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ABSTRACT

Background: The staggering morbidity associated with chronic inflammatory diseases can be reduced by psychological interventions, including Mindfulness-Based
Stress Reduction (MBSR). Proposed mechanisms for MBSR’s beneficial effects include changes in salience network function. Salience network perturbations are
also associated with chronic inflammation, including airway inflammation in asthma, a chronic inflammatory disease affecting approximately 10% of the population.
However, no studies have examined whether MBSR-related improvements in disease control are related to changes in salience network function.

Methods: Adults with asthma were randomized to 8 weeks of MBSR or a waitlist control group. Resting state functional connectivity was measured using fMRI before
randomization, immediately post-intervention, and 4 months post-intervention. Using key salience network regions as seeds, we calculated group differences in
change in functional connectivity over time and examined whether functional connectivity changes were associated with increased mindfulness, improved asthma
control, and decreased inflammatory biomarkers.

Results: The MBSR group showed greater increases in functional connectivity between salience network regions relative to the waitlist group. Improvements in
asthma control correlated with increased functional connectivity between the salience network and regions important for attention control and emotion regulation.
Improvements in inflammatory biomarkers were related to decreased functional connectivity between the salience network and other networks.

Conclusions: Increased resting salience network coherence and connectivity with networks that subserve attention and emotion regulation may contribute to the
benefits of MBSR for patients with asthma. Understanding the neural underpinnings of MBSR-related benefits in patients is a critical step towards optimizing brain-
targeted interventions for chronic inflammatory disease management.

1. Introduction

Ninety percent of the $4.1 trillion in annual U.S. healthcare spending
is used to care for people with chronic health conditions (Health and
Economic Costs of Chronic Diseases | CDC, 2022). Chronic inflammation
is an important component of the pathophysiology in the ten most
prevalent of these chronic health conditions (Furman et al., 2019; Sla-
vich, 2015). Unfortunately, chronic inflammation often remains poorly
controlled despite access and adherence to existing treatments. Further,
disease management is often complicated by comorbid psychiatric dis-
orders and stress-related exacerbations. This is particularly apparent in
asthma, a highly prevalent chronic inflammatory disease of the airways

(Most Recent National Asthma Data | CDC, 2021). Patients with asthma
are twice as likely as other individuals to suffer from anxiety and
depressive disorders (Jiang et al., 2014; Lu et al., 2012; Lu et al., 2018).
Patients with asthma and comorbid psychopathology or high levels of
psychosocial stress are more likely to experience poor disease control
and to endure more frequent, more severe asthma exacerbations (Chen
& Miller, 2007; Zhang et al., 2016). Unfortunately, when asthma
symptoms are exacerbated by stress, they are also less responsive to
common treatments (Brehm et al., 2015; Ippoliti et al., 2006). Over the
next 20 years, suboptimal asthma control is projected to cost American
adolescents and adults 15 million quality adjusted life years and $963.5
billion (Yaghoubi et al., 2019). Thus, additional management strategies
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are urgently needed to target and address deleterious mind-body re-
lationships in asthma (Marshall, 2019).

Meditation-based interventions that reduce stress and promote
overall wellbeing are well-suited to address this gap (Ainsworth et al.,
2022; Paudyal et al., 2018). Specifically, mindfulness training, which
cultivates non-judgmental awareness of sensations and thoughts in the
present moment (Kabat-Zinn, 1990), can alter multiple biopsychosocial
processes that contribute to asthma (Dantzer, 2018; Rosenkranz &
Davidson, 2009). For instance, mindfulness programs can reduce
distress (Galante et al., 2021), depressive and anxiety symptoms
(Wielgosz et al., 2019), and peripheral markers of chronic stress (Pascoe
et al., 2017) and inflammation (Black & Slavich, 2016). Recently, our
group demonstrated, in a randomized control trial, that patients with
asthma who received 8 weeks of Mindfulness Based Stress Reduction
(MBSR; (Kabat-Zinn, 1990) training had improved disease control,
reduced distress, and reduced markers of airway inflammation up to 4
months after completing the intervention (Higgins et al., 2022). The
current study builds on these findings by examining the neural changes
associated with the benefits of MBSR for patients with asthma, an
important next step towards a biological, mechanistic understanding
that can guide intervention optimization and appropriate integration of
mindfulness training into clinical asthma management protocols.

Multiple lines of evidence suggest that changes in the function of a
group of brain regions known as the “salience network” (SN) may be
integral to the improvements in asthma brought about by MBSR. These
regions, including the anterior cingulate cortex (ACC), the anterior
insula, and the amygdalae, modulate cognitive, affective, and auto-
nomic functions to shift attention towards important information in the
body or in the environment (Menon & D Esposito, 2022; Seeley, 2019).
In individuals with asthma, acute increases in SN activity in response to
social stress and unpleasant emotional stimuli have been associated with
greater increases in airway inflammation (Ritz et al., 2019; Rosenkranz
et al.,, 2005, 2018, 2022). After mindfulness training in healthy in-
dividuals, the insula and the ACC show greater activation during
meditation states and while attending to both positive and negative
emotions (Fox et al., 2016; Gotink et al., 2016; Kral et al., 2018; Young
et al., 2018).

The apparent contradiction that emerges from these observations,
that SN activity is aberrantly increased in asthma and that beneficial
interventions like mindfulness increase SN activation, highlights the
complexity of SN function. Regions that comprise the SN participate
both in the afferent sensory and affective appraisal of peripheral
inflammation and emotion, as well as descending regulatory responses
to those stimuli. Therefore, studies measuring SN activation from
different populations and under different task demands may recruit
these afferent and efferent functions to different degrees. One way
around this complexity is to use a neuroimaging modality that probes
trait-like organization of brain architecture under no task-specific de-
mands, such as resting state functional connectivity (Kieliba et al., 2019;
Pezzulo et al., 2021). Unlike activation in response to a task, resting state
functional connectivity (rsFC) does not inform under what circum-
stances SN regions will be recruited. Instead, it relates to the synchrony
between regions, reflecting how efficiently they communicate and how
well they function together as a unit. High within-network rsFC in-
dicates a group of regions that will more strongly activate (or deactivate)
together when recruited but not under which circumstances they will be
recruited. Although there is more limited work focused on within-SN
rsFC in patients with asthma and in longitudinal studies of MBSR (Kil-
patrick et al., 2011; Su et al., 2016; Yang et al., 2016) the direction of
findings in these two bodies of literature converge. Within-SN rsFC is
disrupted in the context of acute and chronic inflammation (Aruldass
etal., 2021; Labrenz et al., 2019), is decreased in anxiety and depressive
disorders (Kolesar et al., 2019; Xu et al., 2019; Young et al., 2023), and
increased within-SN rsFC has been associated with increased trait
mindfulness (Bilevicius et al., 2018; Parkinson et al., 2019; Sezer et al.,
2022).

481

Brain Behavior and Immunity 115 (2024) 480-493

Taken together, these findings led to the hypothesis that meditation
training will increase within-SN rsFC in patients with asthma. To test
this, we examined changes in rsFC in participants with asthma ran-
domized to 8 weeks of MBSR training or a waitlist control (WLC) group.
We hypothesized that rsFC among key SN nodes (ACC, insula, amyg-
dalae) would increase from baseline to post-intervention to a greater
extent after MBSR than in WLC. We also hypothesized that increases in
within-SN rsFC would correlate with the asthma-specific benefits asso-
ciated with MBSR training, including improved asthma control and
decreased inflammatory biomarkers. Further, we tested whether more
general benefits of mindfulness, such as increased self-reported mind-
fulness and decreased distress, were also related to increased within-SN
rsFC in people with asthma.

