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ABSTRACT
BACKGROUND: Depression is a leading cause of disability worldwide and its prevalence is on the rise. One of the
most debilitating aspects of depression is the dominance and persistence of depressive rumination, a state of mind
that is linked to onset and recurrence of depression. Mindfulness meditation trains adaptive attention regulation and
present-moment embodied awareness, skills that may be particularly useful during depressive mind states
characterized by negative ruminative thoughts.
METHODS: In a randomized controlled functional magnetic resonance imaging study (N = 80), we looked at the
neurocognitive mechanisms behind mindfulness-based cognitive therapy (n = 50) for recurrent depression compared
with treatment as usual (n = 30) across experimentally induced states of rest, mindfulness practice and rumination,
and the relationship with dispositional psychological processes.
RESULTS: Mindfulness-based cognitive therapy compared with treatment as usual led to decreased salience
network connectivity to the lingual gyrus during a ruminative state, and this change in salience network connectivity
mediated improvements in the ability to sustain and control attention to body sensations.
CONCLUSIONS: These findings showed that a clinically effective mindfulness intervention modulates neurocognitive
functioning during depressive rumination and the ability to sustain attention to the body.

https://doi.org/10.1016/j.biopsych.2022.06.038
Depression is a leading cause of disability worldwide with its
global prevalence on the rise (1,2). The risk of relapse increases
with every episode of depression, and after 3 episodes the
relapse rate can be as high as 80% (3,4). Recurrent depression
is characterized by increased cognitive reactivity, in which
changes in mood can easily activate negative biases and
ruminative states. These states have been linked to the onset,
maintenance and perpetuation of depressive symptoms and
increased risk of relapse (5–8).

Mindfulness-based cognitive therapy (MBCT) is an effective
treatment for the prevention of risk of relapse among in-
dividuals with a history of recurrent depression (9) and is rec-
ommended as a preventive treatment in a number of national
health guidelines (10). MBCT trains individuals in adaptive
attention regulation and present-moment embodied aware-
ness as key therapeutic skills (6). This teaches individuals with
recurrent depression to recognize and decouple themselves
from rumination by shifting attention to the body. This mode of
present-moment sensory awareness is believed to be incom-
patible with a ruminative mode of focused attention on the
symptoms of one’s distress and on its possible causes and
consequences (6). Furthermore, by shifting attention to the
body, ruminative thought processes can more easily be seen
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for what they are—overly negative predictions based on past
experience rather than objective reality. Such adaptive atten-
tion regulation is hypothesized to be a core skill which makes
MBCT effective in preventing depressive relapse (6).

Current research on the mechanisms by which MBCT re-
duces depressive symptoms and relapse risk has focused
mainly on self-reported psychological traits. The research on
the neural correlates of mindfulness training (11,12) and psy-
chotherapeutic treatment for depression has grown exponen-
tially in the last decade (13). Generally speaking, various forms
of mindfulness-based interventions and practices have been
found to alter brain function in neural regions and circuits that
underlie attention, interoception, emotion regulation, and self-
relevant processing [for reviews, see (11,12,14,15)]. However,
research specifically on the neural correlates of MBCT for
recurrent depression is still scarce (14,16).

A core skill taught to individuals with recurrent depression in
MBCT treatment is to recognize, decenter, and decouple from
conditioned patterns of depressive rumination by shifting
attention to the present-moment embodied experience (6).
Hence, we chose to focus on neural networks related to
depressive rumination and interoceptive awareness for our a
priori analysis using the network-based functional connectivity
f Biological Psychiatry. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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approach (17,18). Two networks have received much attention
in the context of the clinical neuroscience of depression and
have been linked to depression vulnerability, rumination, and
treatment response: the salience network (SN) and the default
mode network (DMN) (13,19–24). The SN plays a central role in
attention and emotion regulation as well as in integrating and
filtering interoceptive, autonomic, and emotional information
(25). The DMN is associated with a broad range of states,
including social cognition, self-referential processes, and the
inability to disengage from ruminative and negatively biased
thought patterns during depression (22). Both networks have
been implicated in depressive symptomology and prediction of
treatment response (13,26–28) and have been found to
respond to mindfulness training in healthy participants
(11,12,14,29–31). Moreover, the SN and DMN tend to interact
with other networks and regions that play a role in depression
such as the central executive network and subcortical regions
like the amygdala, hippocampus, and striatum involved in
abnormalities in sustained attention, working memory, mem-
ory, emotions, and reward perception in depression (32). We
constrained the a priori neural networks to the DMN and SN,
which we used as seeds and compared with the whole brain;
however, given the novelty of the study, we also ran secondary
explorative whole-brain analyses.

