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Psychological stress is a major provocative factor of symptoms in chronic inflammatory conditions. In
recent years, interest in addressing stress responsivity through meditation training in health-related
domains has increased astoundingly, despite a paucity of evidence that reported benefits are specific
to meditation practice. We designed the present study to rigorously compare an 8-week Mindfulness-
Based Stress Reduction (MBSR) intervention to a well-matched active control intervention, the Health
Enhancement Program (HEP) in ability to reduce psychological stress and experimentally-induced
inflammation. The Trier Social Stress Test (TSST) was used to induce psychological stress and inflamma-
tion was produced using topical application of capsaicin cream to forearm skin. Immune and endocrine
measures of inflammation and stress were collected both before and after MBSR training. Results show
those randomized to MBSR and HEP training had comparable post-training stress-evoked cortisol
responses, as well as equivalent reductions in self-reported psychological distress and physical symp-
toms. However, MBSR training resulted in a significantly smaller post-stress inflammatory response com-
pared to HEP, despite equivalent levels of stress hormones. These results suggest behavioral interventions
designed to reduce emotional reactivity may be of therapeutic benefit in chronic inflammatory condi-
tions. Moreover, mindfulness practice, in particular, may be more efficacious in symptom relief than
the well-being promoting activities cultivated in the HEP program.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Psychological stress is a potent trigger of inflammation (Welk
et al., 2008; Steptoe et al., 2007; Pace et al., 2009) and as such, indi-
viduals suffering from chronic inflammatory conditions frequently
turn to stress reduction methods in search of relief. Recent statis-
tics from the National Center for Complementary and Alternative
Medicine (Barnes et al., 2007) show that conditions associated with
inflammatory processes motivate nearly 40% of the use of comple-
mentary and alternative medicine (CAM) services. Among those
using CAM services, most are pursuing approaches such as medita-
tion, biofeedback, and relaxation, which influence the body via the
brain.

The ability of the brain to modulate the immune system is essen-
tial in anticipating and coordinating an effective immune response.
Neural regulation of immune function, particularly inflammation, in
ll rights reserved.

: +1 608 262 9440.
ranz).
barrier tissues is especially important. Barrier tissues are tissues that
interface between the external and internal environments, such as
the skin and the gastrointestinal, respiratory, and urogenital tracts.
These tissues are the first line of defense against invading pathogens
and the inflammatory response is one of the primary means of resist-
ing infection once a pathogen has circumvented the physical barrier
(Kupper and Fuhlbrigge, 2004; Cua and Tato, 2010). Therefore, it
is not surprising that barrier tissues are highly susceptible to
stress- and emotion-related inflammation, since through the lens
of evolution, it would seem that stress is an indicator of threat and
the increased likelihood for bodily injury and pathogenic exposure
(Kupper and Fuhlbrigge, 2004; Cua and Tato, 2010; Hart and Kamm,
2002; Arck et al., 2006; Liu et al., 2002).

The skin offers an appealing laboratory in which to examine
stress modulation of barrier tissue inflammation. It has a surface
area of approximately 1.5–2 m2 in the average adult, rivaled only
by the intestines and lungs in exposed surface area (Bender and
Bender, 1995). Exposed surface area is vulnerable to pathogenic
damage, and therefore requires close monitoring by the brain.

http://dx.doi.org/10.1016/j.bbi.2012.10.013
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Indeed, the skin has, on average, more than 500 nerve endings per
square inch (McArthur et al., 1998), allowing for its rapid commu-
nication with the central nervous system (CNS) and intimate
neural regulation.

Though advantageous in some regards, a high degree of neural in-
put may also increase the vulnerability of the skin to inflammatory
dysregulation. During psychological stress, inflammatory neuro-
peptides (e.g. substance P (SP) and calcitonin gene-related peptide
(CGRP)) are released from the terminals of sensory nerves (Pavlovic
et al., 2008; Peters et al., 2004). These neuropeptides act on the local
immune cells and vasculature, in concert with norepinephrine re-
leased from local sympathetic nerves (Saint-Mezard et al., 2003;
Banik et al., 2001; Drummond, 1995; Lin et al., 2003), to evoke an
inflammatory response that is referred to as neurogenic. Indeed,
stress-evoked immune changes that contribute to symptom onset
and exacerbation have been documented in several inflammatory
skin diseases (reviewed in Buske-Kirschbaum and Hellhammer,
2003; Wright et al., 2005) including psoriasis (Buske-Kirschbaum
et al., 2007), atopic dermatitis (Buske-Kirschbaum et al., 2002), ecze-
ma (Bockelbrink et al., 2006), alopecia (Kim et al., 2006) and urticaria
(Barrino et al., 2006). As such, the role of cutaneous nerves in stress-
related inflammation has become a bigger research focus (Arck et al.,
2006; Arck and Paus, 2006; Kleyn et al., 2008; Pavlovic et al., 2008;
Peters et al., 2006; Scholzen et al., 1998). From this growing body
of work, capsaicin-sensitive sensory nerves and the neuropeptides
they contain, together with local sympathetic nerves and mast cells,
have been identified as important contributors to the relationship
between psychological stress and symptom expression in inflam-
matory skin diseases. Indeed, in a recent study, Pavlovic et al.,
(2008) show that stress-evoked symptom exacerbation in dermati-
tis was dependent upon the activation of sensory neuropeptide
receptors. Therefore, in the present study, a capsaicin-induced
inflammatory response and an acute laboratory stressor were used
as a model in which to investigate psychological stress and neuro-
genic inflammation in the skin.