2. Methods
2.1. Participants

Seventy-three meditation-naive adults with asthma participated be-
tween 2014 and 2018 as part of a larger Randomized Controlled Trial
(ClinicalTrials.gov NCT02157766). During screening, previous training
and current practice of meditation and other mind-body techniques was
assessed. Participants were excluded if they previously completed an
MBSR course, had a history of attending meditation retreats, had a
meditation practice within the past year, or had a regular practice of
mind-body techniques such as yoga or Tai Chi. Participants were be-
tween 18 and 65 years old, had at least a 6 month history of physician-
diagnosed asthma, and displayed at least one indicator of elevated Type
2 airway inflammation: fraction of exhaled nitric oxide (FeNO) > 30
ppb, blood eosinophil count > 150 cells/uL, or percent sputum eosino-
phils > 2 % of total leukocytes (Dweik et al., 2011; Global Strategy for
Asthma Management and Prevention, 2019). Individuals were excluded
if they had a current or past diagnosis of a neurological disorder, trau-
matic brain injury, bipolar disorder, schizophrenia, or schizoaffective
disorder; if they had severe airway obstruction (pre-albuterol FEV1 <
60 % while holding all medication); if they were currently using high-
dose inhaled corticosteroid therapy (>1000 mcg daily Fluticasone or
the equivalent), oral corticosteroids, or monoclonal antibodies targeting
eosinophils; if they were a current smoker or had a smoking history
exceeding 5 pack-years within the last 10 years; if they were pregnant; or
if they were otherwise unable to safely complete a magnetic resonance
imaging (MRI) scan.

The study protocol was approved by the Health Sciences Institutional
Review Board at the University of Wisconsin-Madison. Written
informed consent was obtained from all participants according to the
Declaration of Helsinki (World Medical Association, 2013). Participants
were given monetary compensation for their participation.

2.2. Study design

After completing a baseline assessment (T1), participants were ran-
domized to 8-weeks of MBSR or a WLC group. Experimenters were blind
to group assignment. MBSR included a standard course of eight weekly
2.5-hour sessions and one 6-hour intensive retreat led by two experi-
enced, certified MBSR instructors. Both the MBSR and WLC groups were
assessed after completing the intervention (T2, 8 weeks post-baseline)
and four months after intervention completion (T3). Assessments were
rescheduled if participants had a viral or respiratory infection in the
previous 2 weeks. Participants were asked to hold medications before
the assessments, including Zyrtec (5 days), Allegra/Claritin (4 days),
antihistamines (2 days), leukotriene inhibitors (2 days), nasal steroids
(24 h), inhaled corticosteroids (12 h), and albuterol (6 h). The current
study examines data from the subset of participants with useable rsFC
data (N = 52; MBSR = 26, WLC = 26; see Statistical Analyses; Fig. 1).
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Fig. 1. Adults with asthma in a randomized trial of MBSR that were included in resting state functional connectivity analyses; Of the 73 adults with asthma recruited
for the study, 72 were randomized at T1 (38 MBSR, 34 WLC), 67 completed T2 assessments (34 MBSR, 33 WLC), and 48 were included in the T2-T1 analyses (25
MBSR, 23 WLC). Two were excluded for failure to attend more than 1 MBSR class, 3 were excluded for neurological abnormalities (1 MBSR, 2 WLC), 1 did not pass
resting state data quality control (1 WLC), and 13 had > 50 % of resting state data censored for excessive motion (6 MBSR, 7 WLC). Forty-five participants were
included in the T3-T1 analyses (21 MBSR, 24 WLC). Two additional participants dropped out of the study between T2 and T3 (1 MBSR, 1 WLC), 3 did not complete
the resting state scan (2 MBSR, 1 WLC), and 13 had > 50 % of resting state data censored for excessive motion (8 MBSR, 5 WLC). MBSR = Mindfulness Based Stress

Reduction, WLC = waitlist control.

2.3. Self-report measures

Participants completed self-report measures of mindfulness, asthma
symptom burden, and psychological symptoms. Mindfulness was eval-
uated with the Five Facet Mindfulness Questionnaire (FFMQ). Partici-
pants rated how often each of 39 statements generally applies to them
[1 = never or rarely true, 5 = very often or always true]. Total score
reflects the sum of 5 subscales: Observing (a = 0.79, 0.84, 0.82),
Describing (a = 0.93, 0.94, 0.93), Acting with Awareness (a = 0.82,
0.87, 0.87), Non-judging of Inner Experience (a = 0.88, 0.94, 0.94), and
Non-reactivity to Inner Experience (a = 0.86, 0.90, 0.90) (Baer et al.,
2006). Four subscale scores range from 8 to 40 and Non-reactivity to
Inner Experience ranges from 7 to 35. The FFMQ has satisfactory
test-retest reliability over 6-months (ICCs > 0.74 for all facets; Jensen
et al., 2016) and is sensitive to intervention-related change (Baer et al.,
2019). For the FFMQ total score, Cronbach’s alpha was excellent at all
three time points (0.93, 0.96, 0.95). However, it is important to note that
this measure of trait mindfulness was developed using healthy volun-
teers and has not been validated in patients with asthma.

The degree of clinical impairment caused by asthma symptoms was
assessed with the Asthma Control Questionnaire. The ACQ-6 evaluates
symptom burden during the previous week, including night awakenings,
symptom frequency and severity, and disease-related activity limita-
tions for a total score between O (no impairment) and 6 (maximum
impairment). The measure has good test-retest reliability (ICC 0.82) and
is sensitive to intervention-related change (Juniper et al., 1999, 2005).
Cronbach’s alpha was acceptable (0.76, 0.82, 0.79) across all 3 time

482

points.

Psychological distress was evaluated with the Symptom Checklist-90
Revised (SCL-90-R; Derogatis & Cleary, 1977). Participants rated the
degree to which they were bothered by 90 symptoms in the past week [0
= Not at all, 4 = Extremely]. These ratings generate a Global Severity
Index (GSL mean of all items), which quantifies overall psychological
distress, and a Positive Symptom Distress Index (PSDI; mean of items
with non-zero responses), which quantifies the intensity of distress. The
SCL-90-R is a well validated measure of general psychological distress
with high internal consistency and test-retest reliability in both clinical
and nonclinical populations (Hildenbrand et al., 2015). Cronbach’s
alpha was excellent at all three time points (0.96, 0.95, 0.96). Levels of
depression and anxiety symptoms were measured with the Beck
Depression Inventory (BDI) and the Beck Anxiety Inventory (BAIL Beck
et al., 1961, 1988). Cronbach’s alpha was acceptable at all three time
points for both measures (BDI 0.86, 0.90, 0.90; BAI 0.80, 0.81, 0.79). In
both measures, participants chose which statement on a 4-point scale
best described their symptoms over the past two weeks. Scores range
from 0 to 63 with higher scores indicating more severe symptoms.

Participants randomized to the MBSR group also reported the num-
ber of minutes they practiced mindfulness meditation over the course of
the study, which was summarized as total minutes of practice during the
8 weeks of training (T1 to T2) and minutes practiced from the beginning
of training until the 4 month post-intervention follow-up (T1 to T3).
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2.4. Inflammatory biomarkers

In the predominant asthma endotype (Fahy, 2015), activation of
Type 2 inflammatory pathways leads to asthma symptoms through
production of nitric oxide, recruitment of eosinophils into the airway,
and bronchoconstriction (Busse et al., 2021). Type 2 inflammation was
assessed both in the airway (percentage of eosinophils in sputum and
fraction of exhaled nitric oxide (FeNO)) and systemically (percentage of
eosinophils in circulation). Sputum and venous blood were collected and
processed as described previously to determine cell distributions and
leukocyte differentials; See supplemental methods). FeNO in exhaled
breath was measured according to American Thoracic Society guidelines
(NIOX System; Aerocrine, Solna, Sweden; Silkoff et al., 2004).

