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a b s t r a c t
Psychological stress is a major contributor to symptom exacerbation across many chronic inﬂammatory
conditions and can acutely provoke increases in inﬂammation in healthy individuals. With the rise in rates
of inﬂammation-related medical conditions, evidence for behavioral approaches that reduce stress reactivity is of value. Here, we compare 31 experienced meditators, with an average of approximately 9000
lifetime hours of meditation practice (M age = 51 years) to an age- and sex-matched control group (n = 37;
M age = 48 years) on measures of stress- and inﬂammatory responsivity, and measures of psychological
health. The Trier Social Stress Test (TSST) was used to induce psychological stress and a neurogenic inﬂammatory response was produced using topical application of capsaicin cream to forearm skin. Size of the
capsaicin-induced ﬂare response and increase in salivary cortisol and alpha amylase were used to quantify the magnitude of inﬂammatory and stress responses, respectively. Results show that experienced
meditators have lower TSST-evoked cortisol (62.62 ± 2.52 vs. 70.38 ± 2.33; p < .05) and perceived stress
(4.18 ± .41 vs. 5.56 ± .30; p < .01), as well as a smaller neurogenic inﬂammatory response (81.55 ± 4.6 vs.
96.76 ± 4.26; p < .05), compared to the control group. Moreover, experienced meditators reported higher
levels of psychological factors associated with wellbeing and resilience. These results suggest that the
long-term practice of meditation may reduce stress reactivity and could be of therapeutic beneﬁt in
chronic inﬂammatory conditions characterized by neurogenic inﬂammation.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Psychological stress is now widely accepted as an important
trigger of inﬂammation and a major contributor to symptoms of
chronic inﬂammatory disease (Pace et al., 2009; Rohleder, 2014;
Steptoe et al., 2001; Weik et al., 2008). As such, the impact of behavioral interventions designed to reduce psychological stress, such as
meditation training, on inﬂammatory outcomes has been a growing focus of interest and attention by the scientiﬁc community. The
overwhelming majority of studies addressing this question have
randomly assigned participants to relatively short interventions
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(Bower and Irwin, 2015; Gu et al., 2015; Khoury et al., 2015). While
this design is considered the gold-standard and has considerable
merit, it also has some shortcomings when applied to behavioral
interventions, that may be reﬂected in the mixed results reported
in the literature (Black et al., 2015; Malarkey et al., 2013; Morgan
et al., 2014; Rosenkranz et al., 2013). First, the ability of these interventions to reliably reduce stress may be highly variable across
individuals and/or of small effect size in the early stages of training,
perhaps becoming more stable and more easily detectible when the
trained skills become more established. Second, the efﬁcacy of any
behavioral intervention is predicated upon an individual’s engagement with the training and the persistence of practice, unlike
in a pharmaceutical trial, where one can be fairly conﬁdent that
every individual is receiving roughly the same dose. Outside of the
laboratory, individuals choose pathways of change that they are
most drawn to, or for which they have some aptitude. Choice is a
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strong predictor of adherence to and engagement in an intervention
(Lindhiem et al., 2014; Rennie et al., 2007) and effect sizes have been
shown to be higher when an intervention is individually initiated,
rather than part of a volunteer effort (Brown et al., 2015). Thus,
through random assignment, these studies may unintentionally
reduce the effect size of the intervention. As a complement to the
extant RCTs, the current study was designed to compare individuals
with a long-standing and self-initiated practice of meditation to a
carefully matched group of healthy, non-meditating community
volunteers in stress- and inﬂammatory responsiveness.
Major advances have been made in the last decade in our understanding of the mechanisms that underlie the relationship between
stress and inﬂammation. However, most of these advances have
been focused on the impact of stress on brain-immune pathways
that function systemically, whereas very little attention has been
paid to pathways through which stress modulates inﬂammation
locally. Though systemic elevations in inﬂammatory markers are
not uncommon in individuals suffering from chronic inﬂammatory
diseases, local inﬂammatory processes are often more sensitive
indicators of disease onset and progression (Bamias et al., 2013;
Lotti et al., 2014; Riol-Blanco et al., 2014; Schleich et al., 2014; Ugraş
et al., 2011) and the two are not always highly correlated (Davel
et al., 2012; Lima et al., 2015; Malinovschi et al., 2013; Schleich
et al., 2014; Vernooy et al., 2002). For this reason, we chose capsaicin
application to skin as our model to investigate stress responsiveness and local neurogenic inﬂammation in long-term meditators
and community controls.
Capsaicin is a naturally occurring compound found in hot
peppers that imparts their “hotness”. It causes depolarization of
predominantly C-ﬁber type sensory neurons by binding to vanilloid receptors (sub-type 1; TRPV1), leading to a descending impulse
or axon reﬂex. The axon reﬂex travels down branches of the same
sensory nerve, causing neuropeptide release from nearby terminals. When these neuropeptides are released in the skin, they
evoke a neurogenic inﬂammatory response, characterized by a “ﬂare
response” − the area of redness or erythema that extends beyond
the area covered by capsaicin, which is caused by nerve-mediated
vasodilation (Helme and McKernan, 1985; Holzer, 1988).
We hypothesized that long-term meditators (LTMs) would have
a smaller physiological stress response to an acute laboratory
stressor and a reduced ﬂare response to capsaicin application. Further, we predicted that the reduction in stress response would
account for a signiﬁcant amount of variance in the size of the ﬂare.
Finally, we hypothesized that smaller stress hormone and ﬂare
responses would be associated with lower perceived stress and
better mental and physical well-being.

itation retreats lasting 5 or more days. These practices reﬂect the
progression of foundational skills taught in standard MBSR courses,
and can thus be viewed in many ways as a long-term, and more
in-depth extension of MBSR. Meditation experience criteria were
chosen in consultation with meditation teachers and experts, to
reﬂect the minimum experience with personal daily practice and
intensive retreat experience, likely to sufﬁciently distinguish experienced meditators from novices. LTMs had an average of 9081
lifetime hours of meditation practice, ranging from 1439 to 32,612
total hours. Lifetime hours of practice was calculated based on selfreports of the average of their hours of formal (sitting and walking)
meditation practice per week, including time spent on meditation
retreats, and the total number of years of practice. Participants in
either group were excluded if they had used medication for anxiety, depression, or other psychological issues, or had a psychiatric
diagnosis in the past year. Participants were also excluded if they
had any history of bipolar or schizophrenic disorders, brain damage
or seizures.
The task described here was one among a larger set of tasks,
including those performed during collection of functional magnetic
resonance imaging (fMRI) data, administered during a 24-h lab
visit. Sample sizes were constrained by logistical and practical considerations associated with neuroimaging studies. UW-Madison’s
Health Sciences Institutional Review Board approved the protocol, and all participants provided informed consent and were given
monetary compensation for their participation.