Acute laboratory stressors that incorporate uncontrollability
and social-evaluative threat have been reliably shown to evoke in-
creases in measures of physiological stress and peripheral inflam-
mation (Dickerson and Kemeny, 2004; Dickerson et al., 2009;
Gruenewald et al., 2004; Kirschbaum et al., 1993; Pace et al.,
2009; Rohleder et al., 2006). As these features characterize some
of the most commonly experienced daily stressors (e.g. work-re-
lated, financial, travel-related, social/peer pressure), laboratory
manipulations, such as the Trier Social Stress Test (TSST; Kirsch-
baum et al., 1993), that incorporate uncontrollability and social-
evaluative threat are good choices to model the types of real-world
stressors that contribute to symptom exacerbation in those with
chronic inflammation. For this reason, we used the TSST to evoke
acute psychological stress in this study.

Interest in meditation as a method to reduce psychological
stress has grown substantially in the last several years (Barnes
et al., 2007; Kabat-Zinn et al., 1998; Carlson et al., 2004; Pace
et al., 2009; Kemeny et al., 2011). Despite the rapid increases in
usage and spending on these therapeutic techniques, relatively lit-
tle is known about the mechanisms or specificity of their efficacy.
Mindfulness-based stress reduction (MBSR) is the dominant form
of meditation training in healthcare settings in the United States
(for a recent review see Chambers et al., 2009). Mindfulness was
initially defined, in the context of MBSR, as ‘‘paying attention in a
particular way: on purpose, in the present moment, and non-judg-
mentally’’ (Kabat-Zinn, 1990). More specific, operational defini-
tions of mindfulness practice have since been proposed (e.g.
Bishop et al., 2004; Chambers et al., 2009) and continue to be
developed (Kabat-Zinn, 2011; Grossman and Van Dam, 2011). In
brief, mindfulness practice cultivates an open, and accepting
awareness of whatever is occurring in the present moment,
without reacting or being absorbed in the contents of the experi-
ence (Chambers et al., 2009; Kabat-Zinn, 2011). Thus, the aim of
this training is not to explicitly change the content of experience,
but rather to change one’s relationship to it.

Since its inception in 1979, MBSR has shown benefit in alleviat-
ing symptoms of a broad array of conditions from anxiety disorders
to diabetes (Gregg et al., 2007; Ma and Teasdale, 2004; Grossman
et al., 2007; Pradhan et al., 2007; Speca et al., 2000; Kabat-Zinn
et al., 1998). However, across the rapidly growing number of pub-
lished empirical reports describing the use of MBSR as an interven-
tion, there is little evidence for its efficacy relative to other
treatments or for mindfulness practice per se as a specific mecha-
nism for change. The vast majority of studies have evaluated the
effectiveness of MBSR based on pre to post-training changes and
wait-list or no treatment comparison groups. While these studies
certainly establish that MBSR is effective across a wide range of
populations and conditions and, when added to standard treat-
ment, can improve some health outcomes, they are not designed
to test whether MBSR is superior to other treatments or whether
mindfulness, itself, is the active ingredient leading to these positive
outcomes (for further discussion see MacCoon et al., 2012).

Therefore, this experiment was designed to investigate the abil-
ity of mindfulness training to buffer the effects of psychological
stress and dermal neurogenic inflammation in healthy individuals.
It is important to note this experiment was not designed to test the
impact of an acute laboratory stressor on the inflammatory re-
sponse or vice versa. However, these effects have been well-docu-
mented elsewhere (e.g. Brydon et al., 2009; Pace et al., 2009;
Rohleder et al., 2006; Pavlovic et al., 2008; Carroll et al., 2011). In
order to address questions of specificity of the benefits of mindful-
ness training, we compared MBSR to an active comparison condi-
tion, designed to carefully match MBSR in non-specific factors
that promote wellbeing. We predicted that, in measures of neuro-
genic inflammation and physiological stress, those randomized to
MBSR training would show a less robust post-training stress and
inflammatory response, relative to pre-training responses and rel-
ative to those randomized to the active comparison condition. Fur-
thermore, we predicted that time spent practicing MBSR, but not
HEP, should predict the relative reductions in these measures. Lab-
oratory assessments included the induction of experimental
inflammation and psychological stress, as well as the collection
of biological measures for quantification of stress and inflamma-
tion and the collection of standard self-report measures (see Mac-
Coon et al., 2012). Laboratory assessments were performed within
4 weeks before the start of training (T1) and within 4 weeks after
completion of training (T2). All measures were collected again at
4 months after completion of training (T3).
2. Methods

2.1. Participants

Participants included 49 community volunteers (10 male) be-
tween the ages of 19 and 59 (M = 45.89 years, SD = 10.92), re-
cruited through advertisements in local newspapers. The groups
did not differ with respect to age (t(47) = 1.47, p > .1; HEP:
M = 48.9 years, MBSR: M = 44.4 years). All participants were
screened and criteria for exclusion included: significant previous
experience with meditation or other mind–body techniques (e.g.
tai-chi, Qigong), remarkable exercise habits (engagement in mod-
erate sport or recreational activities >5� per week; engagement
in vigorous sport or recreational activities >4� per week; inability
to walk), use of psychotropic or steroid drugs, night-shift work,
diabetes, peripheral vascular disease or other diseases affecting
circulation (e.g. Raynaud’s disease), needle phobia, pregnancy,



Fig. 1. An illustration of the experimental design and timing of the collection of the
outcome measures.
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current smoking habit, alcohol or drug dependency, inability to
attend weekly class and full-day group sessions (for full details,
see MacCoon et al., 2012). This experiment took place in the con-
text of a larger set of experiments in the same individuals, that
examined the effects of our interventions on a variety of outcome
measures including attention and emotion regulation. For this
reason, we were constrained in the number and type of measures
we could collect, to minimize participant burden, and in the
characteristics of the sample we recruited. Results from these
experiments will be reported elsewhere.