2.5. Image acquisition and processing

Images were acquired using a GE MR750 3.0 Tesla MRI scanner and a
32-channel head coil. High-resolution T1-weighted anatomical images
were acquired with an inversion recovery fast gradient echo sequence
(450 ms inversion time; 256 x 256 in-plane resolution; 256 mm field of
view (FOV); 192 x 1.0 mm axial slices). Functional resting state scans
were acquired with a 12-minute gradient echo-planar imaging (EPI)
sequence (360 volumes; repetition time (TR)/echo time (TE)/Flip,
2000/20 ms/750; 224 mm FOV; 96 x 64 matrix; 2.33 x 3.5 mm in-plane
resolution; 44 interleaved sagittal slices; 3 mm slice thickness with 0.5
mm gap).

Resting state functional images were processed using a combination
of AFNI (versions 17.3) and FMRI Expert Analysis Tool Version 6.00,
part of FMRIB’s Software Library (FSL), including the following steps:
removal of the first four volumes, motion correction with MCFLIRT
(Jenkinson et al., 2002), BET (Smith, 2002) brain extraction and
boundary-based registration of the participant’s functional data with
their anatomical image (Greve & Fischl, 2009), and registration of each
participant’s functional data to Montreal Neurological Institute (MNI)
space using a 12-degrees of freedom affine transformation (FLIRT),
followed by a nonlinear transformation (FNIRT). White matter and ce-
rebrospinal fluid nuisance regressors (average time series from FAST
image segmentation eroded with a 3 x 3 x 3 voxel kernel), their de-
rivatives, and the six motion regressors from MCFLIRT were added to
AFNTI’s 3dDeconvolve, where high motion time points were censored
(>0.2 mm framewise displacement; Power et al., 2014). Participants
were excluded if > 50 % of data points were censored for excessive
motion, leaving less than 6 min of quality resting state data. Images were
subsequently smoothed with a 5-mm full-width half-maximum Gaussian
kernel.

2.6. Statistical analyses

Behavioral data: Data from fifty-two participants (MBSR = 26, WLC
= 26) were used in analyses, as detailed in Fig. 1. Baseline group dif-
ferences in demographics and the outcome variables of interest were
calculated using the Im and chisq.test packages in R (version 4.0.3; R
Core Team, 2020). To determine whether the sample with available rsFC
data showed intervention effects consistent with those observed in the
full sample (N = 72; Higgins et al., 2022), linear mixed modeling was
performed using the “lmer” function (Bates et al., 2015) from the lme4
and lmerTest packages in R (R Core Team, 2020) with further details in
Supplemental Methods.

Resting State Functional Connectivity Analysis: To investigate rsFC
changes among core SN nodes, five seeds were selected from the bilat-
eral anterior insula, dorsal anterior cingulate cortex (dACC), and bilat-
eral amygdalae. Anterior insula and ACC seeds were generated by
drawing 5-mm spheres around the peak MNI152 coordinates identified
by applying FSL’s cluster command to the results of a Neurosynth
automated meta-analysis (Yarkoni et al., 2011) of the term “salience
network” (dACC 10, 26, 28; left insula —38, 14, —6; right insula 36, 14,
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6). Right and left amygdala seeds were generated from the Harvard-
Oxford Structural Atlas with a 50 % probability threshold (Craddock
et al., 2011).

Because the current investigation focuses on within-SN rsFC changes,
an a-priori specified mask of SN regions was generated to restrict the
analytic search space. This mask included the previously described
bilateral amygdalae seeds, bilateral anterior insulae defined by the
functional resting state parcellation from Deen et al. (2011), and the
dorsal anterior cingulate, defined by Shackman et al. (2011), with the
anterior portion of the anterior cingulate defined with the Harvard-
Oxford Structural atlas.

To compute rsFC within this mask, a Fisher-Z transformed correla-
tion was calculated between the average time series of a seed region and
each voxel in the mask excluding the seed. To examine rsFC changes
over time, two difference score maps were generated by subtracting the
T1 correlation map from the T2 correlation map or the T3 correlation
map. An analogous procedure was performed for whole brain analyses.

Group differences in voxel-wise change score maps (T2-T1 and T3-
T1) were estimated to identify intervention effects. Therefore, the
group comparisons were [MBSR (T2 - T1)] > [WL (T2 - T1)] and [MBSR
(T3 - T1)] > [WL (T3 - T1)]. To further interpret group differences,
average voxel-wise change score maps from each group alone were
examined. Threshold-free cluster enhancement (TFCE) with familywise
error (FWE) correction was applied to control inflation of Type I error
during statistical analysis with FSL’s randomize (Winkler et al., 2014)
and the resulting statistical maps were thresholded at p < 0.05. In all
analyses, age and sex were included as covariates of no interest. Ana-
lyses were repeated controlling for anti-inflammatory medication use.
Subjects were coded as using inhaled corticosteroids during the study
(MBSR = 7, WLC = 11) or not using inhaled corticosteroids during the
study (MBSR = 19, WLC = 15; Table S1).

To examine brain-behavior and brain-biomarker relationships,
mean-centered self-report or mean-centered biomarker difference scores
(T2-T1 or T3-T1) were regressed on rsFC change score maps within the a
priori specified SN mask. These analyses were repeated for the whole
brain. All analyses controlled for average group differences in rsFC
change, age and sex. For FeNO analyses, BDI and BAI scores were
included as additional covariates of no interest to control for the com-
plex and opposing effects these symptoms can have on FeNO (Ritz &
Trueba, 2014; Higgins et al., 2022). While we hypothesized that brain-
behavior and brain-biomarker relationships would remain similar over
time in both groups, we followed up regression analyses with models
testing the interaction between group and self-report difference scores,
as well as the interaction between group and biomarker difference
scores to ensure that our interpretations were not confounded by
intervention-related changes in brain-behavior or brain-biomarker re-
lationships. Analyses with asthma indicators (ACQ-6, FeNO, eosino-
phils) were repeated controlling for inhaled corticosteroid use during
the study (Table S2).

3. Results
3.1. Behavioral effects of the intervention

Briefly, group differences in change in self-report and inflammatory
outcomes for the rsFC sample (N = 52) largely replicated effects
observed in the full sample (N = 72; Higgins et al., 2022). The MBSR
group showed greater increases in total self-reported mindfulness
(FFMQ: b =1.21, F (1, 47.49) = 5.04, p = 0.029), greater improvements
in asthma control (ACQ-6: b = -0.05, F (1, 267.71) = 5.93, p = 0.016),
marginally greater decreases in FeNO (b = -1.83, F (1, 46.12) = 4.01,p
= 0.051), and marginally greater decreases in distress (PSDI; b =-0.02, F
(1, 47.73) = 3.93, p = 0.053) relative to the WLC group. Descriptive
statistics for each group at each time point are presented in Table 1 and
additional behavioral analyses are detailed in the supplement. ACQ-6
and FeNO results were unchanged when controlling for inhaled
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Descriptive statistics. Mean and standard deviation for outcome measures from individuals with usable resting state functional connectivity data at each data collection
time point: baseline (T1), post-intervention (T2), and 4-month post-intervention follow-up (T3). FMQ = Five Facet Mindfulness Questionnaire; SCL90-R = Symptom

Checklist-90 Revised.