2. Materials and methods

2.3. Biological measures

2.1. Participants

Levels of two salivary stress hormones, cortisol and alphaamylase (AA), provided measures of the magnitude of the stress
response to the TSST. These hormones were chosen as markers
of activity in the hypothalamic–pituitary–adrenal (HPA) axis and
sympathetic nervous system, respectively. Participants provided
samples of saliva at baseline, before application of capsaicin cream,
using salivettes. Subsequent saliva samples were collected immediately after the end of the TSST, as well as every 10 min for the
next 40 min, for a total of 6 saliva samples. Salivary cortisol and
AA levels were measured by Dr. Nicolas Rohleder at Brandeis University, using standard assay techniques. Cortisol was measured
using a commercially available luminescence immunoassay (CLIA;
IBL-Hamburg, Hamburg, Germany), and AA was measured using an
enzyme-kinetic assay using reagents provided by Roche Diagnostics (Indianapolis, IN, USA) as previously described (Rohleder and
Nater, 2009). Intra- and inter-assay coefﬁcients of variation for cor-

Our participants included 37 meditation-naïve participants
(MNP; average age 48.0 ± 10.4 years, 25 female) and 31 long-term
meditators (LTM; average age 50.7 ± 10.1 years, 17 female). The
groups did not differ in socioeconomic status (SES) as measured
by the Hollingshead Index of Social Position (t(66) = −.56, p = .58)
or by family income (t(66) =.47, p = .64). Descriptive statistics can
be found in Table 1. MNPs were recruited within Madison, WI and
the surrounding community using ﬂyers, online advertisements,
and advertisements in local media. LTMs were recruited at meditation centers and through related mailing lists, in addition to
ﬂyers and advertisements in newspapers. For LTMs, inclusion criteria related to meditation practice included at least three years of
vipassana and compassion/loving-kindness meditation, with daily
practice of 30 min or more, as well as 3 or more intensive med-

2.2. Experimental manipulations
Psychological stress was induced using a modiﬁed version of the
Trier Social Stress Test (TSST; Kirschbaum et al., 1993). The stress
test consisted of a 5-min impromptu speech, followed by 5 min of
mental arithmetic. These tasks were performed standing in front
of a microphone before a panel of two (one male, one female) nonsupportive and stern-looking judges and a video camera. For the
speech task, participants were asked to convince the judges why
they are the best candidate for their ideal job. They were given 3 min
to prepare their speech after the topic was revealed, but were not
allowed to use their notes during the speech. If participants did not
speak for the entire 5 min period, they were told that there was time
remaining to please continue. This version differs from the original
only in that the speech preparation time is 7 min shorter. A local
neurogenic inﬂammatory response was induced in forearm skin of
all participants using .5 ml topical capsaicin cream (.1%), applied
using a template to standardize coverage area. The capsaicin was
applied immediately before participants were escorted to the room
where they performed the TSST.
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Table 1
Descriptive characteristics.
LTM
Mean
Age
SES (Hollingshead)
SES (Family income)
Sex
Race
Baseline cortisol
BaselineAlpha amylase

50.73
61.90
11.97
17 male
14 female
28 White2 Asian1 Multiracial
6.32
236.90

MNP
Standard error
1.81
1.57
.98

.46
26.73

tisol were 3.42% and 4.06% and for alpha-amylase were 5.64% and
3.63%.
The size of the capsaicin-induced ﬂare response provided a measure of local neurogenic inﬂammation (Petersen et al., 1997). The
neurogenic nature of the ﬂare response has been demonstrated in
studies where it 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 subsequent 10-min intervals for 30 min to capture the development of the ﬂare. Software developed in-house was
used to detect the outside edge of the ﬂare and calculate its area.
Each digital trace was visually inspected for artifacts and errors and
corrected when necessary. Differences in image scale were normalized by dividing the ﬂare area by the area of a circular sticker placed
on the arm, which was identical for every participant.

2.4. Self-report measures
In addition to the biological mexasures, a number of questionnaire measures were collected to assess perceived cognitive,
emotional, and health-related changes that may be expected as a
result of a long-term meditation practice. These measures were
also used to explore relations between perceived cognitive, emotional, and health-related function and the biological measures
that are the main focus of this report. Questionnaire measures
included: Positive and Negative Affect Scale (Watson et al., 1988),
Big Five Inventory (BFI; John et al., 2008, 1991), Barratt Impulsivity Scale (BIS; Patton et al., 1995), Dweck Implicit Theory Form
(Dweck, 2000), Five Factor Mindfulness Questionnaire (FFMQ; Baer
et al., 2008), Interpersonal Reactivity Index (IRI; Davis, 1983),
Marlowe–Crowne Social Desirability Scale (MCSD; Crowne and
Marlowe, 1960), Medical Symptom Checklist (MSC; Travis, 1977),
Ryff’s Psychological Wellbeing Scales (PWB; Ryff, 1989), Social Connectedness Scale (SCS; Lee et al., 2001), and Satisfaction With Life
Scale (SL; Diener et al., 1985). To assess the perceived stressfulness
of the TSST, participants were asked to rate how stressful the experience was on a scale from 1 to 10, where 1 indicates “not stressful
at all” and 10 indicates “the most stressful I can imagine”.

2.5. Data analysis
Two computed variables were used to summarize data for
both stress hormone responsiveness and inﬂammation: area under
the curve and percentage of maximum increase. Area under the
curve (AUC) with respect to ground was calculated as described
in Pruessner et al. (2003). Cortisol and AA AUC values were then
log-transformed to normalize their distribution. Flare AUC was normally distributed without transformation. Maximum increase in
cortisol and AA were calculated by subtracting the baseline value
from the highest post-TSST value and dividing by the baseline
((max value − baseline)/baseline) to obtain a percentage of maximum increase from baseline metric. The maximum, or peak, of

Mean
48.05
60.73
12.49
25 male
12 female
34 White1 Multiracial2 not provided
7.96
213.28

Standard error
1.71
1.41
.60

.79
20.42

Test statistic

p-Value

−1.07
−.56
.47
1.16
4.08
1.70
−.71

.29
.58
.64
.32
.25
.09
.48

the ﬂare response was simply the largest ﬂare area, among the 4
photos.
Analysis of covariance (ANCOVA) was used, with age and sex
as covariates, to test for group differences in stress hormone
responsiveness. T-tests were used to identify group differences
in inﬂammation and self-report variables. Hierarchical regressions
were used to test for associations between stress hormone responsiveness variables and inﬂammation variables. In these models,
inﬂammation (e.g. ﬂare AUC) was the dependent variable. Age, sex,
perceived stressfulness of the TSST, and group were entered on the
ﬁrst step and stress hormone responsivity (e.g. cortisol AUC) was
entered on the second step. Hierarchical regressions were also used
to test for associations between stress hormone and self-report
variables, including reported meditation practice. In these models, self-report variables were the dependent variables, age and sex
were entered on the ﬁrst step and stress hormone variables (e.g.
cortisol AUC) were entered on the second step. Finally, Pearson’s
correlations were used to test the relationship between self-report
and inﬂammation measures. To ensure that the assumptions of our
models were not violated, we inspected residual plots of our data
for outliers and heteroscedasticity, Normal QQ plots to test normality, and we used Cook’s D and leverage metrics to evaluate the
presence of inﬂuential outliers in our regression and ANCOVA analyses. In addition, we estimated variance inﬂation factors to assess
any possible collinearity in models with multiple regressors. All
analyses were carried out using SPSS and R software.
3. Results
The outcome of analyses testing for group differences in biological variables showed a signiﬁcant effect of group on both cortisol
AUC (F(1, 59) = 5.03, p = .029), after controlling for the effects of age
and sex, and ﬂare peak1 (t(64) = 2.41, p = .019), such that LTMs had a
signiﬁcantly smaller cortisol AUC and ﬂare peak (Fig. 1). In addition,
LTM’s rating of the perceived stressfulness of the TSST was significantly lower than that of the MNP group (t(64) = 2.75, p = .008).
Signiﬁcant group differences were not observed in the maximum
increase in cortisol, ﬂare AUC, alpha amylase AUC or the maximum increase in alpha amylase (see Table 2 for means and standard
errors).
The t-tests revealed higher levels of self-reported openness (BFI;
t(66) = −3.39, p = .001) and mindfulness (total FFMQ; t(66) = −5.37,
p < .001)2 in LTMs compared to MNPs. In addition, LTMs scored signiﬁcantly higher on the Dweck Implicit Theory Form relative to
the MNP group (t(66) = −4.13, p < 001), indicating greater endorsement by LTMs of the belief that people can change, in contrast to the
belief that who a person is, is mostly ﬁxed. There were no variables