2.2. Interventions

Participants were randomly assigned to either mindfulness
training or training in our active comparison condition after com-
pletion of the T1 laboratory assessments. MBSR training consists of
continuous focused attention on the breath, bodily sensations and
mental content while in seated postures, walking, and yoga (Kabat-
Zinn, 1990). In the current study, MBSR instruction was modeled
after the intervention developed by Jon Kabat-Zinn at the Univer-
sity of Massachusetts Medical Center (Kabat-Zinn, 1990) and was
delivered by two experienced and certified MBSR instructors over
8 weekly 2.5 h sessions and one full-day session. In addition, daily
at-home practice was assigned that ranged in duration from 45 to
60 m.

In order to isolate mindfulness as the agent of change, we de-
signed an active comparison intervention to control for the aspects
of MBSR that are known to promote positive outcomes, but are not
specific to mindfulness such as a supportive group atmosphere, ex-
pert instruction, and engaging in activities that are believed to pro-
vide benefit. Our active comparison condition – the Health
Enhancement Program (HEP)–matched MBSR in structure, instruc-
tor expertise, and content (see MacCoon et al., 2012 for a detailed
description). Like MBSR, HEP consisted of four components: (1)
physical activity (e.g. walking) (2) balance, agility, and core
strength (3) nutritional education and (4) music therapy. Each of
these components was chosen to match the collateral benefits that
MBSR may produce that are not unique to mindfulness. For exam-
ple, physical activity with a focus on walking, was selected to con-
trol for the physical benefits of walking meditation. Each
component was delivered by an expert in the respective practice,
over 8 weekly 2.5 h sessions and one full-day session. Like those
participating in MBSR training, HEP participants were assigned
45–60 m. of daily at-home practice.

2.3. Experimental manipulations

An illustration of the experimental paradigm can be found in
Fig. 1. A modified version of the Trier Social Stress Test (TSST; Kirs-
chbaum et al., 1993) was used to induce psychological stress in our
participants. Briefly, the stress test consisted of a 5 min impromptu
speech on a given topic followed by 5 min of mental arithmetic.
The stress test was performed standing in front of a microphone
before a panel of two (one male, one female) judges and a video
camera. Participants were given 3 min to prepare their speech after
the topic was revealed, but were not allowed to use their notes
during the speech. The speech topic and mental arithmetic task
were changed at each assessment. This version differs from the ori-
ginal in that the speech preparation time is 7 min shorter.

A local, neurogenic inflammatory response was induced in fore-
arm skin using topical capsaicin (.1%) cream. Capsaicin is a natu-
rally occurring compound found in hot peppers that imparts
their ‘‘hotness’’. Capsaicin causes depolarization of predominantly
C-fiber type sensory neurons by binding to vanilloid receptors
(sub-type 1; TRPV1). In addition to the afferent impulse this
evokes, a descending impulse also results, moving down branches
of the same sensory nerve (antidromic stimulation), causing neuro-
peptide release from nearby terminals. These neuropeptides
(including SP, CGRP, somatostatin, neurokinin A) cause inflamma-
tion both via actions on the local vasculature, evoking vasodilation
(the flare response) and increased vascular permeability, and via
activation of local immune cells (e.g. mast cells), stimulating their
release of pro-inflammatory immune mediators (Lotz et al., 1988;
Schmelz et al., 1997).
2.4. Self-report measurements

Self-reported physical and psychological symptoms were mea-
sured at each assessment at baseline (i.e. not pre- and post-stressor).
We used the Symptom Checklist-90-R (SCL-90-R; Derogatis, 1983)
and the Medical Symptoms Checklist (MSC; Travis, 1977) to assess
mental and physical symptoms. The 90-item SCL-90-R consists of
nine subscales and three global scales. The Global Severity Index
(GSI) provides a measure of overall psychological distress and has
demonstrated sensitivity to change and adequate internal consis-
tency (Thompson, 1989). The depression, anxiety, and hostility sub-
scales also were used (Cronbach’s a = .90, .85, and .84 respectively;
test–retest reliabilities are r = .82, .80, and .78 respectively).

The MSC measures the number of medical symptoms partici-
pants’ experienced as problems in the last month. While the MSC
has demonstrated sensitivity to change in past studies of MBSR
(Kabat-Zinn, 1982), no further psychometric data is available.
2.5. Biological measurement

2.5.1. Inflammation
In order to obtain molecular measures of local inflammation, suc-

tion blisters were raised on the volar forearm, just below the cubital
fossa. Vacuum pressure (maximum 508 mmHg) was applied to the
skin through an acrylic template with eight 6 mm holes. The forearm
area, including the blister template, was wrapped in a heating pad, to
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facilitate the formation of the blisters1, which took an average of
53.6 m (range 28–86). Following removal of the vacuum pressure,
fluid was collected from 4 blisters using a tuberculin syringe and
was immediately frozen at �80 �C. Capsaicin cream (.3 ml.) was ap-
plied around the perimeter of, but not touching, the remaining four
blisters. The cream was removed 45 m after application. The fluid
from the remaining 4 blisters was extracted approximately 30 m fol-
lowing the TSST and was frozen at �80 �C.

Enzyme-linked immunosorbent assay (R & D Systems, Minneap-
olis, MN) was used to quantify levels of tumor necrosis factor alpha
(TNF-a) and interleukin (IL)-8 in the blister fluid in the laboratory of
Dr. John Sheridan at Ohio State University. TNF-a and IL-8 were cho-
sen because levels in skin wounds of both cytokines have been
shown to be sensitive to modulation by psychological stress (Glaser
et al., 1999). In addition, neuropeptides (e.g. SP) released from cap-
saicin-sensitive nerve endings trigger release of these cytokines
from local immune cells (Cuesta et al., 2002; Gibbs et al., 2001;
Okayama et al., 1998; Park et al., 2004; Serra et al., 1994).