MBSR Wait-List Control
Age at T1 39.98 + 14.64 36.76 + 11.96
Sex (F, M) 12,14 11,15
Duration of asthma (years) 19.61 + 13.60 19.19 + 11.74

T1 (N = 26) T2 (N = 25) T3 (N =21) Time 1 (N = 26) Time 2 (N = 23) Time 3 (N = 24)
FEV1 % predicted 91.88 + 9.80% 93.32 £ 10.47% 91.47 + 10.70% 93.61 + 11.50% 93.17 + 12.30% 91.75 + 11.23%

> 80 % N=21 N =23 N=18 N=21 N=18 N=19
65%-80% N=5 N=2 N=3 N=5 N=5 N=5

Asthma Control Questionnaire-6 0.80 + 0.54 0.59 + 0.46 0.56 + 0.51 0.63 £+ 0.55 0.74 + 0.64 0.70 £ 0.61
FFMQ Total Score 132.27 + 22.18 134.97 + 23.97 136.29 + 27.41 130.12 + 20.03° 123.59 + 24.64° 129.56 + 24.83"
FFMQ Observe Score 26.85 + 6.06 28.44 + 5.04 28.05 + 5.57 28.08 + 4.96 27.36 + 6.927 28.17 £ 5.77%
FFMQ Describe Score 28.04 £ 7.65 28.44 +7.84 27.43 + 8.06 27.08 + 6.96 25.82 + 7.48" 27.00 + 7.52%
FFMQ Act with Awareness Score 25.54 + 4.49 25.56 + 5.03 26.29 + 6.24 24.19 £ 5.14 23.55 =+ 6.08" 24.48 + 6.12%
FFMQ Nonjudgement of Inner Experience Score 29.15 £ 5.90 29.32 + 7.55 30.76 + 7.66 27.92 + 7.02° 25.91 + 7.35° 28.00 + 8.12°
FFMQ Nonreactivity to Inner Experience Score 22.69 + 5.56 23.04 + 5.95 23.76 + 6.05 22.04 + 4.14° 20.95 + 4.48" 21.91 + 5.18°
SCL90-R Global Severity Index 0.45 + 0.35 0.38 + 0.29 0.39 + 0.36 0.38 + 0.29 0.39 +0.28 0.34 + 0.28
SCL90-R Positive Symptom Distress Index 1.40 + 0.37 1.29 +0.24 1.31 £ 0.35 1.22 + 0.26 1.27 +£0.23 1.27 + 0.25"
Fraction of Exhaled Nitric Oxide (FeNO) 40.81 + 26.13 36.68 + 21.70 32.23 +£17.23 33.15 + 24.70 36.09 + 35.32 35.67 + 33.81
Sputum eosinophils 1.43 +2.39 % 1.10 + 0.20 %° 1.81 + 4.29 % 1.23 + 2.57 %" 3.10 + 3.59° 2.05 + 3.50 %
Blood eosinophils 3.35+2.63% 4.8+3.70 % 2.81 +1.87 % 3.48 + 1.16 %" 3.59 + 2.07 %" 3.36 +2.09 %

# One missing value
> Two missing values

¢ N =22
dN=18
eN=18

corticosteroid use.

3.2. Intervention effects on resting state functional connectivity change

Between T1 and T2, there were significant group differences in
change in rsFC between the left insula seed and the ACC in voxel-wise
analyses within the pre-specified SN mask. Consistent with our hy-
pothesis, rsFC between the left insula seed and the dACC increased more
in the MBSR group than in the WLC group (Fig. 2, Figure S1). No other
seeds tested showed group differences in change in rsFC within the SN
mask between T1 and T2 (Table 2). In the whole-brain analysis, no

[T2 MBSR - T1 MBSR] >
[T2 WLC - T1 WLC]

p=0.05 p <0.001

p=0.05

additional group differences were detected in change in rsFC over time
with the five seeds tested and no association between change in rsFC and
practice time were observed.

Analyses of change in rsFC between T1 and T3 within the SN mask
also showed greater increases between SN nodes in the MBSR relative to
the WLC group. In the MBSR group, rsFC increased between the left
amygdala seed and a region in dACC, and with a second region in the
pregenual anterior cingulate, extending into ventromedial prefrontal
cortex (vimPFC; Fig. 2, Table 2). No rsFC changes were detected in the
WLC group. In whole-brain analyses, no significant group differences in
change in rsFC over time were detected with the five seeds tested.

[T3 MBSR — T1 MBSR] > |
[T3 WLC — T1 WLC]

p<0.001

Fig. 2. The MBSR group had greater increases in within-salience network functional connectivity from before to after intervention. Resting state functional con-
nectivity (rsFC) was calculated between salience network (SN) seeds and an a priori specified SN mask (highlighted in grey) at baseline (T1), post-intervention (T2),
and 4 months post-intervention (T3). A. Voxels where the T2-T1 increase in rsFC with the anterior insula seed was greater in MBSR than the waitlist control group,
displayed in standard MNI space at x = 0. Location of the insula seed (5 mm sphere around MNI —38, 14, —6) is displayed in the box in the lower right of the panel. B.
Voxels where the T3-T1 increase in rsFC with left amygdala seed (lower right box; defined anatomically by the Harvard Oxford atlas) was greater in the MBSR than
waitlist control group, displayed in MNI space at x = -4. Models controlled for age and sex and results were family-wise error corrected with threshold-free cluster
enhancement (TFCE; p < 0.05). See Figure S1 for a visualization of rsFC change for individual subjects.
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Table 2
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Intervention effects. Group difference in T2-T1 and T3-T1 changes in functional connectivity were calculated for 4 salience network (SN) seeds within an a-priori
specified SN mask and whole brain. Changes over time were also examined within each intervention group. Results were FWE corrected with threshold-free cluster
enhancement (TFCE; p < 0.05). Clusters with fewer than 10 voxels were not reported. ACC = anterior cingulate cortex, nOFC = medial orbital frontal cortex, PCC =
posterior cingulate cortex, PRG = precentral gyrus, POG = postcentral gyrus, SFG = superior frontal gyrus, sgACC = subgenual anterior cingulate cortex).

Masked analyses

Seed Contrast Size Peak voxel t-  Peak p- Peak coordinates MNI Location of cluster
(voxels) stat value x,y,2)
T2 - T1 Left insula ~ MBSR > WLC 200 4.04 0.015 2, 4,28 R ACC
15 4.30 0.034 -2, 36, —-12 L paracingulate gyrus
MBSR > 0 221 4.80 0.007 6, 14, 26 R ACC
WLC > 0 44 4.09 0.027 —-10, 10, 46 L paracingulate gyrus
33 4.92 0.008 12,8, 34 R ACC
15 4.57 0.021 4, —10, 46 R ACC
T3 - T1 Left MBSR > WLC 229 4.82 0.006 —4, 34, 22 L ACC
amygdala 38 4.53 0.021 —-8,34, 14 L sgACC/mOFC
MBSR > 0 217 4.48 0.010 —12, 34, 20 L ACC
T3 - T1 Right MBSR > 0 18 4.40 0.030 6, 14, 46 R paracingulate gyrus
amygdala 17 4.97 0.020 —-12, 20, 32 L ACC
14 4.12 0.035 -10, 36, 20 L ACC
Whole brain analyses
Seed Contrast Size Peak voxel t- Peak p- MNI (%, y, z) Location of cluster
(voxels)  stat value
T2 - T1 Left insula ~ MBSR > 0 47 4.80 0.039 6, 14, 26 R ACC
WLC >0 1859 5.95 0.010 —16, —28, 42 L PRG, PCC, precuneus
1814 5.97 0.006 —60, -22, 20 L POG, supramarginal gyrus, PRG, central/
parietal opercular cortex
73 4.53 0.040 —20, -6, 70 L SFG
67 4.83 0.036 16, —40, 50 R precuneus
26 4.68 0.042 2, —4,72 R premotor cortex
T3 - T1 Left MBSR > 0 18 4.45 0.040 —16, —54, -8 L lingual gyrus
amygdala 14 4.54 0.042 -8, -54,0 L lingual gyrus
T3 - T1 Right Minutes of practice time in 2569 6.25 0.012 -22, -78, 16 L occipital cortex
amygdala MBSR group 535 4.8 0.035 34, —66, 24 R occipital cortex
42 4.52 0.046 46, —40, —16 R inferior temporal gyrus
39 5.74 0.037 26, —60, 66 R inferior temporal gyrus
26 5.99 0.035 42, —42, -8 R temporo-occipital white matter