1
Age and sex were not included as covariates for ﬂare variables because they
were not signiﬁcant in models where they were included. In the ANCOVA model
with these covariates included, the effect for a group difference in peak ﬂare was
also signiﬁcant (F(1, 62) = 4.52, p = .038).
2
All subscales of the FFMQ were signiﬁcantly higher in LTMs compared to MNP.
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Table 2
Descriptive statistics for stress hormone and inﬂammation variables, reported for each group separately. Stress hormone means were adjusted for age and sex covariates.
LTM
DV

Mean

MNP
Standard error Mean

Standard error Mean difference 95% CI

70.38
2.33
2.69
.40
149.33
2.91
1.02
.21
3103.65 192.21
96.76
4.26
5.56
.30

7.76
.24
1.85
.14
453.95
15.21
1.37

.84 to 14.68
−.92 to 1.41
−6.82 to 10.52
−.47 to .74
−74.52 to 982.42
2.61 to 27.8
.38 to 2.37

MNP

Cohen’s d
.57
.12
.11
.12
.43
.60
.68

LTM

80
1000

Flare AUC residuals

covariate adjusted log cortisol AUC

Cortisol log AUC (covariate adjusted)
62.62
2.52
2.44
.42
Cortisol percentage of maximum increase (covariate adjusted)
151.18
3.16
Alpha amylase log AUC (covariate adjusted)
.88
.22
Alpha amylase percentage of maximum increase (covariate adjusted)
Flare AUC
2649.70 172.69
Flare peak
81.55
4.60
4.18
.41
TSST stress rating (1–10 scale)

60

40
MNP

0

−1000

LTM

Group

−2000

−2

0

2

4

6

Cortisol maximum % increase residuals

flare peak

150
Fig. 2. Residual variance in maximum percent increase in cortisol (x-axis) and ﬂare
AUC response (y-axis) with variance accounted for by age, sex, perceived stressfulness of TSST, and group removed (ß = .28, sr = .26, p = .039). Red = LTM, blue = MNP.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

100

50

0
MNP

LTM

Group
Fig. 1. Group difference in covariate (age & sex) adjusted mean log cortisol AUC (top;
F(1, 59) = 5.03, p = .029) and ﬂare peak (bottom; t(64) = 2.41, p = .019). Note that with
removal of the one extreme low and one extreme high value in ﬂare peak in the LTM
group, the group difference remains signiﬁcant (t(62) = 2.58, p = .012).

on which the MNP group scored signiﬁcantly higher than the LTM
group. In total, 39 t-tests were conducted on self-report composite
scales and their subscales. Therefore, after correcting for multiple
comparisons, p < .0013 is necessary to reach statistical signiﬁcance
for these tests. Several additional self-report indices showed a
group difference at an uncorrected p < .05, including greater social
connectedness reported by the LTM group (t(66) = −2.36, p < .05).
For a complete picture of the self-report data, results for all 39 tests
can be found in Supplementary information Table 1.
The outcome of regression analyses, that tested relationships
between stress hormone and inﬂammatory responses, showed that
the maximum increase in cortisol in response to the TSST accounted
for a signiﬁcant portion of unique variance in ﬂare AUC (ß = .28,
sr = .26, p = .039), above and beyond that attributed to age, sex,
perceived stress rating, and group indicating that a higher increase
in cortisol is associated with a larger ﬂare response (Fig. 2). Analogous models, where maximum increase in cortisol is replaced with
AUC or ﬂare AUC is replaced with ﬂare peak, yield consistent results,
though not statistically signiﬁcant (see Table 3). Neither alpha amy-

lase AUC nor maximum increase accounted for a signiﬁcant portion
of unique variance in either ﬂare variable, above and beyond that
accounted for by age, sex, and perceived stress. Number of hours of
meditation practice was not related to stress hormone or inﬂammatory responses.
The outcome of regression analyses that tested relationships
between cortisol variables and self-report measures, after accounting for variance attributed to age and sex, showed that cortisol
response to the TSST was associated with positive and negative
affect, personality factors, and aspects of mindfulness. Specifically, maximum increase in cortisol in response to the TSST
showed a positive relationship with PANAS negative affect (t = 2.72,
p = .009, sr = .36), whereas cortisol AUC showed negative relationships with PANAS positive affect (t = −2.13, p = .038, sr = −.26), the
extraversion scale of the BFI (t = −2.06, p = .044, sr = −.26), and
the describe (t = −2.03, p = .047, sr = −.26) and observe (t = −2.08,
p = .042, sr = −.26) scales of the FFMQ. However, after correcting for
multiple comparisons, none of these relationships remain significant. These analyses were not performed for the alpha amylase
response to the TSST, since group differences in alpha amylase
variables were not observed.
Pearson’s correlation revealed a positive relationship across
groups between perceived stressfulness of the TSST and maximum
cortisol response to the TSST (r = .36, p = .007), though this relationship was driven more by the LTM group (LTM: r = .50, p = .009; MNP:
r = .24, p = .21; Fig. 3). The difference in this correlation between
groups was not signiﬁcant. An analogous relationship was not
observed with cortisol AUC (r = .3, p > .1) or with either alpha amylase variable (log AUC: r = −.04, p > .1; maximum increase: r = −.04,
p > .1).
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Table 3
Regression coefﬁcients, semi-partial correlation coefﬁcients, p-values, and 95% conﬁdence interval for regression coefﬁcients for each regression model. Age, sex, group, and
perceived stressfulness of the TSST were additional IVs included in each model.
DV

IV

Coefﬁcient

sr2

p-Value

95% CI for B

Cortisol percentage of maximum increase
Cortisol log AUC
Cortisol percentage of maximum increase
Cortisol log AUC
Amylase percentage of maximum increase
Amylase log AUC
Amylase percentage of maximum increase
Amylase log AUC

Flare peak
Flare peak
Flare AUC
Flare AUC
Flare peak
Flare peak
Flare AUC
Flare AUC

2.42
.27
136.42
12.40
.73
.16
16.36
5.18

.18
.13
.26
.15
.03
.1
.02
.08

.14
.26
.039*
.21
.78
.40
.88
.52

−.82 to 5.65
−.20 to .73
7.48 to 265.35
−7.15 to 31.95
−4.55 to 6.01
−.22 to .54
−204.19 to 236.90
−10.97 to 21.33

MNP

LTM
8

Cortisol maximum % increase

Cortisol maximum % increase

8

6

4

2

0

6

4

2

0
2.5

5.0

7.5

10.0

Perceived stressfulness of TSST

2.5

5.0

7.5

10.0

Perceived stressfulness of TSST

Fig. 3. Correlation between maximum percent increase in cortisol and perceived stressfulness of TSST in LTMs (right) and MNPs (left). This relationship is signiﬁcant across
groups (r = .36, p = .007) and for the LTM group alone (r = .50, p = .009), but not for the MNP group alone (r = .24, p = .21). The difference in the correlation between groups is
not signiﬁcant.