Here we present a novel randomized controlled functional
magnetic resonance imaging (fMRI) study looking at the neu-
rocognitive mechanisms behind effective MBCT treatment of
recurrent depression and concurrent psychological processes.
The fMRI paradigm consisted of wakeful rest and states in
which mindfulness and rumination were induced, followed by
experience sampling and questionnaires examining cognitive
and affective experiences.

METHODS AND MATERIALS

Study Design and Participants

We set up a single-blind, randomized controlled trial examining
neural mechanisms of change and concurrent psychological
processes in MBCT1treatment as usual (TAU) and TAU alone.
The study design was preregistered at ClinicalTrials.gov
(identifier: NCT03353493) and the Danish Data Protection
Agency and was approved by the Regional Ethics Council.

Participants were recruited from general practices and local
psychiatric units in the Central Jutland region of Denmark by 2
members of the research team (AMvdV and LF). Inclusion
criteria were a diagnosis of recurrent major depressive disorder,
with or without a current episode, established through the
Structured Clinical Interview for DSM-IV-TR (33); 3 or more
previous major depressive episodes; age 18 years or older; and,
if on antidepressants, a stable dose of selective serotonin re-
uptake inhibitor or serotonin and norepinephrine reuptake in-
hibitor medication for a minimum of 8 weeks. Exclusion criteria
were a current severe major depressive episode [Beck
Depression Inventory-II . 28 (34)] or a history of schizophrenia,
schizoaffective disorder, bipolar disorder, current severe sub-
stance abuse, organic mental disorder, current/past psychosis,
pervasive developmental delay, persistent antisocial behavior,
or persistent self-injury requiring clinical management/therapy;
formal concurrent psychotherapy; having previously completed
MBCT/mindfulness-based stress reduction training and/or
2 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
having extensive meditation experience (i.e., retreats or regular
meditation practice); or antipsychotic medication and benzodi-
azepines. All participants gave written informed consent.

Randomization and Masking

Participants (n = 80) were randomly allocated (in a 5:3 ratio) to
receive either an 8-week MBCT class1TAU or adhere to TAU.
Patients were randomly assigned by an independent
researcher to the 2 groups with a computer-generated random
number sequence and stratified according to antidepressant
use and participants’ symptom status at randomization (Beck
Depression Inventory-II) (34). Research assessors conducting
clinical interviews and MRI scans were masked to treatment
allocation, and patients were masked to treatment allocation at
baseline assessment.

Intervention and Procedures

MBCT is a manualized group-based program aiming to teach
participants skills to prevent relapse or recurrence of depression
(6). MBCT integrates psychoeducation elements from cognitive
behavioral therapy for depression with systematic training in
mindfulness meditation techniques from the mindfulness-based
stress reduction program. MBCT consisted of a preclass inter-
view and weekly classes of 2.25 hours during an 8-week period
with homework and 4 booster sessions offered every 3 months
after the program. Two experienced MBCT therapists fulfilling
internationally recognized good practice guidelines for teachers,
trainers, and supervisors of mindfulness courses (35) delivered 4
MBCT group sessions in university settings. We restricted TAU
to no psychotherapeutic intervention and either a stable dose of
antidepressant medication or no medication.

Measures and Procedures

All participants were assessed at baseline (before randomiza-
tion) and within 1 month after the end of the 8-week MBCT
program.

Self-report Measures

Before and after treatment, we assessed depressive symp-
toms using the Quick Inventory of Depressive
Symptomatology–Self-Report (36); perceived stress using the
Perceived Stress Scale (37); interoceptive awareness using the
subscales of noticing, emotional awareness, body listening,
attention regulation, trusting, and not-distracting of the Multi-
dimensional Assessment of Interoceptive Awareness (38);
decentering using the Experiences Questionnaire—
decentering factor (39); mindfulness skills using the Five Fac-
tor Mindfulness Questionnaire, short version (40); and trait
rumination using the Rumination Response Scale (41).