However, increased practice time was associated with decreased func-
tional connectivity between the left amygdala seed and left occipital
regions (Table 2). When controlling for corticosteroid use, the findings
within the mask were unchanged (Table S1), although whole brain
findings were diminished.

3.3. Whole-brain correlations

Correlations with change in mindfulness, asthma control, inflam-
matory biomarkers, and psychological distress were performed within
the SN mask and whole brain. Results in the mask largely mirrored re-
sults from whole brain analyses and are reported in Supplemental
Table 3.

3.3.1. Mindfulness

Across all participants, the only significant correlations between
change in total mindfulness scores and changes in rsFC was an increase
in rsFC between the right insula seed and cerebellum from T1 to T2.
However, patterns of associations were found between rsFC changes and
changes in specific mindfulness subscales (Table 3). In the T1 to T2
analyses, for the dACC and left insula seeds, increases in Acting with
Awareness scores were associated with reduced rsFC with somatomotor
regions, bilateral middle frontal gyrus, and additional regions listed in
Table 3. In T1 to T3 analyses, increasing Nonreactivity to Inner Expe-
rience scores were correlated with increases in rsFC between bilateral
amygdala seeds and other SN nodes, specifically, the dACC and the
contralateral insula into adjacent opercular cortex (Fig. 3). For the left
amygdala seed, this association extended beyond right opercular cortex
into the inferior frontal gyrus and right putamen. Changes in other
subscales were associated with connectivity changes between SN seeds
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and regions outside the SN. There were no significant group differences
in the relationship between change in FFMQ subscales and change in
rsFC other than a few relationships with T2-T1 right insula rsFC, which
were primarily driven by changes in the control group, as detailed in
Table 3.

3.3.2. Asthma control

Because improvements in asthma control in the MBSR group were
most pronounced at T3, we were interested in the predictive value of
rsFC changes immediately after the intervention (T2) for ACQ-6
improvement from T1 to T3. Increased rsFC from T1 to T2 between
the dACC seed and left dorsal lateral prefrontal cortex (dIPFC),
extending into the inferior frontal gyrus, predicted improvements in
asthma control (decreases in ACQ-6 scores) from T1 to T3 across all
participants (Fig. 4). This pattern was not found when comparing
changes in asthma control to changes in rsFC when both measures
spanned the same time interval (Table 4). There were no significant
group differences in the relationship between change in asthma control
and change in rsFC. Follow-up analyses show that this relationship was
driven by the MBSR group, with no significant relationship observed
between change in rsFC and change in ACQ in the WLC group. These
patterns were unchanged when controlling for inhaled corticosteroid
use (Table S2).

3.3.3. Inflammatory biomarkers

Expected relationships between increased rsFC among SN regions
and decreased inflammatory biomarkers were not observed. Instead,
decreases in rsFC between SN seeds and regions outside the SN — pri-
marily occipital and cerebellar regions — were associated with de-
creases in inflammatory biomarkers between T1 and T2, including
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Table 3

Correlations between changes in functional connectivity and changes in Five Facet Mindfulness Questionnaire Subscales. Positive (+) and negative (-) relationships
between changes in FFMQ subscales and changes in whole-brain resting state functional connectivity were calculated from baseline to post-intervention (T2-T1) and
baseline to 4-month post-intervention follow-up (T3-T1). Results controlled for age and sex and were FWE corrected with threshold-free cluster enhancement (TFCE; p
< 0.05). Clusters with fewer than 10 voxels were not reported. CO = central opercular cortex, IFG = inferior frontal gyrus, MFG = middle frontal gyrus, mPFC = medial
prefrontal crotex, MTG = middle temporal gyrus, PO = parietal opercular cortex, POG = postcentral gryus, PRG = precentral gyrus, SFG = superior frontal gyrus, SMA
= supplementary motor area.

Whole brain analyses

Seed Correlation Contrast Cluster size Peak Peak p Peak coordinates Location of cluster
direction (voxels) voxel t- value MNI (%, y, z)
stat
T2-T1 Left - T2-T1 FFMQ Describe 34 5.74 0.027 10, —78, —16 R lingual gyrus
amygdala change
T2-T1 dACC - T2-T1 FFMQ Act with 790 4.69 0.027 —62, —38, 16 L planum temporale, Heschel’s gyrus, angular
Awareness change gyrus
281 4.47 0.029 —46, 26, —10 L IFG
254 4.62 0.031 —52, 14, 42 L MFG
188 4.64 0.035 54,18, 42 R MFG
188 4.43 0.037 12, 68, 18 R frontal pole
155 4.61 0.039 62, —20, —18 R MTG
97 4.39 0.038 64, —54, 0 R MTG
60 4.53 0.040 52, 30, 28 R MFG
45 3.86 0.045 —54, —20, —14 L MTG
43 4.73 0.039 48, —48, 26 R angular gyrus
40 5.43 0.032 60, —64, 18 L occipital cortex
21 4.95 0.041 —28, 26, 50 L MFG
18 4.65 0.045 —26, 56, 32 L frontal pole
18 4.76 0.042 —54, —40, 54 R supramarginal gyrus
15 4.36 0.045 —42, 48, 10 L frontal pole
T2-T1 - T2-T1 FFMQ total 296 5.08 0.025 26, —84, —30 Cerebellum
Right insula change 41 5.49 0.030 68, —26, —12 Cerebellum
32 4.39 0.043 34, -70, —52 Cerebellum
18 4.17 0.046 32, —68, —34 Cerebellum
18 5.40 0.035 50, 44, —14 Cerebellum
14 5.21 0.038 26, —56, —52 Cerebellum
T2-T1 FFMQ total 14 4.87 0.041 22, —58, —18 R cerebellum
change WLC > MBSR 11 4.61 0.045 12, —68, -8 R lingual gyrus
T2-T1 FFMQ total 1431 4.85 0.021 30, —66, —52 R cerebellum, lingual gyrus, posterior temporal
change WLC < 0 cortex
85 5.96 0.022 —18, —38, —24 L cerebellum
30 3.97 0.046 0, —26, —34 Brainstem
- T2-T1 FFMQ Act with 1491 6.22 0.007 20, 54, —18 R frontal pole, mPFC
Awareness change 1012 4.70 0.022 —44, 18, 44 L MFG, PRG
672 5.05 0.021 54, 38, 20 R MFG
180 4.64 0.026 12, 40, 44 R SFG
112 4.20 0.038 38, 14, 46 R MFG
83 5.29 0.026 —16, 60, 24 L frontal pole
66 3.81 0.045 -10, 32, 52 L SFG
43 3.52 0.046 20, 30, 58 R SFG
T2-T1 FFMQ Observe 351 5.56 0.021 8, 18, 64 R SFG, SMA
change 249 5.09 0.027 58, 6, 32 R PRG
WLC > MBSR 36 4.18 0.043 —24, -8, 72 L SFG
T2-T1 FFMQ Observe 73 4.52 0.037 -10, —86, 12 L cerebellum
change
WLC > 0
T2-T1 Left - T2-T1 FFMQ Act with 129 5.11 0.029 40, —30, 12 R planum temporale, posterior insula
Insula Awareness change 13 5.14 0.040 58, —44,6 R MTG
11 4.61 0.042 4, 16, 74 R PRG
T2-T1 Right T3- T1 FFMQ Observe 175 4.81 0.032 20, —70, -8 R lingual gyrus
Insula change 91 4.46 0.038 —14, -84, 14 L intracalcarine cortex
MBSR > WLC 79 4.28 0.039 —16, —68, —8 L lingual gyrus
79 5.09 0.030 -22,-72,18 L cuneal cortex
69 3.85 0.044 12, —66, 6 R intracalcarine cortex
T3- T1 FFMQ Observe 5842 5.57 0.007 -23, —74, 20 Bilateral lingual gyrus, cuneal cortex,
change intracalcarine cortex, lateral occipital cortex,
MBSR > 0 occipital pole
T3-T1 Left + T3-T1 FFMQ Non- 4583 6.26 0.001 54, -2,6 R CO, insula, IFG, putamen, amygdala, temporal
amygdala React change pole
343 5.21 0.016 10, —10, 42 R ACC
165 3.77 0.043 48, —4, 34 R PRG
155 4.26 0.034 —58, 2,12 L PRG, COp
74 4.05 0.042 2,2,68 R SMA
48 4.27 0.040 18, —28, 58 R PRG
16 4.04 0.047 —56, —8, 24 L POG
T3-T1 Right + T3-T1 FFMQ Non- 27 6.14 0.028 —40, 2, 10 L dorsal anterior insula/opercular cortex
amygdala React change 17 4.64 0.040 —4, 6,42 L ACC
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[T3-T1 ArsFC] ~[T3 — T1 A non-reactivity]