4. Discussion
Our results suggest that individuals with a long-term meditation practice experienced less stress in response to the TSST, as
indicated by both self-report and salivary cortisol measures, compared to a control group with no meditation experience. Moreover,
though the difference between the correlations was not statistically
signiﬁcant, the perception of stress in response to the TSST more
closely reﬂected the HPA-axis response in long-term meditators,
suggesting that this group may have better accuracy in perceiving
their internal state or less emotional elaboration of physiological
cues. The LTM group also had a smaller inﬂammatory response to
capsaicin. Importantly, the magnitude of inﬂammatory response
to capsaicin was positively associated with the magnitude of the
cortisol response, which supports previous evidence that psychological stress potentiates the neurogenic inﬂammatory response
(Arck et al., 2003; Joachim et al., 2007; Kimata, 2003; Liu et al.,
2013; Pavlovic et al., 2008; Peters et al., 2014, 2004; Singh et al.,
1999). These observations conﬁrm and extend our previous ﬁndings, which showed that individuals randomized to an 8-week
MBSR intervention had smaller capsaicin-induced ﬂare responses
post-training, relative to individuals randomized to a validated
active control condition (MacCoon et al., 2012; Rosenkranz et al.,
2012). Together with our previous ﬁndings, these data suggest that
meditation practice may be an effective buffer for the effects of
stress on local neurogenic inﬂammation.
In our previous work, we speculated that the mechanism underlying the reduced inﬂammatory response in those who participated
in MBSR training was related to a reduction in sympathetic nervous
system responsiveness to stress. This speculation is not supported

by our current data, since alpha amylase (a salivary marker for
sympathetic activity) response to the TSST is unrelated to the
size of the ﬂare response. An alternative mechanism that could
underlie this effect involves modulation of sensory neuropeptide
expression (Rosenkranz, 2007). Though primarily associated with
communicating sensory information to the CNS, non-adrenergic,
non-cholinergic nerve ﬁbers (NANC; Forsythe, 2015; Kraneveld
et al., 2000), also release inﬂammation-promoting sensory neuropeptides into the tissues they innervate, via an axon reﬂex
(Koivisto et al., 2014), and are an important mediator of local
immune regulation. Plasticity at the level of the peripheral and
central ganglia (Koivisto et al., 2014; Rivat et al., 2010), brainstem
nuclei, and possibly higher subcortical (e.g. amygdala) and cortical
(e.g. insula) regions all contribute to the strength of the descending
axon reﬂex, as well as to systemic descending responses (reviewed
in Rosenkranz, 2007).
While our data cannot clarify the precise mechanism through
which the reduction in the capsaicin-induced ﬂare response in the
LTM group was achieved, existing data on the effects of stress on
neural expression of substance P (SP) provide some clues. Capsaicin
exposure evokes the release of SP from sensory nerve endings,
through the mechanisms described above. In rodent models, psychological stress, via the actions of nerve growth factor, increases
expression of SP and calcitonin-gene related peptide (CGRP) in both
skin-innervating dorsal root ganglia (DRG) neurons, as well as nerve
ﬁbers in the skin (Arck et al., 2003; Joachim et al., 2007; Pavlovic
et al., 2008; Peters et al., 2004). Moreover, psychological stress has
been shown to cause CRH-dependent skin mast cell degranulation (Singh et al., 1999; Theoharides et al., 1998), which synergizes
with the effects of SP and CGRP to potentiate the inﬂammatory
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response (Marshall and Waserman, 1995). Given the diminished
stress response shown by the LTMs, the smaller ﬂare response in
this group may be a combined result of decreased CRH release
and down-regulation (or lack of up-regulation) of DRG and skin
expression of SP and CGRP.
The mechanisms through which practice of meditation may
reduce stress responsivity remains an outstanding question. Previous research suggests that meditation practice is associated with
greater grey matter volume in the hippocampus/extended amygdala complex (Hölzel et al., 2011; Kurth et al., 2015; Luders, 2009;
Luders et al., 2015, 2013)—a region known to play important roles in
regulating the cortisol response to stress. Indeed, chronic exposure
to psychological stressors is associated with the opposite effect,
a reduction in grey matter volume in this area (Hanson et al.,
2014, 2011; Luby et al., 2013; Lui et al., 2013). Further, evidence
of increased engagement of neural circuits important in regulating
emotion has been demonstrated in both experienced meditators
(Taylor et al., 2011) and in novice meditators following training
(Allen et al., 2012; Goldin and Gross, 2010; Taylor et al., 2011). In our
data, we observed a higher concordance between perceived stress
and cortisol response to the TSST in the LTM group, which may
lead to more effective recruitment of emotion regulatory circuits.
Therefore, we can speculate that the reduced cortisol response to
the TSST observed in the experienced meditators may be due, at
least in part, to better structural integrity of brain regions that regulate HPA-axis activity, and perhaps improved ability to regulate
emotion in the context of the social stressor.
Though few of the results of analyses performed on selfreport data remained signiﬁcant after correcting for multiple
comparisons, the pattern of results generally corroborates our
physiological data, suggesting that a long-term meditation practice
may be associated with psychological factors known to contribute
to resilience and greater wellbeing, such as the belief that a person
can change (Tamir et al., 2007; Yeager et al., 2014). Indeed, several
of these factors, e.g. greater positive and less negative affect, were
also associated with a smaller cortisol response to stress.
There are a few noteworthy limitations to these data. First, as
this was not a prospective study, individuals were not randomly
assigned to practice meditation. Therefore, it is possible that there
is something fundamentally different about those who initiate
and persist at meditation training. For example, it is possible that
long-term meditators have an innate increased capacity for critical
self-reﬂection and the discomfort or distress that can accompany
such mental processes, which could underlie the reduced cortisol response to the TSST, independent from any direct effects of
meditation practice. Relatedly, the reduced stress and inﬂammatory responsiveness may be attributable to the accouterments of
meditation practice, such as being embedded in a community or
sangha that provides social support and with which one shares
common values, rather than to the practice itself. Indeed, we did
observe a group difference in self-reported social connectedness
with LTMs reporting higher connectedness than MNPs, though this
result did not remain signiﬁcant after correcting for multiple comparisons. Both perceived and objective measures of loneliness are
potent risk factors for early mortality, comparable with that of obesity or substance abuse (Holt-Lunstad et al., 2015), and increased
basal HPA-axis activity has been associated with chronic social isolation (Cacioppo et al., 2015). In this case, similar results would be
expected from membership in any comparable social group. This is
an intriguing possibility that warrants future inquiry. An alternative possibility is that the LTMs have greater resources, which allow
them more time to spend in leisure activities (including meditation), and this is the underlying cause of their reduced stress and
inﬂammatory responsiveness. Though this is a credible possibility,
it does not appear to be the case in our data, as there were no group
differences in socioeconomic status.