Neural Connectivity

The outcome measure of the primary mechanisms was change
in neural connectivity measured using fMRI. We selected the
DMN and the SN as a priory networks of interest.

Given the novelty of the design, it was difficult to estimate
the statistical power. Hence, we based our estimation of power
on a recent guideline by Poldrack et al. (42) suggesting that
28.5 to 30 participants per group give 80% power for medium
to large effects and an earlier and frequently cited guideline

http://ClinicalTrials.gov
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(43) that suggested only 20 to 30 participants per group to
allow for small to medium fMRI effects. Giving more weight to
the latter more stringent estimation, we allocated 50 partici-
pants in the MBCT group and 30 in the control group, allowing
for more attrition in the MBCT group.

MRI Paradigm

The fMRI paradigm included a structural scan and 4 separate
functional connectivity scans (5 minutes each) in the consec-
utive order of resting state I, an instructed mindfulness state
(resting state II), and an instructed rumination state (for further
details of the MRI paradigm and rationale, see Extended
Methods and Materials in the Supplement).

Each state was followed by experience sampling in the
scanner, assessing affective, cognitive, and somatic experi-
ences, adapted from the study by Smallwood et al. (44)
(Table S1). The rating items were presented on a computer
screen in the scanner using a visual analog scale, in which the
degree of agreement from 0% to 100% could be indicated by
moving a cursor on the scale with a trackball.

Resting-State Instructions. During resting states, partic-
ipants were told to relax and close their eyes.

Rumination Induction Instructions. Participants were
guided through a rumination induction adapted from the study
by Karl et al. (45) in which participants first rehearsed a sad
autobiographical memory and subsequently were instructed to
stay with their sad mood and reflect on self-related causes and
consequences of their low mood.

Mindfulness Meditation Instructions. During the mind-
fulness meditation state, participants were guided through the
breathing space of the MBCT program to become aware of the
present moment thoughts, feelings, and bodily sensations and
were encouraged to embody an attitude of curiosity and
acceptance. Participants were scanned at baseline and within
a month after treatment.

MRI Acquisition and fMRI Preprocessing

Functional and structural images of the brain were acquired on
a 3T Siemens Magnetom Skyra 3T scanner (software version
Scout; Siemens Healthineers) using a 32-channel head coil.
Four fMRI scans, each of 5-minute duration, were acquired to
evaluate how states of rest, mindfulness, and rumination
affected functional connectivity, with a second resting state
between the mindfulness and rumination state. We used FSL
tools [version 6.0) (46)] for preprocessing. Preprocessing steps
followed standard procedures and included registering the
functional to the structural image, registering the structural
image to standard space, motion correction, spatial smooth-
ing, and a high-pass filter. Finally, data were high-pass filtered
(100-second cutoff) (for full details, see the Extended Methods
and Materials in the Supplement).

Analyses

Clinical Efficacy and Mechanism Analyses. Effects on
self-report clinical measures and questionnaires were analyzed
B

using multilevel models. See Extended Methods and Materials
in the Supplement for full details of the analysis procedures.

fMRI Analyses: fMRI Seed Region Extraction. To
derive seed regions for the SN and DMN, we used a previously
published and widely used set of brain network maps (47). For
each participant, time courses were extracted for each network
mask as the first eigenvariate using fslmeants.

fMRI Analyses: Group Comparisons. We compared SN
and DMN connectivity with the rest of the brain as a result of
treatment, i.e., group 3 time interactions. First, we obtained
connectivity maps (contrast of parameter estimates) between
the a priori networks and the rest of the brain using regression
analysis using fsl_glm, separately for each participant and
condition. We then computed change as pretreatment minus
posttreatment contrast of parameter estimates.

We compared the randomized groups using nonparametric
permutation testing with threshold-free cluster enhancement
from FSL’s randomise (48). Results were thresholded at p ,

.05 (two-tailed). We corrected for multiple comparisons across
the 2 a priori networks and the 3 unique scan conditions (rest,
mindfulness, and rumination) using the Bonferroni method (49).