p <0.001

p=0.05

[T3—-T1 A rsFC] ~ [T3 — T1 A non-reactivity]
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[T3—-T1 A rsFC] ~ [T3 — T1 A non-reactivity]

Fig. 3. Increase in mindful non-reactivity was associated with increased functional connectivity between key nodes of the salience network (SN) from baseline to 4-
month post-intervention follow-up (T1 to T3). For each node of the SN, change in FFMQ Non-Reactivity to Inner Experience scores (T3-T1) was regressed on whole-
brain voxel-wise change in functional connectivity (T3-T1), controlling for age and sex. Increased rsFC between bilateral amygdale seeds (Left = red, Right = pink)
and key nodes of the SN (bilateral insula and dACC) was associated with increased Non-Reactivity to Inner Experience scores from T1 to T3. Specifically, increased
Non-Reactivity to Inner Experience was positively correlated with: A. Increased rsFC between the left amygdala seed and a large cluster including the right central
opercular cortex, right insula, right inferior frontal gyrus, and right amygdala, displayed at MNI x = 40, B. Increased rsFC between the right amygdala seed and left
operculum (adjacent to insula), displayed at MNI x = -40, C. Increased rsFC between the bilateral amygdala seeds and dACC, displayed at MNI x = -4.. All results were
corrected for family-wise error (TFCE; p < 0.05). D. Amygdala seeds were generated using a > 50 % probability from the Harvard-Oxford anatomical atlas displayed

at MNI y = -2. FFMQ = Five Facet Mindfulness Questionnaire.

decreased percentage of blood eosinophils (left amygdala seed),
decreased FeNO (dACC seed), and decreased percentage of sputum eo-
sinophils (dACC seed; Table 4). In this third finding, the area where
decreased T1 to T2 sputum eosinophils was related to decreased dACC
rsFC extended from occipital and cerebellar regions further into adjacent
temporo-parietal regions. Notably, the biomarker with the greatest
intervention-related effect, decreased FeNO between T1 and T3, was
associated with decreased rsFC between the dACC seed and multiple
regions that included somatomotor areas, as well as decreased rsFC
between the right amygdala and a small region of the left putamen. This
effect did not differ between groups. In the MBSR group alone, decreased
FeNO from T1 to T3 was associated with reduced rsFC among the
bilateral amygdalae and somatomotor and striatal regions (Figure S4).
Results were comparable when controlling for inhaled corticosteroid use
(Table S2).
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3.3.4. Psychological distress

No correlations between change in Positive Symptom Distress Index
or Global Severity Index and change in rsFC were observed for any of the
five seeds tested between T1 and T2 or between T1 and T3. One inter-
action was detected between T2-T1 GSI change and rsFC change from
the right insula seed, but the relationship between change in rsFC and
change in GSI was not significant in either group (Table 4).

4. Discussion

This study is the first to examine functional brain changes related to
improvements in asthma outcomes following a mindfulness-based
intervention. As reported previously (Higgins et al., 2022), partici-
pants randomized to MBSR training had greater improvements in
asthma control and greater increases in self-reported mindfulness
compared to the WLC group. While not significantly different from WLC
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[T2—T1A rsFC] ~
[T3-T1AACQ]

Fig. 4. Increased functional connectivity between dACC and left dorsal lateral prefrontal cortex over the intervention period (T2-T1) was associated with improved
asthma control (ACQ; T3-T1). To determine whether changes in rsFC temporally precede changes in asthma control (ACQ), for each node of the salience network
(SN), change in ACQ from baseline to the four months post-intervention (T3-T1) was regressed on whole-brain voxel-wise change in rsFC from baseline to imme-
diately post-intervention (T2-T1), controlling for age and sex. Across groups (N = 46), increased rsFC between the dACC seed (5 mm sphere centered at MNI: 10, 26,
28) and the left dorsal lateral prefrontal cortex, extending into inferior frontal gyrus, from baseline to post-intervention (T1 to T2), was associated with improved
asthma control, quantified with the Asthma Control Questionnaire (ACQ-6), from baseline to four months post-intervention (T1 to T3). Results were FWE corrected
with threshold-free cluster enhancement (TFCE; p < 0.05) and displayed in MNI space at x = -46. See Figure S3 for visualization of rsFC change for individ-

ual subjects.

in this smaller sample, reductions in a biomarker of airway inflamma-
tion, FeNO, mirrored significant effects observed in the full sample
(Higgins et al., 2022). Overall, our fMRI results support our hypothesis
that meditation training is associated with increased within-SN rsFC in
patients with asthma. In addition, our findings suggest that the in-
teractions between SN and other brain networks are predictive of im-
provements in asthma-related outcomes.

Consistent with our hypothesis, we found that rsFC increased more
between the left anterior insula and the dACC and between the left
amygdala and dACC for individuals in the MBSR group than those in the
WLC group. Further, increasing rsFC among several SN nodes was
associated with increasing Non-reactivity to Inner Experience scores
from baseline to 4 months post-intervention. Increasing non-reactivity
requires maintaining awareness of thoughts and sensations while dis-
engaging from automatic appraisals of those thoughts and sensations
(Wielgosz et al., 2019). This is related to two important SN functions:
sustained attention (Menon & D’Esposito, 2022) and assigning affective
meaning to interoceptive signals (Seeley, 2019). Perceived changes in
these two functions have been described by patients with asthma as
helpful components of mindfulness training in qualitative studies. Spe-
cifically, increased present-focused attention and greater differentiation
between the sensory experience of breathing and the emotions associ-
ated with breathlessness were important facets of how mindfulness
training led to less rumination and worry, fewer activity limitations, and
a greater sense of symptom control (Malpass et al., 2015, 2018). This
parallels the reductions in chronic pain-related disability associated
with increased within-SN rsFC observed following mindfulness training
(Su et al., 2016). Therefore, in our study, within-SN rsFC may
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correspond with a greater ability to modulate the subjective emotional
intensity and attention capture associated with disease-related cues like
breathlessness.