Despite these limitations, the data presented here support the
claim that a long-standing practice of meditation can promote both
physical and psychological wellbeing. The neurogenic inﬂammatory response employed in the paradigm presented here is relevant
to the disease mechanisms that underlie chronic inﬂammatory
diseases in the skin, including atopic dermatitis, alopecia, and psoriasis, but also to chronic inﬂammatory diseases in other tissues such
as asthma, irritable bowel syndrome (IBS), and rheumatoid arthritis (RA). In the skin, inﬂammatory neuropeptide-containing nerve
ﬁber density is increased in patches with psoriasis (Al’Abadie et al.,
1995) or atopic dermatitis (Pincelli and Steinhoff, 2013) lesions,
relative to healthy areas of skin. In addition, there is increased contact between mast cells and sensory nerve endings. Mast cells are
activated by the neuropeptides released by these nerve endings
in lesioned skin and this interaction is thought to be an important
mechanism in perpetuating the neurogenic inﬂammatory response
(Järvikallio et al., 2003). A similar relationship between NANC
nerves and cells of the innate immune system seems to be involved
in the aspects of the pathogenesis of asthma (Kraneveld et al., 2000).
Importantly, psychological stress has been shown to upregulate the
expression of sensory neuropeptides and to decrease the response
threshold of neurons in peripheral ganglia to propagate the axon
reﬂex (Hermann et al., 2005; Joachim et al., 2007; Rivat et al., 2010).
Thus, during psychological stress, a less intense sensory stimulus
can evoke a more intense axon reﬂex and elicit the release of greater
quantities of sensory neuropeptides, leading to a larger neurogenic
inﬂammatory response. This effect likely contributes substantively
to the exacerbating effects of stress on symptoms of chronic inﬂammatory diseases (Black, 2002).
Our data may help to identify individuals whose symptoms are
most likely to beneﬁt from training in mindfulness. Indeed, training
in meditation as a therapeutic intervention has been investigated in
individuals with psoriasis (Kabat-Zinn et al., 1998), IBS (Berrill et al.,
2014; Ljótsson et al., 2011; Zernicke et al., 2013) and RA (Pradhan
et al., 2007; Zautra et al., 2008) with mixed results. All of these
studies report some beneﬁt of mindfulness training, primarily in
mood, distress, and quality of life. Zautra and colleagues randomized individuals with RA to receive cognitive behavioral therapy
(CBT), mindfulness and emotion regulation training, or education
only (Zautra et al., 2008). While those randomized to CBT beneﬁted
more in terms of self-reported pain control and in vitro stimulated peripheral blood mononuclear cell production of IL-6, those
randomized to mindfulness and emotion regulation training, who
had a history of depression, beneﬁted most in terms of physicianrated joint tenderness and swelling, and mood. On the other hand,
Pradhan et al. reported improvement in distress and psychological
wellbeing, in a sample of RA patients, but no effect of meditation
training on RA disease activity (Pradhan et al., 2007). Unfortunately,
these studies are in the distinct minority in measuring objective
and clinically relevant measures of inﬂammation and disease activity. The majority of studies examining the beneﬁt of mindfulness
training in samples with chronic inﬂammatory disease rely on selfreported outcome measures. While subjective perception of pain
and wellbeing are inarguably valuable outcomes not to be undermined, they tell us little about the direct impact of mindfulness
training on the physiological mechanisms that underlie disease
progress and these measures may be confounded by demand characteristics. Moreover, of the studies that do include physiological
measures, almost none include local measures of inﬂammation
from the affected tissue. Such measures, like the one presented
here, point to possible underlying biological mechanisms of the
beneﬁts of meditation and may provide a more sensitive and clinically meaningful assessment of the efﬁcacy of wellbeing-promoting
practices like mindfulness training.

M.A. Rosenkranz et al. / Psychoneuroendocrinology 68 (2016) 117–125

Conﬂict of interest
Dr. Richard J. Davidson serves on the board of directors for the
following non-proﬁt organizations: The Mind and Life Institute and
the Center for Investigating Healthy Minds, Inc.
Contributors
MAR conceived of and designed the study, analyzed the data,
and wrote the manuscript.
AL contributed to the conception and design of the study, interpretation of data, and revision of the manuscript.
DMP contributed to analysis of the data and revision of the
manuscript.
DRWB contributed to data acquisition and revision of the
manuscript.
BSS contributed to analysis of the data and preparation and revision of the manuscript.
DGM contributed to conception and design of the study.
RJD contributed to conception and design of the study, interpretation of data, and revision of the manuscript.
All authors have approved the ﬁnal article.
Acknowledgements
This research was supported by the National Center for Complementary and Integrative Health (NCCIH) P01AT004952 to RJD &
AL, a core grant to the Waisman Center from the National Institute
of Child Health and Human Development (NICHD) P30HD003352
to Albee Messing, and generous donations from individuals to the
Center for Investigating Healthy Minds. No donors, either anonymous or identiﬁed, have participated in the design, conduct, or
reporting of research results in this manuscript.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.psyneuen.2016.
02.013.
References
Al’Abadie, M.S.K., Senior, H.J., Bleehen, S.S., Gawkrodger, D.J., 1995. Neuropeptides
and general neuronal marker in psoriasis—an immunohistochemical study.
Clin. Exp. Dermatol. 20, 384–389, http://dx.doi.org/10.1111/j.1365-2230.995.
tb01354.x.
Allen, M., Dietz, M., Blair, K.S., van Beek, M., Rees, G., Vestergaard-Poulsen, P., Lutz,
a., Roepstorff, a., 2012. Cognitive-affective neural plasticity following
active-controlled mindfulness intervention. J. Neurosci. 32, 15601–15610,
http://dx.doi.org/10.1523/JNEUROSCI.2957-12.2012.
Arck, P.C., Handjiski, B., Peters, E.M.J., Peter, A.S., Hagen, E., Fischer, A., Klapp, B.F.,
Paus, R., 2003. Stress inhibits hair growth in mice by induction of premature
catagen development and deleterious perifollicular inﬂammatory events via
neuropeptide substance P-dependent pathways. Am. J. Pathol. 162, 803–814,
http://dx.doi.org/10.1016/S0002-9440(10)63877-1.
Baer, R.A., Smith, G.T., Lykins, E., Button, D., Krietemeyer, J., Sauer, S., Walsh, E.,
Duggan, D., Williams, J.M.G., 2008. Construct validity of the ﬁve facet
mindfulness questionnaire in meditating and nonmeditating samples.
Assessment 15, 329–342, http://dx.doi.org/10.1177/1073191107313003.
Bamias, G., Dahman, M.I., Arseneau, K.O., Guanzon, M., Gruska, D., Pizarro, T.T.,
Cominelli, F., 2013. Intestinal-speciﬁc TNF␣ overexpression induces
Crohn’s-like ileitis in mice. PLoS One 8, 1–11, http://dx.doi.org/10.1371/
journal.pone.0072594.
Berrill, J.W., Sadlier, M., Hood, K., Green, J.T., 2014. Mindfulness-based therapy for
inﬂammatory bowel disease patients with functional abdominal symptoms or
high perceived stress levels. J. Crohn’s Colitis 8, 945–955.
Bjerring, P., Arendt-Nielsen, L., 1990. A quantitative comparison of the effect of
local analgesics on argon laser induced cutaneous pain and on histamine
induced wheal ﬂare and itch. Acta Derm. Venereol. 70, 126–131.
Black, D.S., O’Reilly, G. a., Olmstead, R., Breen, E.C., Irwin, M.R., 2015. Mindfulness
meditation and improvement in sleep quality and daytime impairment among
older adults with sleep disturbances. JAMA Intern. Med. 9239, 494–501, http://
dx.doi.org/10.1001/jamainternmed.2014.8081.