In addition to molecular measures of inflammation, capsaicin-in-
duced flare size was also measured to obtain an index of local neu-
rogenic inflammation (Petersen et al., 1997). A flare response is
the area of redness or erythema that extends beyond the area cov-
ered by capsaicin, which is caused by nerve-mediated vasodilation
(Helme and McKernan, 1985). The neurogenic nature of the flare re-
sponse has been demonstrated in studies where the flare response
was abolished or greatly attenuated by impairing nerve function
(Bjerring and Arendt Nielsen, 1990; Izumi and Karita, 1992). Digital
photographs were taken immediately after the TSST and at subse-
quent 10 min intervals for 30 min to capture the development of
the flare. The perimeter of the flare was digitally traced on each
photo and the flare area was calculated using Canvas software
(ACD Systems, Inc., Vancouver, B.C.). Individuals tracing the flare re-
sponse were blind to group status. Efforts were made to standardize
the distance and angle of the camera relative to the arm. In addition,
remaining differences in image scale were corrected by dividing the
flare area by the area of a circular sticker placed on the arm, next to
the flare, that was identical for every participant.

2.5.2. Cortisol
Salivary cortisol was collected using the Salivette device (Sar-

stedt, Inc., Nümbrecht, Germany) as an index of the magnitude of
stress response. Saliva samples were collected after the 20 min rest
period, immediately before the TSST (after the blisters were
formed), immediately after the TSST, and at subsequent 10 min
intervals for 30 min—6 samples per assessment in total. In addi-
tion, participants collected saliva samples at home 5� per day
(awakening, 30 m post-awakening, before lunch, 3 pm, and before
bed) for 3 days to provide measures of cortisol diurnal rhythm. Sal-
iva samples were frozen at �80 �C until assayed. Cortisol in saliva
samples was quantified using Enzyme Immunoassay (Salimetrics,
Inc., State College, PA.).

2.6. Statistical analyses

Paired samples t-tests were used to determine if we success-
fully induced inflammation and psychological stress. Blister fluid
cytokine levels were used as an indicator of inflammation and sal-
ivary cortisol level was used as an indicator of stress response mag-
nitude. Values of blister fluid cytokines, obtained both pre- and
post-challenge, were log-transformed in order to correct for
skewed distributions. Log-transformed pre- and post-challenge
values of TNF-a and IL-8 were compared at each time point. Raw
1 Pilot testing determined that use of heat to facilitate blister formation did no
affect the levels of cytokines in the blister fluid at baseline or following capsaicin
exposure.
t

cortisol values obtained immediately before the TSST (baseline)
were compared to raw values obtained from the sample collected
10 min. after the TSST, for each assessment.

Repeated measures analysis of variance (ANOVA) was used to
determine the effect of MBSR and HEP interventions on flare size,
blister fluid cytokine levels and cortisol response to stress, diurnal
cortisol slope, total daily cortisol output, and self-reported physical
and mental symptoms from T1 to T2. To address secondary
hypotheses related to the persistence of training effects, we re-
peated these analyses comparing T1 to T3 measures. For flare size
and cortisol response, the repeated measures variable was time
with 2 levels: T1 and T2 (or T3). For blister fluid cytokines, two re-
peated measures variables were included in the model: challenge
with 2 levels (pre and post), and time with 2 levels (T1 and T2 or
T3). Group (HEP and MBSR) was included as a between-subjects
variable in all models. Cortisol response to challenge was captured
in a summary variable computed as the peak of response minus the
baseline sample. Flare response to capsaicin was reflected in the
summary variable area under the curve with respect to ground
(AUC), described by Pruessner et al., (2003). These variables were
used to evaluate the change in flare size and TSST cortisol response
over time. To evaluate changes in diurnal cortisol pattern, a slope
variable was computed for each assessment by regressing the
log-transformed mean (across the 3 days of collection) cortisol val-
ues, on mean times that the samples were collected, where the
resulting unstandardized regression coefficients are the slope vari-
ables. In addition, AUC of daily cortisol output was computed to re-
flect total output of cortisol across the day and log-transformed to
normalize its distribution. Log-transformed pre- and post-chal-
lenge blister fluid cytokine levels were used to evaluate the change
in TNF-a and IL-8 across challenge and time.

To examine the impact of practice on cortisol and inflammatory
responses, we tested the relationship between self-reported time
spent in practice and each of the outcome measures and whether
the effects of practice on the outcome variables differed for the
two interventions. First, we compared the groups based on
the amount of formal practice (in minutes) reported, both during
the 8-week intervention and during the 4-mo following the inter-
vention, using independent samples t-tests. We then used a multi-
ple regression approach to examine the predictive utility of
practice in determining the degree of change that occurred in each
of our outcome variables as a result of the interventions. By using a
hierarchical modeling strategy we were able to evaluate both the
effect of practice on our outcome variables (with group held con-
stant), and the degree to which the effect of practice on the out-
come variables differed by group. The dependent variables in
these regression analyses represented the change from T1 to T2
in each of the outcome variables. For blister fluid TNF-a and IL-8,
change scores were created by first regressing pre-challenge values
on post-challenge values at each time point. The residual variance
from this regression reflected the increase in cytokine levels in re-
sponse to challenge. This residual variance at T1 was subtracted
from the residual variance at T2 and T3 to create a change score
for each cytokine. Percentage change variables were created to
evaluate the effect of practice on flare size, cortisol response, and
diurnal cortisol variables. Percent change (decrease) was computed
by subtracting the T2 and T3 variable from the T1 variable and then
dividing the resulting difference score by T1.
3. Results

3.1. Manipulation checks: Stress and inflammation induction

Results of the paired t-tests verified the effectiveness of our
experimental manipulations. Both pre- and post-intervention, blis-