For completeness, we also performed exploratory analyses
across all networks and selected seeds using nonparametric
permutation testing using threshold-free cluster enhancement,
but without applying familywise error correction across
networks.

Relating Neural Connectivity to Psychological
Processes via Questionnaires and Experience
Sampling Measures

We compared all the statistically significant group 3 time
changes (neural connectivity and psychological processes
using partial correlation analyses, controlling for group
assignment to access robust relationships that would not just
be a marker of treatment effect. We applied Bonferroni cor-
rections (49) for multiple comparisons across significant neural
and significant questionnaire findings and followed up signifi-
cant results using bootstrapped mediation analysis using
MATLAB (version 9.1; The MathWorks, Inc.) (50).
RESULTS

Between February 2017 and February 2018, 107 participants
were assessed for eligibility using structured clinical interviews
(DSM-IV-TR), and 80 patients were recruited. Subsequently,
the participants were randomly allocated to receive MBCT in
addition to TAU (n = 50) or TAU alone (n = 30) (Figure 1).
Baseline characteristics were balanced between the groups on
all demographic and psychiatric variables and questionnaire
scores (Table 1). The number of participants with depressive
symptoms in the symptomatic range (Quick Inventory of
Depressive Symptomatology–Self-Report . 5) was 58 of 78
(74%). The rumination condition of the fMRI paradigm was
voluntary because of ethical reasons. Those not undertaking
the rumination condition (n = 20) had higher baseline depres-
sive symptoms (Table S2). No serious adverse events
occurred.
iological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 3
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Assessed for eligibility (n= 107)

Excluded (n=27)

� Not meeting inclusion
criteria (n=25)

� Declined to participate
(n=2)

Randomized (n=80)

T1:  MBCT + TAU (n=50)

� Received allocated
intervention (n=48)

� Did not receive allocated
intervention (time and
energy constraints) (n=2)

T2: TAU (n=30)

� Received allocated intervention
(n=28)

� Did not receive allocated
intervention (n=2)

T2: Lost to follow-up (give 
reasons) (n= 1): Unable to reach 
participant i.e., reason unknown.

Discontinued intervention (n= 6): 
Time and energy constraints
(n=3); Unable to cope with 
requirements and emotional
load (n=3). Lost to MRI=fear of 
scanner (n=2), pregnancy (n=1) 

MRI pre and post (n= 41)

MRI pre and post all four
conditions (n=27)

Questionnaires pre and post
(n=42)

T2: Lost to follow-up (give 
reasons) (n= 1) 

Discontinued intervention (n=0) 

Lost to MRI: fear of scanner 
(n=1), pregnancy (n=1) 

MRI pre and post (n=25)

MRI pre and post all four
conditions (n= 21)

Questionnaires pre and most
(n=24)

Figure 1. Participant flow. MBCT, mindfulness-
based cognitive therapy; MRI, magnetic resonance
imaging; TAU, treatment as usual.

Mindfulness Changes Brain Dynamics During Rumination
Biological
Psychiatry
Clinical and Behavioral Assessments

MBCT treatment compared with TAU reduced depressive
symptoms (p = .001, g = 0.82, 95% CI, 26.47 to 21.78) and
increased dispositional mindfulness skills (p , .001, g = 0.68,
95% CI, 1.49 to 9.57), decentering (p , .001, g = 0.98, 95% CI,
3.76 to 11.01), and interoceptive awareness (Figure 2)
including the ability to notice bodily sensations (p , .001, g =
0.95, 95% CI, 1.60 to 4.76), awareness of the manifestation of
emotions in the body (p, .001, g = 1.10, 95% CI, 2.82 to 7.12),
active listening to the body for insight (p , .001, g = 1.19, 95%
CI, 1.63 to 3.85), and the ability to sustain and control attention
to body sensations (p , .001, g = 1.00, 95% CI, 2.56 to 7.44).
We found no significant interaction effects on the ruminative
response scale measuring trait rumination (p = .25), either as
full scale or as subscales, i.e., brooding (p = .21, g = 0.29, 95%
CI, 20.61 to 2.74), reflection (p = .64, g = 0.11, 95% CI, 21.62
to 1.00), or depression (p = .14, g = 0.35, 95% CI, 20.88 to
5.87), or on the Multidimensional Assessment of Interoceptive
Awareness not-distracting (p = .052, g = 0.11, 95% CI, 20.62
4 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
to 0.31) or trusting (p = .01, g = 0.07, 95% CI, 20.65 to 0.43)
subscales.