123

Black, P.H., 2002. Stress and the inﬂammatory response: a review of neurogenic
inﬂammation. Brain. Behav. Immun. 16, 622–653, http://dx.doi.org/10.1016/
S0889-1591(02)00021-1.
Bower, J.E., Irwin, M.R., 2016. Mind-body therapies and control of inﬂammatory
biology: a descriptive review. Brain. Behav. Immun. 51, 1–11.
Brown, J.G., Joyce, K.E., Stacey, D., Thomson, R.G., 2015. Patients or volunteers? The
impact of motivation for trial participation on the efﬁcacy of patient decision
AIDS: a secondary analysis of a Cochrane systematic review. Med. Decis.
Making 35, 419–435, http://dx.doi.org/10.1177/0272989X15579172.
Cacioppo, J.T., Cacioppo, S., Capitanio, J.P., Cole, S.W., 2015. The
neuroendocrinology of social isolation. Annu. Rev. Psychol. 66, 733–767,
http://dx.doi.org/10.1146/annurev-psych-010814-015240.
Crowne, D.P., Marlowe, D., 1960. A new scale of social desirability independent of
psychopathology. J. Consult. Psychol. 24, 349–354, http://dx.doi.org/10.1037/
h0047358.
Davel, A.P., Lemos, M., Pastro, L.M., Pedro, S.C., De André, P.A., Hebeda, C., Farsky,
S.H., Saldiva, P.H., Rossoni, L.V., 2012. Endothelial dysfunction in the
pulmonary artery induced by concentrated ﬁne particulate matter exposure is
associated with local but not systemic inﬂammation. Toxicology 295, 39–46,
http://dx.doi.org/10.1016/j.tox.2012.02.004.
Davis, M.H., 1983. A mulitdimensional approach to individual differences in
empathy. J. Pers. Soc. Psychol. 44, 113–126, http://dx.doi.org/10.1037/00223514.44.1.113.
Diener, E., Emmons, R., Larsen, J., Grifﬁn, S., 1985. The satisfaction with life scale. J.
Personal. Assess. 49, 71–75.
Dweck, C.S., 2000. Self-Theories: Their Role in Motivation, Personality, and
Development. Psychology Press New York, New York.
Forsythe, P., 2015. The parasympathetic nervous system as a regulator of mast cell
function. Methods Mol. Biol. 1220, 141–154, http://dx.doi.org/10.1007/978-14939-1568-2 9.
Goldin, P.R., Gross, J.J., 2010. Effects of mindfulness-based stress reduction (MBSR)
on emotion regulation in social anxiety disorder. Emotion 10, 83–91, http://dx.
doi.org/10.1016/j.biotechadv.2011.08.021.Secreted.
Gu, J., Strauss, C., Bond, R., Cavanagh, K., 2015. How do mindfulness-based cognitive
therapy and mindfulness-based stress reduction improve mental health and
wellbeing? A systematic review and meta-analysis of mediation studies. Clin.
Psychol. Rev. 37, 1–12, http://dx.doi.org/10.1016/j.cpr.2015.01.006.
Hanson, J.L., Chandra, A., Wolfe, B.L., Pollak, S.D., 2011. Association between
income and the hippocampus. PLoS One 6, 1–8, http://dx.doi.org/10.1371/
journal.pone.0018712.
Hanson, J.L., Nacewicz, B.M., Sutterer, M.J., Cayo, A.A., Schaefer, S.M., Rudolph, K.D.,
Shirtcliff, E.A., Pollak, S.D., Davidson, R.J., 2014. Behavioral problems after early
life stress: contributions of the hippocampus and amygdala. Biol. Psychiatry
77, 314–323, http://dx.doi.org/10.1016/j.biopsych.2014.04.020.
Helme, R.D., McKernan, S., 1985. Neurogenic ﬂare responses following topical
application of capsaicin in humans. Ann. Neurol. 18, 505–509, http://dx.doi.
org/10.1002/ana.410180414.
Hermann, G.E., Holmes, G.M., Rogers, R.C., 2005. TNF(alpha) modulation of visceral
and spinal sensory processing. Curr. Pharm. Des 11, 1391–1409.
Holt-Lunstad, J., Smith, T.B., Baker, M., Harris, T., Stephenson, D., 2015. Loneliness
and social isolation as risk factors for mortality a meta-analytic review.
Perspect. Psychol. Sci. 10, 227–237, http://dx.doi.org/10.1177/
1745691614568352.
Hölzel, B.K., Carmody, J., Vangel, M., Congleton, C., Yerramsetti, S.M., Gard, T., Lazar,
S.W., 2011. Mindfulness practice leads to increases in regional brain gray
matter density. Psychiatry Res. 191, 36–43, http://dx.doi.org/10.1016/j.
pscychresns.2010.08.006.
Holzer, P., 1988. Local effector functions of capsaicin-sensitive sensory nerve
endings: involvement of tachykinins, calcitonin gene-related peptide and
other neuropeptides. Neuroscience 24, 739–768, http://dx.doi.org/10.1016/
0306-4522(88)90064-4.
Izumi, H., Karita, K., 1992. Axon reﬂex ﬂare evoked by nicotine in human skin. Jpn.
J. Physiol. 42, 721–730, http://dx.doi.org/10.2170/jjphysiol.42.721.
Järvikallio, A., Harvima, I.T., Naukkarinen, A., 2003. Mast cells, nerves and
neuropeptides in atopic dermatitis and nummular eczema. Arch. Dermatol.
Res. 295, 2–7, http://dx.doi.org/10.1007/s00403-002-0378-z.
Joachim, R.A., Kuhlmei, A., Dinh, Q.T., Handjiski, B., Fischer, T., Peters, E.M.J., Klapp,
B.F., Paus, R., Arck, P.C., 2007. Neuronal plasticity of the brain-skin connection:
stress-triggered up-regulation of neuropeptides in dorsal root ganglia and skin
via nerve growth factor-dependent pathways. J. Mol. Med. 85, 1369–1378,
http://dx.doi.org/10.1007/s00109-007-0236-8.
John, O.P., Donahue, E.M., Kentle, R.L., 1991. The Big Five Inventory–Versions 4a
and 54. Berkeley, CA.
John, O.P., Naumann, L.P., Soto, C.J., 2008. Paradigm shift to the integrative Big Five
trait taxonomy: history, measurement, and conceptual issues. In: John, O.P.,
Robins, R.W., Pervin, L.A. (Eds.), Handbook of Personality: Theory and Research.
Guilford Press, New York, New York, pp. 114–158.
Kabat-Zinn, J., Wheeler, E., Light, T., Skillings a Scharf, M.J., Cropley, T.G., Hosmer,
D., Bernhard, J.D., 1998. Inﬂuence of a mindfulness meditation-based stress
reduction intervention on rates of skin clearing in patients with moderate to
severe psoriasis undergoing phototherapy (UVB) and photochemotherapy
(PUVA). Psychosom. Med. 60, 625–632, 9773769.
Khoury, B., Sharma, M., Rush, S.E., Fournier, C., 2015. Mindfulness-based stress
reduction for healthy individuals: a meta-analysis. J. Psychosom. Res. 78,
519–528, http://dx.doi.org/10.1016/j.jpsychores.2015.03.009.