Fig. 2. Raw cortisol data showing (a) response to the TSST and (b) diurnal cortisol rhythm for each group at each assessment.
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ter fluid cytokine and salivary cortisol levels were significantly in-
creased after the application of capsaicin and completion of the
TSST (see Figs. 2 and 3). Mean TNF-a levels from pre- to post-chal-
lenge increased 19% at T1 (t(46) = �8.09, p < .001) and 22% at T2
(t(42) = �8.89, p < .001). Mean IL-8 levels increased 13% at T1
(t(41) = �6.33, p < .001) and 15% at T2 (t(41) = �7.99, p < .001).
Mean cortisol levels increased from pre- to post-challenge 168%
at T1 (t(47) = �6.01, p < .001) and 84% at T2 (t(42) = �4.21,
p < .001).
3.2. Primary analyses: Effects of the intervention

3.2.1. Flare
Repeated measures analysis of variance (ANOVA) revealed a sig-

nificant main effect of time (F(1, 27) = 31.74, p < .001) and a signif-
icant group by time interaction (F(1, 27) = 10.07, p = .004) on flare
size. Examination of the main effect of time revealed that, across
groups, flare size showed a significant increase from T1 to T2
(t(28) = 4.99, p < .001). However, the magnitude of increase was
not constant across groups. At T1, the HEP and MBSR groups did
not differ (t(35) = �.41, p = .686). At T2, flare size for the MBSR
group increased only slightly with respect to T1 (t(13) = �1.83,
p = .09 and was significantly smaller than that of the HEP group
(t(42) = �2.98, p = .005), see Fig. 4), for which flare size increased
significantly between assessments (t(14) = �6.00, p < .001).
2 There were no group differences pre-challenge at T2 or T3 for either IL-8 or TNF-
.
3 There were no pre-challenge differences in cortisol at T2 or T3.
3.2.2. Blister fluid cytokine levels
Repeated measures ANOVA revealed a significant main effect of

challenge (F(1, 35) = 58.58, p < .001) on blister fluid levels of IL-8.
No significant effects of time, group, or interactions among chal-
lenge, time, or group were observed.

The pattern of results for TNF-a levels in blister fluid were sim-
ilar to those observed for IL-8. Repeated measures ANOVA showed
significant main effects of challenge (F(1, 41) = 58.16, p < .001) and
time (F(1, 41) = 11.35, p < .01), such that T2 TNF-a levels were
greater than levels at T1. No interactions or main effects of group
were found2.

3.2.3. Cortisol
Results of a repeated measures ANOVA revealed a significant

main effect of time for cortisol response (peak-baseline; F(1,
34) = 5.16, p = .03) to the TSST (see Fig. 3). There was neither a sig-
nificant effect of group (F(1, 34) = 1.69, p = .20), nor a group by time
interaction (F(1, 34) = .03, p = .86)3 for stress-evoked cortisol re-
sponse. However, MBSR and HEP training did differentially impact
the diurnal rhythm of cortisol. At T1, the slope of the decline in cor-
tisol produced across the day did not differ between the two groups
(p = .53), whereas after the intervention, there was a non-significant
trend for the slope to be steeper for the MBSR group and less steep
for the HEP group at T2 (group � time interaction; F(1, 50) = 2.52,
p = .12), that becomes a significant difference at T3 (see secondary
analyses below). On the other hand, cortisol AUC showed a main ef-
fect of group (F(1,45) = 8.96, p = .004), where MBSR had lower daily
cortisol output across assessments, but no main effect of time
(F(1,45) = .10, p = .75) or group � time interaction (F(1,45) = .30,
p = .59).

3.2.4. Self-report
Results of repeated measures ANOVA for the Global Severity In-

dex (GSI) of the SCL-90 showed a main effect of time
(F(1,47) = 7.97, p = .007), indicating that GSI scores decreased over
time. No main effect of group or interaction between group and
time was observed, suggesting that the groups did not differ in
the extent or direction of change from T1 to T2 on this measure.
Similarly, a main effect of time was present for anxiety symptoms
(F(1,47) = 7.18, p = .01), where both groups reported less anxiety
at T2 compared to T1, but again, no main effect of group or
a



Fig. 3. Blister fluid cytokine and salivary cortisol response to capsaicin application
and stress. (a) Increases in blister fluid TNF-a from pre to post-challenge at T1
(t(46) = �8.09, p < .001), T2 (t(42) = �8.89, p < .001), and T3 (t(46) = �12.00,
p < .001). (b) Increases in blister fluid IL-8 from pre- to post-challenge at T1
(t(41) = �6.33, p < .001), T2 (t(41) = �7.99, p < .001) and T3 (t(44) = �10.54,
p < .001). (c). Increases in salivary cortisol from pre- to post-challenge at T1
(t(47) = �6.01, p < .001), T2 (t(42) = �4.21, p < .001), and T3 (t(45) = �4.73, p < .001).
Error bars represent standard error of the mean.

Fig. 4. Effects of intervention and time on flare size. Flare size increased
significantly from T1 to T2 (F(1, 27) = 31.74, p < .001). In addition, a significant
group � time interaction was observed (F(1, 27) = 10.07, p = .004), such that mean
flare size for the HEP group at T2 was larger than that of the MBSR group. Error bars
represent standard error of the mean.
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interaction between group and time was observed. The same pat-
tern of results emerged for physical symptoms, reported on the
MSC, where both groups reported fewer problematic physical
symptoms at T2 relative to T1 (F(1,51) = 6.16, p = .016), but the
groups did not differ in overall reported symptoms or the pattern
of change from T1 to T2. No significant effects were found for
self-reported depression or hostility.