Neural Results

Manipulation Check of fMRI Paradigm. As a manipu-
lation check, we asked participants about their experiences
after each scan (Figure 2; Figure S1). As expected, rumination
strongly increased negative self-related thoughts and
decreased body awareness compared with all other conditions
(Figure 3A). In contrast, mindfulness induction led to fewer
negative self-related thoughts and increased body awareness
compared with both resting state and the rumination state.
However, MBCT compared with TAU did not significantly
change experiencing sampling reports of body awareness in
the rumination condition (p = .86, g = 20.05, 95% CI, 20.62
to 0.52, t47 = 20.18). While there was a general reduction of
negative self-related thoughts across states comparing MBCT
with TAU (F1,47 = 15.77, p, .001, h2 = 0.015), this trend did not
reach significance in the rumination condition (p = .39,

http://www.sobp.org/journal


Table 1. Baseline Characteristics

MBCT1TAU,
N = 50

TAU, N = 30

Sociodemographic
Characteristics

n = 48 n = 28

Age, Years 43.17 (14.22) 45.25 (12.01)

Sex, Female/Male 35/15 (70%) 23/5 (82%)

Educational Level

Low (,2-year further
education)

15 (30%) 3 (11%)

Medium (2–4-year further
education)

24 (48%) 21 (75%)

High (.5-year further
education)

9 (18%) 4 (14%)

Marital Status

Married/cohabiting 43 (90%) 21 (75%)

Single/Not cohabiting 5 (10%) 7 (25%)

Occupational Status

Employed 24 (50%) 14 (50%)

Unemployed/benefits 10 (10%) 4 (14%)

Student 3 (6%) 1 (4%)

Retired 7 (15%) 4 (14%)

Other 9 (19%) 5 (18%)

Clinical Characteristics

Symptomatic (QIDS . 5) 43 (83%), n = 50 25 (76%), n = 28

Antidepressant Usage 43/7 (86%), n = 50 21/7 (75%), n = 28

Childhood Trauma 58.79 (6.22) n = 42 58.96 (6.33) n = 26

Previous Episodes of
Depression

3.90 (1.44) n = 41 3.80 (1.36) n = 23

Outcomes n = 48 n = 27

QIDS (36) 9.23 (4.58) 9.68 (5.10)

EQ (39) 31.43 (7.12) 31.26 (7.06)

MAIA_AR (38) 17.22 (5.03) 17.78 (4.99)

MAIA_BL (38) 6.25 (2.07) 7.40 (3.25)

MAIA_TR (38) 8.89 (3.31) 8.40 (3.77)

MAIA_NO (38) 12.79 (2.61) 13.96 (3.38)

MAIA_ND (38) 9.17 (2.64) 9.01 (2.45)

MAIA_EA (38) 15.32 (3.51) 16.57 (4.23)

FFMQ (40) 44.21 (8.88) 45.33 (80.2)

RRS (41) 53.38 (9.80) 57.51 (8.24)

Values are presented as n, n (%), and mean (SD).
AR, attention regulation; BL, body listening; EA, emotional

awareness; EQ, Experience Questionnaire; FFMQ, Five Factor
Mindfulness Questionnaire; MAIA, Multidimensional Assessment of
Interoceptive Awareness; ND, not-distracting; NO, noticing; MBCT,
mindfulness-based cognitive therapy; QIDS, Quick Inventory of
Depressive Symptomatology; RRS, Rumination Response Scale;
TAU, treatment as usual; TR, trusting.