124

M.A. Rosenkranz et al. / Psychoneuroendocrinology 68 (2016) 117–125

Kimata, H., 2003. Enhancement of allergic skin wheal responses and in vitro
allergen-speciﬁc IgE production by computer-induced stress in patients with
atopic dermatitis. Brain. Behav. Immun. 17, 134–138, http://dx.doi.org/10.
1016/S0889-1591(03)00025-4.
Kirschbaum, C., Pirke, K.M., Hellhammer, D.H., 1993. The Trier Social Stress Test—a
tool for investigating psychobiologicalstress responses in a laboratory setting.
Neuropsychobiology 28, 76–81.
Koivisto, A., Chapman, H., Jalava, N., Korjamo, T., Saarnilehto, M., Lindstedt, K.,
Pertovaara, A., 2014. TRPA1: a transducer and ampliﬁer of pain and
inﬂammation. Basic Clin. Pharmacol. Toxicol. 114, 50–55, http://dx.doi.org/10.
1111/bcpt.12138.
Kraneveld, A.D., James, D.E., de Vries, A., Nijkamp, F.P., 2000. Excitatory
non-adrenergic-non-cholinergic neuropeptides: key players in asthma. Eur. J.
Pharmacol. 405, 113–129, http://dx.doi.org/10.1016/S0014-2999(00)00546-X.
Kurth, F., Cherbuin, N., Luders, E., 2015. Reduced age-related degeneration of the
hippocampal subiculum in long-term meditators. Psychiatry Res. 232,
214–218, http://dx.doi.org/10.1016/j.pscychresns.2015.03.008.
Lee, R.M., Draper, M., Lee, S., 2001. Social connectedness, dysfunctional
interpersonal behaviors, and psychological distress: testing a mediator model.
J. Couns. Psychol. 48, 310–318, http://dx.doi.org/10.1037/0022-0167.48.3.310.
Lima, X.T., Oliveira, R.T.D., Braga, F.G., Magalhaes, R.F., Mamoni, R.L., Blotta,
M.H.S.L., 2015. Circulating levels of chemokines in psoriasis. Autoimmunity 48,
57–60, http://dx.doi.org/10.3109/08916934.2014.947476.
Lindhiem, O., Bennett, C.B., Trentacosta, C.J., McLear, C., 2014. Client preferences
affect treatment satisfaction, completion, and clinical outcome: a
meta-analysis. Clin. Psychol. Rev. 34, 506–517, http://dx.doi.org/10.1016/j.cpr.
2014.06.002.
Liu, N., Wang, L.H., Guo, L.L., Wang, G.Q., Zhou, X.P., Jiang, Y., Shang, J., Murao, K.,
Chen, J.W., Fu, W.Q., Zhang, G.X., 2013. Chronic restraint stress inhibits hair
growth via substance P mediated by reactive oxygen species in mice. PLoS One
8, 19–21, http://dx.doi.org/10.1371/journal.pone.0061574.
Ljótsson, B., Hedman, E., Lindfors, P., Hursti, T., Lindefors, N., Andersson, G., Rück,
C., 2011. Long-term follow-up of internet-delivered exposure and mindfulness
based treatment for irritable bowel syndrome. Behav. Res. Ther. 49, 58–61,
http://dx.doi.org/10.1016/j.brat.2010.10.006.
Lotti, T., D’Erme, A.M., Hercogová, J., 2014. The role of neuropeptides in the control
of regional immunity. Clin. Dermatol. 32, 633–645, http://dx.doi.org/10.1016/j.
clindermatol.2014.04.011.
Luby, J., Belden, A., Botteron, K., Marrus, N., Harms, M.P., Babb, C., Nishino, T., Barch,
D., 2013. The effects of poverty on childhood brain development: the
mediating effect of caregiving and stressful life events. JAMA Pediatr. 167,
1135–1142, http://dx.doi.org/10.1001/jamapediatrics.2013.3139.
Luders, E., 2009. The underlying anatomical correlates of long-term meditation:
larger hippocampal and frontal volumes of gray matter. Neuroimage 29,
997–1003, http://dx.doi.org/10.1016/j.biotechadv.2011.08.021.Secreted.
Luders, E., Cherbuin, N., Kurth, F., 2015. Forever young(er): potential age-defying
effects of long-term meditation on gray matter atrophy. Front. Psychol. 5, 1–7,
http://dx.doi.org/10.3389/fpsyg.2014.01551.
Luders, E., Kurth, F., Toga, A.W., Narr, K.L., Gaser, C., 2013. Meditation effects within
the hippocampal complex revealed by voxel-based morphometry and
cytoarchitectonic probabilistic mapping. Front. Psychol. 4, 1–7, http://dx.doi.
org/10.3389/fpsyg.2013.00398.
Lui, S., Chen, L., Yao, L., Xiao, Y., Wu, Q.Z., Zhang, J.R., Huang, X.Q., Zhang, W., Wang,
Y.Q., Chen, H.F., Chan, R.C.K., Sweeney, J.A., Gong, Q.Y., 2013. Brain structural
plasticity in survivors of a major earthquake. J. Psychiatry Neurosci. 38,
381–387, http://dx.doi.org/10.1503/jpn.120244.
MacCoon, D.G., Imel, Z.E., Rosenkranz, M.A., Sheftel, J.G., Weng, H.Y., Sullivan, J.C.,
Bonus, K.A., Stoney, C.M., Salomons, T.V., Davidson, R.J., Lutz, A., 2012. The
validation of an active control intervention for Mindfulness Based Stress
Reduction (MBSR). Behav. Res. Ther. 50, 3–12, http://dx.doi.org/10.1016/j.brat.
2011.10.011.
Malarkey, W.B., Jarjoura, D., Klatt, M., 2013. Workplace based mindfulness practice
and inﬂammation: a randomized trial. Brain. Behav. Immun. 27, 145–154,
http://dx.doi.org/10.1016/j.bbi.2012.10.009.
Malinovschi, A., Fonseca, J.A., Jacinto, T., Alving, K., Janson, C., 2013. Exhaled nitric
oxide levels and blood eosinophil counts independently associate with wheeze
and asthma events in National Health and Nutrition Examination Survey
subjects. J. Allergy Clin. Immunol. 132, 821–827, http://dx.doi.org/10.1016/j.
jaci.2013.06.007, e1-5.
Marshall, J.S., Waserman, S., 1995. Mast cells and the nerves-potential interactions
in the context of chronic disease. Clin. Exp. Allergy 25, 102–110, http://dx.doi.
org/10.1111/j.1365-2222.1995.tb01013.x.
Morgan, N., Irwin, M.R., Chung, M., Wang, C., 2014. The effects of mind-body
therapies on the immune system: meta-analysis. PLoS One 9, 1–14, http://dx.
doi.org/10.1371/journal.pone.0100903.
Pace, T.W.W., Negi, L.T., Adame, D.D., Cole, S.P., Sivilli, T.I., Brown, T.D., Issa, M.J.,
Raison, C.L., 2009. Effect of compassion meditation on neuroendocrine, innate
immune and behavioral responses to psychosocial stress.
Psychoneuroendocrinology 34, 87–98, http://dx.doi.org/10.1016/j.psyneuen.
2008.08.011.
Patton, J.H., Stanford, M.S., Barratt, E.S., 1995. Factor structure of the Barratt
impulsiveness scale. J. Clin. Psychol. 51, 768–774, http://dx.doi.org/10.1002/
1097-4679(199511)51:6<768.
Pavlovic, S., Daniltchenko, M., Tobin, D.J., Hagen, E., Hunt, S.P., Klapp, B.F., Arck, P.C.,
Peters, E.M.J., 2008. Further exploring the brain-skin connection: stress
worsens dermatitis via substance P-dependent neurogenic inﬂammation in