3.3. Effects of practice

Independent samples t-tests revealed that the groups did not
differ with respect to the amount of practice they reported during
the 8-week intervention (t(51) = 1.22, p = .23) with the MBSR
group reporting approximately 236 min (4 h) of formal practice
per week and the HEP group reporting approximately 212 min
(3.5 h) per week. Multiple regression analyses were used to deter-
mine if practice was a good predictor of the change in the outcome
variables in response to the intervention and if the effect of prac-
tice was similar for HEP and MBSR groups.4 Only daily cortisol re-
lease (AUCg) showed a significant relationship with practice across
groups (sr = �.41, p = .006), where the more a participant reported
practicing either HEP or MBSR training, the larger the decrease in
cortisol between T1 and T2.

However, when interactions between group and practice were
examined, results showed that the effect of practice on blister fluid
levels of TNF-a differed by group (sr = �.35, p = .028). While great-
er practice was associated with a decrease in TNF-a levels from
pre- to post-training in the MBSR group, more practice predicted
greater TNF-a levels in the HEP group. The zero-order correlations
between change in cytokine level and practice for each group indi-
vidually were not significant (MBSR: r = �.28, p = .16; HEP: r = .42,
p = .12). Although the analogous interaction was not significant for
IL-8 (sr = �.17, p = .334), the relationship showed the same pattern
(see Fig. 5). Interactions between group and practice were not ob-
served for any other outcome variables.

4. Secondary analyses: Persistence of training effects

4.1. Stress and inflammation induction

At T3, our experimental manipulations continued to be success-
ful. Mean TNF-a levels increased 37% from pre- to post-challenge
at T3 (t(46) = �12.00, p < .001) and mean IL-8 levels increased
27% (t(44) = �10.54, p < .001). Mean cortisol levels increased 99%
from pre- to post-challenge at this assessment (t(45) = �4.73,
p < .001).

4.2. Effects of the intervention

As was the case with change from T1 to T2, flare size increased
significantly from T1 to T3 (F(1,27) = 41.52, p < .001). However, un-
like at T2, there was no difference in the magnitude of the increase
between HEP and MBSR groups (F(1,27) = 1.19, p = .29) and no
overall group difference (F(1, 27) = .033, p = .86). Blister fluid levels
of TNF-a and IL-8 showed the expected effect of challenge, where
cytokine levels were higher post-challenge than pre-challenge
(TNF-a: F(1,34) = 175.65, p < .001; IL-8: F(1,28) = 106.16, p < .001).
However, unlike at T2, levels of both cytokines were lower at T3
than at T1 (TNF-a: F(1,34) = 226.38, p < .001; IL-8:
F(1,28) = 42.77, p < .001). There were no significant main effects
of group or interactions with group for either cytokine.

Cortisol response to the TSST was lower at T3 compared to T1
(F(1,38) = 11.83, p = .001) for both groups and the groups did not
4 Age was also examined as a possible covariate, but is not included in these
analyses because it accounted for very little variance in the outcome measures.



Fig. 5. Relationship between practice and blister fluid cytokine changes from pre- to post-intervention differs by group. We observed interactions between group and practice
in relation to blister fluid cytokine levels (TNF-a: sr = �.35, p = .028; IL-8: sr = �.17, p = .334). In the MBSR group (red), number of minutes practiced during the 8 week
intervention is (non-significantly) negatively correlated with the reduction in blister fluid (a) TNF-a (MBSR: r = �.28, p = .16; HEP: r = .42, p = .12) and (b) IL-8 levels (MBSR:
r = �.20, p = .33; HEP: r = .17, p = .59) from T1 to T2, whereas these relationships are positive for the HEP group (green).
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differ in overall cortisol response (F(1,38) = 1.11, p = .30). However,
when diurnal cortisol rhythm was examined, the trend toward a
steeper slope in the MBSR group and less steep slope in the HEP
group became more pronounced (F(1, 51) = 4.91, p = .03). In con-
trast, the group difference in daily cortisol output (AUC) was no
longer present (F(1,43) = 2.36, p = .13).

The pattern of change in self-reported mental and physical
symptoms from T1 to T3 was nearly identical to that between T1
to T2. GSI scores (F(1, 49) = 6.29, p = .016), anxiety (F(1,
49) = 5.41, p = .024), and physical symptoms (F(1, 50) = 10.15,
p = .002) decreased from T1 to T2 in both groups and there was
no main effect of group or interaction between group and time
for these measures. Symptoms of hostility showed this same
pattern from T1 to T3 (main effect of time: F(1, 49) = 4.36,
p = .042). No significant main effects or interactions were observed
for symptoms of depression.

4.3. Effects of practice

Independent samples t-tests revealed that the groups did not
differ with respect to the amount of practice they reported in the
4 months following the intervention (t(49) = �1.44, p = .16), with
the MBSR group reporting approximately 123 min (2 h) of formal
practice per week and the HEP group reporting approximately
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162 min (2.5 h) per week. Amount of time spent practicing did not
predict change from T1 to T3 in any of the variables measured
(data not shown). When examined as a function of group, change
in blister fluid cytokine level from T1 to T3 showed the same rela-
tionship pattern with practice as it did immediately following the
intervention, though neither interaction was significant (TNF-a:
sr = �.24, p = .13; IL-8: sr = �.05, p = .79). Similarly, the relationship
between change in flare size from T1 to T3 and practice showed a
trend for a group difference (group � practice interaction: sr = .35,
p = .086). However, the pattern of this effect was opposite to that
observed with the cytokines, such that for the HEP group, more
practice predicted a smaller increase in flare size at 4 mo., whereas
for the MBSR group, more practice predicted a larger increase,
though neither of the individual correlations was significant.
5. Discussion

By comparing the effects of MBSR training to those of training in
an active control intervention designed to promote well-being in
ways that are common to many therapeutic interventions, we were
able to discern benefits of MBSR that may be unique to mindful-
ness practice. The results of the present study showed that changes
specific to mindfulness practice may reduce the development of
cutaneous neurogenic inflammation and promote a more salubri-
ous pattern of HPA-axis function, after non-specific therapeutic
factors are controlled. We were successful in inducing both stress
and inflammation at each assessment and the inflammatory re-
sponse (both flare size and TNF-a levels) increased from T1 to
T2. However, individuals randomized to MBSR training showed a
smaller potentiation of the flare response and a steeper diurnal
cortisol slope at post-training, relative to pre-training, than those
randomized to HEP training. In contrast, cortisol response to the
TSST declined across assessments in both groups. Interestingly,
the relationship between practice and blister fluid cytokine levels
distinguished our groups, such that greater time spent engaged
in MBSR practice predicted lower blister fluid cytokine levels,
whereas the HEP group showed the opposite pattern.