Figure 2. Change in the dimensions of interoceptive awareness as a
function of treatment. Subscales of the Multidimensional Assessment of
Interoceptive Awareness Questionnaires (MAIA) (39) differences between
post and pretreatment on preselected subscales of 1) noticing: awareness of
uncomfortable, comfortable, and neutral body sensations, 2) not-distracting:
tendency not to ignore or distract oneself from sensations of pain or
discomfort, 3) emotional awareness: awareness of the connection between
body sensations and emotional states, 4) attention regulation: ability to
sustain and control attention to body sensations, 5) body listening: active
listening to the body for insight, and 6) trusting: experience of one’s body as
safe and trustworthy. Mindfulness-based cognitive therapy (MBCT) caused
increases on all subscales, apart from the not-distracting subscale. Error
bars show 95% confidence intervals. **p , .01 for t tests comparing the
groups. TAU, treatment as usual.
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g = 20.25, 95% CI, 20.82 to 0.33, t47 = 20.87) (Figure 3B;
other conditions in Figure S3).

Change in Neural Connectivity as a Function of
Treatment. We tested whether MBCT changed neural con-
nectivity between either the DMN or SN and the rest of the
brain across the different scan conditions. For the DMN, we
found no significant group 3 time differences. For the SN, we
found that connectivity was changed during the rumination
condition (n = 48) as a function of treatment.
B

In particular, we found changes in SN connectivity with both
the right lingual gyrus and the left lateral occipital cortex (lingual
gyrus: x = 14, y = 264, z = 0; extend: 85 voxels, maximum
t value = 6.25, minimum p = .0072 [two-tailed]; lateral occipital
cortex: x = 252, y = 282, z = 16, extend: 16 voxels, maximum
t value = 5.93, minimum p = .015 [two-tailed]) (Figure 4).

Next, we tested whether the group differences (MBCT vs.
TAU) were present preintervention or postintervention. We
found that the groups did not differ pretreatment (occipital:
Mann-Whitney U56 = 491, p = .13, rank biserial correlation =
0.24; lingual gyrus: Mann-Whitney U56 = 453, p = .37, rank
biserial correlation = 0.14). Instead, the MBCT group showed
reduced connectivity between SN and both regions of occipital
cortex (Mann-Whitney U47 = 134, p = .001, rank biserial cor-
relation = 20.54) and lingual gyrus (Mann-Whitney U47 = 152,
p = .004, rank biserial correlation = 20.48) posttreatment; for
completeness, see Figure S4 for other scan conditions.

Subsequently, we corrected for multiplicity across both a
priori networks of interest (SN and DMN) and the unique scan
conditions (rest, mindfulness, and rumination). We found that
only SN connectivity to the lingual gyrus remained significant
(i.e., two-tailed p value with Bonferroni correction , .0083).

Relating Neural Connectivity During Rumination to
Self-reported Psychological Processes. To understand
how changes in neural connectivity and psychological pro-
cesses were related, we correlated the changes in connectivity
between the SN and lingual gyrus and occipital cortex to
iological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 5
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Figure 3. Change in experience sampling after
each state: Experience sampling after each scan. (A)
Experience sampling pretreatment (both groups
combined). The different scan conditions affected
the responses to the experience sampling. After the
rumination scan, participants reported less body
awareness and more negative thoughts about
themselves than after either rest or mindfulness. (B)
Change in experience sampling ratings after treat-
ment per group during the rumination scan. Error
bars show 95% confidence intervals. *p , .05, **p ,

.01, ***p , .001, significance stars in (A) is for within-
subject t tests comparing the different scan condi-
tions and in (B) is for t tests comparing the groups.
MBCT, mindfulness-based cognitive therapy; Neg.,
negative; TAU, treatment as usual.
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significant changes in questionnaire and experience sampling
scores (correcting for multiple comparisons and group, see
Methods and Materials). Connectivity change between the SN
and lingual gyrus was associated with self-reported increased
ability to sustain and control attention to body sensations,
measured using the attention regulation subscale of the
interoceptive awareness (Multidimensional Assessment of
Interoceptive Awareness) questionnaire. Specifically, higher
ratings on the attention regulation subscale related to more
decoupling of the SN from the lingual gyrus (Figure 5A) (p =
.0001, r = 20.55, 95% CI, 20.73 to 20.31), using partial cor-
relation with familywise error correction for a total of 22 tests
with the p threshold for Bonferroni correction , .0027. This
correlation was also found separately in the MBCT (p = .004,
r = 20.54, 95% CI, 20.77 to 20.19) and the TAU (p = .006,
r = 20.63, 95% CI, 20.84 to 20.22) groups. No other partial
correlations reached significance when correcting for multiple
comparisons (see Table S5 for a full list of uncorrected cor-
relations per group). Examining the relationship between
treatment, neural change, and psychological processes further
revealed that the neural change mediated the increased ability
to sustain and control attention to body sensations (indirect
effect a 3 b = 3.65, bootstrapped CI, 1.09 to 6.59, p = .0007),
explaining 57% of the effect (Figure 5B).