mice. J. Invest. Dermatol. 128, 434–446, http://dx.doi.org/10.1038/sj.jid.
5701079.
Peters, E.M.J., Handjiski, B., Kuhlmei, A., Hagen, E., Bielas, H., Braun, A., Klapp, B.F.,
Paus, R., Arck, P.C., 2004. Neurogenic inﬂammation in stress-induced
termination of murine hair growth is promoted by nerve growth factor. Am. J.
Pathol. 165, 259–271, http://dx.doi.org/10.1016/S0002-9440(10)63294-4.
Peters, E.M.J., Michenko, A., Kupfer, J., Kummer, W., Wiegand, S., Niemeier, V.,
Potekaev, N., Lvov, A., Gieler, U., 2014. Mental stress in atopic
dermatitis-neuronal plasticity and the cholinergic system are affected in atopic
dermatitis and in response to acute experimental mental stress in a
randomized controlled pilot study. PLoS One 9, e113552, http://dx.doi.org/10.
1371/journal.pone.0113552.
Petersen, L.J., Church, M.K., Skov, P.S., 1997. Histamine is released in the wheal but
not the ﬂare following challenge of human skin in vivo: a microdialysis study.
Clin. Exp. Allergy 27, 284–295.
Pincelli, C., Steinhoff, M., 2013. Recapitulating atopic dermatitis in three
dimensions: cross talk between keratinocytes and nerve ﬁbers. J. Invest.
Dermatol. 133, 1465–1467, http://dx.doi.org/10.1038/jid.2013.50.
Pradhan, E.K., Baumgarten, M., Langenberg, P., Handwerger, B., Gilpin, A.K.,
Magyari, T., Hochberg, M.C., Berman, B.M., 2007. Effect of mindfulness-based
stress reduction in rheumatoid arthritis patients. Arthritis Rheumatol. 57,
1134–1142, http://dx.doi.org/10.1002/art.23010.
Pruessner, J.C., Kirschbaum, C., Meinlschmid, G., Hellhammer, D.H., 2003. Two
formulas for computation of the area under the curve represent measures of
total hormone concentration versus time-dependent change.
Psychoneuroendocrinology 28, 916–931, http://dx.doi.org/10.1016/S03064530(02)00108-7.
Rennie, T.W., Bothamley, G.H., Engova, D., Bates, I.P., 2007. Patient choice promotes
adherence in preventive treatment for latent tuberculosis. Eur. Respir. J. 30,
728–735, http://dx.doi.org/10.1183/09031936.00034007.
Riol-Blanco, L., Ordovas-Montanes, J., Perro, M., Naval, E., Thiriot, A., Alvarez, D.,
Paust, S., Wood, J.N., von Andrian, U.H., 2014. Nociceptive sensory neurons
drive interleukin-23-mediated psoriasiform skin inﬂammation. Nature 510,
157–161, http://dx.doi.org/10.1038/nature13199.
Rivat, C., Becker, C., Blugeot, A., Zeau, B., Mauborgne, A., Pohl, M., Benoliel, J.J., 2010.
Chronic stress induces transient spinal neuroinﬂammation, triggering sensory
hypersensitivity and long-lasting anxiety-induced hyperalgesia. Pain 150,
358–368, http://dx.doi.org/10.1016/j.pain.2010.05.031.
Rohleder, N., 2014. Stimulation of systemic low-grade inﬂammation by
psychosocial stress. Psychosom. Med. 76, 181–189, http://dx.doi.org/10.1097/
PSY.0000000000000049.
Rohleder, N., Nater, U.M., 2009. Determinants of salivary alpha-amylase in humans
and methodological considerations. Psychoneuroendocrinology 34, 469–485,
http://dx.doi.org/10.1016/j.psyneuen.2008.12.004.
Rosenkranz, M.A., Davidson, R.J., Maccoon, D.G., Sheridan, J.F., Kalin, N.H., Lutz, A.,
2012. A comparison of mindfulness-based stress reduction and an active
control in modulation of neurogenic inﬂammation. Brain. Behav. Immun.,
1–11, http://dx.doi.org/10.1016/j.bbi.2012.10.013.
Rosenkranz, M.A., 2007. Substance P at the nexus of mind and body in chronic
inﬂammation and affective disorders. Psychol. Bull. 133, 1007–1037.
Rosenkranz, M.A., Davidson, R.J., Maccoon, D.G., Sheridan, J.F., Kalin, N.H., Lutz, A.,
2013. A comparison of mindfulness-based stress reduction and an active
control in modulation of neurogenic inﬂammation. Brain. Behav. Immun. 27,
174–184, http://dx.doi.org/10.1016/j.bbi.2012.10.013.A.
Ryff, C.D., 1989. Happiness is everything, or is it? Explorations on the meaning of
psychological well-being. J. Pers. Soc. Psychol. 57, 1069–1081.
Schleich, F.N., Chevremont, A., Paulus, V., Henket, M., Manise, M., Seidel, L., Louis,
R., 2014. Importance of concomitant local and systemic eosinophilia in
uncontrolled asthma. Eur. Respir. J. 44, 97–108, http://dx.doi.org/10.1183/
09031936.00201813.
Singh, L.K., Pang, X., Alexacos, N., Letourneau, R., Theoharides, T.C., 1999. Acute
immobilization stress triggers skin mast cell degranulation via corticotropin
releasing hormone, neurotensin, and substance P: a link to neurogenic skin
disorders. Brain. Behav. Immun. 13, 225–239, http://dx.doi.org/10.1006/brbi.
1998.0541.
Steptoe, A., Willemsen, G., Owen, N., Flower, L., Mohamed-Ali, V., 2001. Acute
mental stress elicits delayed increases in circulating inﬂammatory cytokine
levels. Clin. Sci. (Lond) 101, 185–192.
Tamir, M., John, O.P., Srivastava, S., Gross, J.J., 2007. Implicit theories of emotion:
affective and social outcomes across a major life transition. J. Pers. Soc. Psychol.
92, 731–744, http://dx.doi.org/10.1037/0022-3514.92.4.731.
Taylor, V.A., Grant, J., Daneault, V., Scavone, G., Breton, E., Roffe-Vidal, S.,
Courtemanche, J., Lavarenne, A.S., Beauregard, M., 2011. Impact of mindfulness
on the neural responses to emotional pictures in experienced and beginner
meditators. Neuroimage 57, 1524–1533, http://dx.doi.org/10.1016/j.
neuroimage.2011.06.001.
Theoharides, T.C., Singh, L.K., Boucher, W., Pang, X., Letourneau, R., Webster, E.,
Chrousos, G., 1998. Corticotropin-releasing hormone induces skin mast cell
degranulation and increased vascular permeability, a possible explanation for
its proinﬂammatory effects. Endocrinology 139, 403–413, http://dx.doi.org/10.
1210/endo.139.1.5660.
Travis, J.W., 1977. Wellness Workbook for Health Professionals. Wellness Resource
Center, Mill Valley, CA.
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