However, not all of the asthma-related benefits associated with
mindfulness training were related to within-SN rsFC increases. Im-
provements in asthma control were related to changes in rsFC between
SN nodes and attention control-related regions outside of SN. Increased
rsFC between the ACC seed and the left dorsal lateral prefrontal cortex
(dIPFC) immediately after the intervention (T2) predicted improved
asthma control 4 months after the intervention was completed (T3). Due
to the critical role of left dIPFC activity in the executive control of
attention (Gbadeyan et al., 2016), neural models of mindfulness training
posit that increased connectivity between the dIPFC and SN nodes is
related to the increased moment-to-moment awareness needed to detect
distraction and return mental focus to the intended target during
meditation (Lutz et al., 2015). Increased coupling between dIPFC and
ACC may link improved attention control to improvements in emotion
regulation (Wielgosz et al., 2019). Specifically, the dIPFC coactivates
with dACC when shifting attention is strategically used to alter
emotional states through, for instance, distraction or cognitive reap-
praisal (Buhle et al., 2014; Lantrip et al., 2017). Increasing left dIPFC
activity is thought to be a key mechanism by which cognitive therapies
and neuromodulation techniques improve symptoms for psychiatric
conditions characterized by emotion regulation difficulties (Lefaucheur
et al., 2020; Marwood et al., 2018). There is preliminary evidence that
neuromodulation targeting left dIPFC can increase rsFC both between
dIPFC and dACC and between dACC and bilateral insula (Tik et al.,
2017), mirroring the pattern of changes observed in the MBSR group.
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Table 4
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Correlations between changes in resting state functional connectivity and changes in asthma severity indicators and distress. Positive (+) and negative (-) relationships
between changes in asthma severity indicators and changes in whole-brain resting state functional connectivity were calculated from baseline to post-intervention (T2-
T1) and baseline to 4-month post-intervention follow-up (T3-T1). Asthma severity indicators included self-reported asthma control (ACQ-6), fraction exhaled nitric
oxide (FENO), circulating (blood) eosinophils, and airway (sputum) eosinophils. Distress indicators included SCL-90 Global Symptom Distress Index (GSI) and Positive
Symtpom Distres Index (PSDI). Results controlled for age and sex and were FWE corrected with threshold-free cluster enhancement (TFCE; p < 0.05). Clusters with
fewer than 10 voxels were not reported. IFG = inferior frontal gyrus, dIPFC = dorsal lateral prefrontal cortex, mPFC = medial prefrontal cortex, MFG = middle frontal
gyrus, PCC = posterior cingulate cortex, SFG = superior frontal gyrus, SMA = supplementary motor area, ITG = inferior temporal gyrus.

Whole brain analyses

Seed Correlation Contrast Size Peak Peak p Peak coordinates Location of cluster

direction (voxels) voxel t- value MNI(x, y, z)

stat
T2-T1 dACC - T3-T1 ACQ-6 669 5.09 0.016 —46, 28, 20 L IFG, dIPFC
change”

+ T2-T1 FeNO 15 5.32 0.043 12, —46, 12 R cerebellum
change”

+ T2-T1 sputum 19,983 5.81 0.004 —18, —74, 32 Extensive occipito-parietal span (local peaks in bilateral cuneal
eosinophil cortex, intracalcarine cortex, precuneus, lingual gyrus, lateral
change occipital cortex), which extend into cerebellum, temporal cortex

(R hippocampus/amygdala), and midbrain (thalamus, putamen)
138 6.31 0.016 38,58, 8 R frontal pole
29 3.01 0.048 —4,-22,76 L PRG
15 5.09 0.047 4,52, 20 R mPFC
T2-T1 Right + T2-T1 sputum 317 5.18 0.025 —42, —30, 22 R central/parietal opercular cortex, R Heschls’s gyrus
insula eosinophil
change
T2- T1 GSI 91 4.03 0.044 -2, -90, 8 Bilateral occipital pole
change MBSR < 55 4.69 0.041 14, —94, 30 R occipital pole
WLC
T2-T1 Left + T2-T1 blood 16 5.07 0.045 —68, —16, 17 L cerebellum
amygdala eosinophil
change
T2-T1 Right WLC > MBSR 2445 5.06 0.010 —40, —80, —8 L inferior lateral occipital cortex
amygdala T2-T1 blood 907 4.91 0.022 24, -52, —12 R temporal occipital fusiform cortex
eosinophil 18 4.85 0.037 —12, —88, 42 L superior lateral occipital cortex
change 13 5.95 0.034 8, -72, —44 R cerebellum
T3-T1 dACC + T3-T1 FeNO 584 5.15 0.024 -10, -8, 76 L SFG, PRG
changeb 113 5.24 0.033 -22, -2, 52 L SFG, MFG
66 4.33 0.039 14, -10, 76 R PRG, SMA
40 4.24 0.042 6, 22, 50 R PRG, PCC
T3-T1 Right - T3-T1 blood 7024 5.49 0.007 —10, —90, 24 L occipital pole
amygdala eosinophil
change

+ T3-T1 FeNO 8 5.54 0.044 —26,8,0 L putamen

change”

@ In Asthma Control Questionnaire, higher scores indicate more severe symptoms.

b FeNO change analyses controlled for changes in Beck Depression Inventory and Beck Anxiety Inventory scores.

Thus, improvements in asthma control and SN function in response to
mindfulness training may depend on increasing connectivity between
SN and executive areas like dIPFC, and observed increases in dIPFC-
dACC rsFC may reflect improvements in attention control and emotion
regulation.

The observed increase in dACC-dIPFC rsFC also highlights how the
current study’s focus on key SN nodes both complements and builds
upon previous investigations of the effects of mindfulness training
(Bilevicius et al., 2018; Parkinson et al., 2019; Sezer et al., 2022). A
recent meta-analysis examining pre-to-post intervention rsFC changes
illustrates that most studies to date have focused on a seed in the pos-
terior cingulate cortex (PCC) as a node in the default mode network, a
group of regions related to self-referential thinking. The key meta-
analytic finding was that mindfulness training is associated with
increased rsFC between the PCC and a dACC region that overlaps with
the dACC seed used in the current investigation (Rahrig et al., 2022).
There was insufficient evidence in this meta-analysis to conclude that
mindfulness-training is associated with increases in connectivity be-
tween the PCC and dIPFC, despite several studies showing associations
between increased connectivity between these regions and clinically
relevant responses to training, including reductions in circulating IL-6
(Creswell et al., 2016), increases in attention (Kral et al., 2019), and
reductions in PTSD symptoms (King et al., 2016). Our data support a
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model where mindfulness meditation increases both PCC-dACC rsFC and
dACC-dIPFC rsFC, rather than or in addition to direct increases in PCC to
dIPFC rsFC increases, although our findings may not generalize beyond
populations with asthma or other chronic inflammatory diseases. Future
work may benefit from integrating a triple-network framework, that
explores how training in mindfulness impacts interactions among the
default mode network, central executive network, and salience networks
(Wielgosz et al., 2019).