The decline in cortisol slope from pre- to post-MBSR training is
consistent with a more healthy physiological profile. A large body
of research indicates that a steeper diurnal cortisol slope is salubri-
ous, predicting a wide range of positive mental and physical health
determinants including higher cognitive function (Stawski et al.,
2011), greater regulation of negative affect (Urry et al., 2006), and
increased length of cancer survival (Cohen et al., 2012). In contrast,
a flattened cortisol slope has been associated with myriad delete-
rious conditions including depression (Keller et al., 2006), chronic
stress (Adam and Gunnar, 2001), atherosclerosis (Matthews et al.,
2006) and cardiovascular disease mortality (Kumari et al., 2011),
as well as fatigue, disease severity, and mortality in breast cancer
(Bower et al., 2005; Abercrombie et al., 2004; Sephton et al.,
2000). It is unclear why cortisol slope tends to flatten from pre-
to post-HEP training, given that both interventions resulted in
comparable reductions in general psychological distress, anxiety
symptoms, and problematic medical symptoms between T1 and
T2. Indeed, there is evidence that HEP was superior to MBSR in
some domains (see MacCoon et al., 2012). This observation will re-
quire follow-up in future experiments that use this active compar-
ison group.

Despite the group difference in change in cortisol slope follow-
ing training, we did not find a group difference in change in cortisol
reactivity to the TSST. Cortisol response diminished across time for
both groups to a similar extent. There is precedence for this lack of
convergence between diurnal cortisol rhythm and cortisol re-
sponse to challenge. For example, Spiegel et al., (2006) found no
association between daytime cortisol slope and cortisol response
to either CRF infusion or the TSST. We cannot determine whether
the decline in cortisol response from pre- to post-training is due
to habituation to the stressor or to an effect of the intervention
or both. However, based on existing data on the habituation of
the cortisol response to repeated TSSTs, it seems likely that the
interventions caused some reduction in cortisol responsivity,
above and beyond simple habituation. Schommer et al., (2003) re-
ported a reduction in cortisol response of about 15% when repeated
TSSTs were spaced 1 week apart. In the current study, the peak was
diminished by about 31% over an 8–12 week span, suggesting that
the reduction in response may reflect both habituation and an ef-
fect of the interventions.

The potentiation of the inflammatory response from pre- to
post-training was unexpected. Rather, we predicted an attenuated
response at T2 for the MBSR group and no change for the HEP
group. However, on post hoc examination, it seems that the ob-
served potentiation for the HEP group reflects, at least in part, an
increase in skin irritability that accompanies colder, drier winter
weather (Uter et al., 2008) and the lack of increase in the MBSR
group reflects a decrease from this seasonal variation. Indeed, aver-
age temperature at T1 was 66 �F (range: 49–81), at T2 was 36 �F
(range: 17–51), and at T3 was 35 �F (range: 6–69) and mean daily
temperature accounted for 8% of the variance in flare size (r = �.29,
p = .009).

The flare response is a relatively pure measure of neurogenic
inflammation (Bjerring and Arendt Nielsen, 1990; Izumi and Karita,
1992), which is thought to be a major factor in the stress-respon-
siveness of chronic inflammatory diseases (Rosenkranz, 2007;
Black, 2002). The most direct effect of stress on neurogenic
inflammation, in the time window captured in this study, is likely
mediated by activation of the sympathetic nervous system.
Norepinephrine (NE) is released from sympathetic nerve terminals
in the skin in response to stress (Saint-Mezard et al., 2003).
Sympathetic terminals in normal skin are found in close proximity
to C-fibers and NE has been shown to sensitize these sensory nerve
endings (Banik et al., 2001; Drummond, 1995). In inflamed skin, NE
alone can activate C-fibers, causing afferent signaling and anti-
dromic release of neuropeptides (Banik et al., 2004; Sato et al.,
1993). Further, NE release from sympathetic nerves in the skin
has been shown to directly modulate flare size in response to cap-
saicin. In an elegant study reported by Lin and colleagues (Lin et al.,
2003), the spread of the flare response was shown to depend on NE
activation of a1-adrenergic receptors located on primary afferent
fibers, while the antidromically-stimulated vasodilation near the
area of capsaicin application was independent of sympathetic
activity. This mechanism of stress-induced inflammatory exacer-
bation is consistent with the pathophysiological profile observed
in some stress-responsive inflammatory skin diseases. Buske-
Kirschbaum et al., have shown, for example, that individuals with
psoriasis (Buske-Kirschbaum et al., 2006) and atopic dermatitis
(Buske-Kirschbaum et al., 2002) have a greater increase in NE
levels in response to psychological stress than healthy controls.

