kg Lightheaded 1116/68 96/55 55 b/m 85 b/m 

Subject D  Control + 
naloxone 

Female 46.7kg Lightheaded 116/71 85/59 74 b/m 61 b/m 
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DISCUSSION 
 
In the present study, a high dose of the opioid antagonist, naloxone, failed to 

reverse mindfulness meditation-induced analgesia. Mindfulness meditation 

significantly reduced both pain intensity and unpleasantness ratings during saline 

administration. During naloxone administration, the pain intensity and 

unpleasantness reductions associated with mindfulness meditation remained 

almost completely unaltered. This finding is particularly striking in that the non-

meditation control groups exhibited a significant increase in pain intensity and 

unpleasantness ratings during the infusion period when compared to rest (Figure 

1 & 2).  

 

In addition to opioidergic mechanisms, there are a myriad of neurotransmitter 

systems that are associated with endogenous analgesia (Millan, 2002). Thus, the 

present findings cannot address the involvement of any other single 

neurotransmitter mechanism in mindfulness meditation-related pain relief. 

Instead, in light of the present study’s findings and our previous neuroimaging 

work, we propose that mindfulness meditation is a complex, cognitive process 

that likely engages multiple brain networks and neurochemical mechanisms to 

attenuate pain. 

 

Converging lines of evidence suggest that pain relief produced by mindfulness 

meditation is mediated by multiple neural mechanisms (Zeidan et al., 2012; 

Grant, 2014). First, mindfulness meditation-induced pain relief is associated with 

greater activation in the lateral OFC/ventral-lateral prefrontal cortex (vlPFC) and 

rACC, brain regions associated with altering the contextual evaluation of pain 

(Zeidan et al., 2011; Zeidan et al., 2015). Importantly, mindfulness meditation-

induced pain relief is also associated with reduced thalamic activity, which may 

be related to significantly attenuated low-level sensory processing (Zeidan et al., 

2011).  
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We have repeatedly shown that greater mindfulness meditation-induced pain 

relief is associated with greater activation of the OFC (Zeidan et al., 2011; Zeidan 

et al., 2015). Interestingly, projections from the OFC synapse on the thalamic 

reticular nuclei (TRN), thin-layered structures that, in turn, inhibit sensory 

processing in the thalamus (Jones, 1975; Crick, 1984; McAlonan et al., 2000; 

Zikopoulos and Barbas, 2012). All feedback connections between the cortex and 

thalamus must pass through the TRN in a topographically organized fashion 

(Pinault, 2004; Zikopoulos and Barbas, 2006, 2012). Therefore, the TRN may 

operate as an attentional “gatekeeper” of sensory information (Crick, 1984) by 

suppressing ascending “irrelevant/distracting” sensory events from reaching the 

level of conscious awareness (Guillery et al., 1998; Weese et al., 1999; 

McAlonan et al., 2000; Sherman, 2001; McAlonan et al., 2006; Barbas and 

Zikopoulos, 2007; Rauschecker et al., 2010; Zikopoulos and Barbas, 2012). We 

propose that mindfulness meditation induced activation of the OFC activates the 

TRN, which subsequently inhibits thalamic processing to ultimately diminish the 

distribution of nociceptive information throughout the cortex (Zeidan et al., 2011; 

Zeidan et al., 2012; Rauschecker et al., 2015). That is, mindfulness meditation 

may activate the proposed gating mechanism through executive shifts in 

attention and non-judgmental reappraisal of noxious sensations.  

 

The present study demonstrates that the meta-cognitive ability to acknowledge 

and let go of arising sensory events engages a unique, self-facilitated pain 

modulatory system. While we have repeatedly shown that mindfulness 

meditation significantly reduces pain after a brief mental training regimen (Zeidan 

et al., 2010a; Zeidan et al., 2011; Zeidan et al., 2015), these findings show that 

meditation reduces pain independent of opioidergic neurotransmitter 

mechanisms. Since opioid and non-opioid mechanisms of analgesia interact in a 

synergistic manner, the present work suggest that the combination of 

mindfulness-based and pharmacologic/ non-pharmacologic analgesic strategies, 

that rely on opioid signaling, may be particularly effective in the treatment of pain. 
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