Changes in inflammatory biomarkers were also not related to in-
creases in within-SN rsFC. Instead, we observed that reductions in
inflammation were consistently associated with reductions in rsFC be-
tween SN seeds and regions outside the SN. Interestingly, reduced FeNO
over time was associated with reduced rsFC between the right amygdala
and left putamen (a component of the dorsal striatum) and between the
dACC and regions of the somatomotor network (Thomas Yeo et al.,
2011), including the supplementary motor area (SMA). In the context of
elevated peripheral inflammation, there are coordinated changes in
circuits that support learning from behavioral outcomes (Gilbertson
etal., 2021; Rolls, 2019; Zorrilla & Koob, 2013), including changes in SN
activity related to increased sensitivity to negative outcomes, changes in
dorsal striatal activity related to reduced sensitivity to reward (Harrison
et al., 2016), and changes in dorsal striatal communication with SMA to
induce psychomotor slowing (Felger, 2018). The reductions in rsFC
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within these circuits that were related to the decreases in FeNO may
reflect normalization of motivated behavior when inflammation is
reduced. We also observed that decreases in rsFC between SN seeds and
occipital and cerebellar regions was associated with reductions in eo-
sinophils. It is possible that this pattern reflects decreased sensory-motor
reactivity, but we are hesitant to speculate since there are limited data to
engender confidence in specific interpretations. Because the SN tends to
simultaneously couple with both primary somatosensory and visual
areas (Snyder et al., 2021), the changing rsFC between SN nodes and
somatosensory areas related to FeNO, and the changing rsFC between
SN nodes and visual occipital areas related to eosinophils, may reflect an
underlying shared process related to levels of peripheral Type 2 in-
flammatory markers. However, different neural correlates associated
with changes in FeNO compared to eosinophilic biomarkers may also
reflect that, although they are both involved in the Type 2 inflammatory
response, their relationship with the clinical manifestations of asthma
differs (Couillard et al., 2022). For instance, FeNO more closely indexes
ongoing inflammation, while eosinophil counts are more indicative of
exacerbation risk (Price et al., 2015). Importantly, the patterns of
increased within-SN rsFC associated with MBSR training can occur
alongside patterns associated with reduced inflammation - reductions in
rsFC between SN nodes and somatomotor or primary sensory nodes.

This study has important limitations to consider. Because the study
spanned multiple seasons, levels of environmental allergen burden
varied considerably between assessments for each individual and be-
tween individuals. While this approach reflects a more ecologically valid
evaluation of the intervention, it introduces substantial noise to
intervention-related changes. Thus, it is likely that weaker intervention-
related changes were present in our data that we lacked power to detect.
Our relatively small sample size and focus on mild asthma also limits our
power to detect small effects. Specifically, we did not have sufficient
power to explore potential individual differences in clinical character-
istics that may moderate the strength of the effect of MBSR on asthma
control, such as asthma severity or medication usage. Further,
comparing the effects of MBSR to a waitlist control group rather than an
active control group limits our ability to determine if the intervention-
related changes are specific to mindfulness or if other behavioral in-
terventions with a similar structure would be associated with compa-
rable changes. Now that we have established that measurable
intervention-related changes are present, further study with more
stringent controls (e.g., MacCoon et al., 2012) is warranted. Addition-
ally, there are limitations inherent in our seed-based analytic approach.
It assumes that each of our seeds is equally indexing the same resting
network fluctuations, and that the location of SN hubs are uniform
across participants. Our focus on within-SN rsFC may have missed
MBSR-related changes in rsFC found exclusively between nodes of other
networks (such as PCC-dIPFC). Similarly, we did not measure inflam-
matory signaling outside of the Type 2 pathway that can also influence
asthma control (Allgire et al., 2021).

Overall, our findings point to important next steps for optimizing and
integrating mindfulness training into clinical practice. There is a great
need for additional treatment approaches for the 30 to 50 % of patients
with moderate or severe asthma who experience poor disease control,
despite using daily anti-inflammatory medications (Czira et al., 2022).
While we hypothesized a simple, parsimonious model where increased
within-SN rsFC explained the beneficial effects of MBSR on asthma
control, our data suggest increased within-SN rsFC, increased dACC-
dIPFC rsFC, and decreased SN-somatomotor rsFC are related to benefi-
cial outcomes in patients with asthma. Our data implicate attentional
and emotion regulation processes as factors that may modulate asthma
control. Thus, emphasizing these skills in the context of MBSR training
may be especially beneficial. Further, the patients who may benefit most
from mindfulness interventions could be those who struggle with these
skills, which can manifest as high psychological distress or comorbid
psychiatric symptoms. Indeed, while we did not find any intervention-
related within-SN rsFC alterations associated with changes in
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psychological distress in the current investigation, in the larger clinical
trial, patients with asthma who had the highest depressive symptoms at
baseline were also those who experienced the largest reduction in
asthma symptom burden 4 months post-intervention (Higgins et al.,
2022). We can speculate that variations in within-SN rsFC may corre-
spond with changes in how, or whether, pro-inflammatory processes are
upregulated in the context of emotional distress. However, future
studies should investigate the intermediate physiological and psycho-
logical processes by which changes in SN function lead to improved
asthma control given that improved emotion regulation is known to
modulate multiple psychological, autonomic, and immune pathways
proposed to underlie the relationship between negative emotion and
worsening asthma symptoms (Dantzer, 2018; Rosenkranz & Davidson,
2009).

The autonomic nervous system is a particularly intriguing candidate
for mediating brain-lung interactions given the role of SN in regulating
the autonomic nervous system (Gianaros et al., 2014; Kimmerly, 2017).
Indeed, changes in parasympathetic function, indexed by improvements
in vagally-mediated heart rate variability (HRV), have been proposed as
a candidate mechanism both for the benefits of mindfulness training and
for other mind-body interventions for asthma. For instance, both HRV
biofeedback and paced breathing, which increase HRV, have resulted in
improved asthma symptoms, improved lung function, and reductions in
asthma exacerbation frequency (Lehrer, 2022; Lehrer et al., 2018).
However, it has also been argued that breath-focused interventions like
biofeedback or paced breathing may unintentionally cultivate mindful
awareness or acceptance of breathing sensations without explicit in-
structions (Bailey et al., 2016), and meta-analytic evidence shows that
mindfulness training does not consistently result in improvements in
HRV compared to control conditions (Brown et al., 2021). The ambi-
guity in the literature is further complicated by unresolved methodo-
logical difficulties, as any changes in resting heart rate or respiration
resulting from breath-focused interventions will influence the calcula-
tion of HRV, making it difficult to isolate the hypothesized component of
vagal tone from this proxy metric. Thus, the complex relationship be-
tween breath awareness, mindfulness, and asthma medications that
target the autonomic nervous system will be important to consider in
future studies focused on the role of parasympathetic function in
mind-body interventions for patients with asthma. Further elucidating
the dynamics of this complex system may also provide insight into how
the brain can be leveraged in treatments for other chronic inflammatory
diseases characterized by stress-related exacerbations, high rates of
psychiatric comorbidity, and prevalent residual symptoms with stan-
dard of care treatment.

5. Conclusion

Given the contribution of stress and emotion to asthma symptom
expression, the brain is an underexplored target for improving disease
management. Our results suggest that changes in within-SN rsFC
contribute to the benefits experienced by patients with asthma in
response to MBSR; however, changes in rsFC between the SN and other
regions, such as the left dorsal lateral prefrontal cortex, warrant further
exploration for their role in the benefits of MBSR to those with asthma.
Mindfulness and other contemplative-based mental exercises could be a
powerful addition to treatment as usual for many patients with poorly
controlled asthma, given its distinct mechanisms of action, targeting the
brain and its relationship with the lung.
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