In the present study, MBSR training may have reduced sympa-
thetic responsivity to the TSST, relative to the HEP group, resulting
in decreased facilitation of the flare response. Unfortunately, we
did not measure local release of NE or other indices of SNS activa-
tion, which strongly limits the conclusions that can be drawn
about the mechanism of relative flare attenuation. Based on the
salivary cortisol data, which did not show post-training group dif-
ferences, it would appear that the stress response of both groups
decreased to a similar extent. However, the SNS is much more sen-
sitive than the HPA-axis and previous studies have found that the
activity of these two systems is uncorrelated. Indeed, Schommer
and colleagues (Schommer et al., 2003) directly compared SNS
and HPA-axis responses to the TSST at 3 separate time points, each
4 weeks apart. Though the activity in both pathways increased
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significantly in response to the stressor at each assessment, the
magnitude of the cortisol response declined, while the magnitude
of the NE response remained the same across time. As previously
mentioned, this pattern is even more pronounced in chronic
inflammatory diseases, where NE release in response to a psycho-
logical stressor is increased and cortisol release is decreased
already at the first exposure, relative to healthy controls. This pat-
tern has been observed in inflammatory diseases of several differ-
ent types of tissues including the skin (Buske-Kirschbaum et al.,
2006; Buske-Kirschbaum et al., 2002), joints (Härle et al., 2006),
and gut (Straub et al., 2002). The lack of measurement of SNS
activity is a limitation in the current study and should be included
in future designs.

Despite the group difference in flare size at T2, we did not ob-
serve the predicted group difference in the change in release of
TNF-a and IL-8 in blister fluid. It is possible that the difference be-
tween groups as a result of the training was too subtle to be de-
tected in cytokine levels. The cascade of interactions between
inflammatory mediators and local immune cells, in response to
capsaicin may have overwhelmed relatively subtle differences in
the change in response to stress. On the other hand, the flare re-
sponse is more directly influenced by changes in sympathetic acti-
vation. In addition, we may have failed to capture an existing
difference in post-training cytokine levels in the narrow time win-
dow that we measured. The flare response progresses very quickly
and had already begun to decline within our period of measure-
ment. However, the cytokine response is likely to develop much
more slowly and highlights another area where this design could
be improved upon in future studies.

Although overall group differences in cytokine response to our
interventions was absent, we did find that the groups differed in
the degree to which practice was associated with a reduction in
TNF-a level from pre to post-intervention. Greater time spent prac-
ticing mindfulness was associated with a larger decrease in TNF-a,
whereas HEP practice tended to show the opposite relationship.
These data corroborate findings from other studies that show the
effects of mindfulness training are dependent on practice (Carmo-
dy and Baer, 2008; Jha et al., 2010; Pace et al., 2009). Pace et al.,
(2009), for example, found that the reduction in psychological dis-
tress and stress-induced plasma IL-6, associated with meditation
training, were only observed in those who reported practicing
more than the median amount, whereas those below the median
did not differ from controls on these measures. In addition, practice
in both training modalities predicted a decline in daily cortisol out-
put. The fact that we find that the effect of the interventions on the
outcome variables is somewhat dependent on practice is encourag-
ing and suggests that these are skills that require honing and to the
extent that one develops their skill, it will influence their percep-
tion of and/or reaction to incoming information.

It is interesting to note that the attenuation of the flare and
reduction in cytokine level with practice was less strong or absent
at the 4 mo. follow-up. It is also noteworthy that self-reported
weekly practice in both groups declined by nearly half in the
months that followed the intervention, compared to practice time
during the intervention. This suggests that the group meetings and
teacher support were important for maintaining the physiological
benefits of mindfulness practice. Indeed, the importance of a ‘‘san-
gha’’ or spiritual community is strongly emphasized by most med-
itation teachers.

Though these data are promising and suggest some specific do-
mains in which mindfulness training may be beneficial, this study
has several limitations. Because we needed to limit participant
burden in the context of the larger set of experiments in which
these individuals participated, we omitted a stress condition in
the absence of inflammation and an inflammation condition in
the absence of stress. As a result, we are unable to determine the
interaction between stress and inflammation and the impact of
the interventions on this interaction. Relatedly, the participants
in this experiment were relatively healthy and not selected for
chronic inflammation or stress, even though the populations to
which we hope to apply these data include those with chronic
stress and/or chronic inflammation. Therefore, the relevance of
these data to clinical populations may be somewhat limited. In
addition, the absence of measures of sympathetic activity limit
the conclusions that we can draw regarding the mechanisms that
underlie the relative reduction in flare response post-MBSR train-
ing. Finally, we did not collect self-report measures of perceived
stress in response to the TSST and, consequently, must rely on cor-
tisol levels as a proxy for the induction of psychological stress.

Nonetheless, the results of this study emphasize that the differ-
ence in the stress-buffering abilities between mindfulness training
and other well-being promoting activities is subtle. Practice in both
interventions predicted a decrease in diurnal cortisol, but MBSR
practice alone predicted a more salubrious diurnal cortisol rhythm
following training. A post-training, seasonally-adjusted reduction
in inflammation, however, was specific to mindfulness training,
which suggests that mindfulness may be more effective in reliev-
ing symptoms related to inflammation than other well-being pro-
moting activities. The fact that a post-training group difference in
flare size was found, in the absence of a group difference in blister
fluid cytokine levels, may indicate that individuals with inflamma-
tory diseases that have a strong neurogenic component would ben-
efit more from mindfulness training than from other group-based
behavioral interventions that do not promote mindfulness. Indeed,
the benefit of mindfulness to individuals with chronic, neurogenic,
skin inflammation has been previously demonstrated. Jon Kabat-
Zinn et al., (1998) reported a 4-fold increase in clearing rate of pso-
riasis lesions when mindfulness practice was added to treatment
as usual. We corroborate this finding in a non-clinical population
and now have evidence for the specific efficacy of mindfulness
training in reducing the responsivity of physiological processes
characteristic of a wide range of chronic conditions, as well as
promising hypotheses regarding the molecular mechanisms influ-
enced by mindfulness practice that may lead to symptom
alleviation.
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