Furthermore, explorative comparisons across all 17 Yeo
networks and subcortical seeds of the amygdala, hippocam-
pus, and striatum related to the whole brain, identified a
change in the amygdala linked to similar visual areas and a
change in the somatomotor network during rumination
(Figure S6).
DISCUSSION

MBCT is an effective treatment for recurrent depression. To
understand the MBCT neurocognitive mechanisms of action,
6 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
we measured neural connectivity and concurrent psychologi-
cal processes across experimentally induced states of rest,
mindfulness practice, and rumination in a randomized
controlled trial comparing the effect of MBCT versus TAU. We
first confirmed the clinical efficacy of the treatment and the
effectiveness of the rumination paradigm in modulating nega-
tive thoughts and body awareness. We then investigated the
underlying neurocognitive mechanisms across the 3 states
(rest, mindfulness, and rumination). MBCT compared with TAU
led to decreased functional connectivity between SN con-
nectivity and both the lingual gyrus and occipital cortex during
the ruminative state. However, only the connectivity to the
lingual gyrus was significant after correcting for multiple state
and network comparisons. No change was found in the
mindfulness and resting states or in the DMN seed as a
function of treatment. Change in SN connectivity to the lingual
gyrus was mediated by the ability to sustain and control
attention to body sensations.

Our findings are consistent with a growing body of literature
indicating a central role for the SN in depression symptomol-
ogy and treatment response (13,20,24–26,28). Activation in
areas of the SN, such as the anterior circulate cortex and
insular cortex, have been found to predict treatment response
across various forms of psychotherapy for depression (13),
predict change in response to mindfulness-based in-
terventions across a wide group of populations (11,12), and
modulate depressive symptoms after mindfulness training
among healthy participants (29). SN connectivity may also play
a key role in negative bias, valence, and persistence of
depressive rumination (32). The lingual gyrus is a multimodal
association cortex, which, during depression, has been asso-
ciated with vision, episodic memory, and emotional processing
(51–56), whereas the occipital cortex has been associated with
visualization of painful experiences, memory retrieval, and
emotional processing, e.g., (57). While the uncoupling of SN

http://www.sobp.org/journal


Figure 4. Change in neural connectivity during
rumination as a function of treatment (n = 48). (A) The
mask for the salience network (SN) included the
dorsal anterior cingulate cortex (dACC), dorsolateral
prefrontal cortex (dlPFC), and anterior insula. (B)
Comparing the effect of mindfulness-based cogni-
tive therapy (MBCT) vs. treatment as usual (TAU) on
change in connectivity (post minus pre MBCT/TAU)
with SN. Connectivity is changed to the lateral oc-
cipital cortex and lingual (p, .05, two-tailed, cluster-
corrected). (C) Connectivity between SN and lateral
occipital cortex (left) and lingual gyrus (right) sepa-
rately for pre- and posttreatment and for the MBCT
(blue) and the control group (red). In both areas,
MBCT decreased the connectivity to SN compared
with TAU posttreatment, while there was no differ-
ence between the groups pretreatment. Error bars
show 95% confidence intervals. *p , .05, **p , .01
for two-tailed t tests comparing the 2 groups.

Mindfulness Changes Brain Dynamics During Rumination
Biological
Psychiatry
connectivity from the lingual gyrus and visual areas did not
relate to change in experience of negative self-related thoughts
or body awareness during the rumination induction, it may
relate to how likely participants are to get stuck in persistent
ruminative processing after the rumination induction because
this neural uncoupling was associated with improvements in
the ability to sustain and control attention to bodily sensations.

We did not find evidence of a reduction in dispositional
rumination, negative self-related thought during the ruminative
state, or change in the DMN connectivity. It is possible that this
is because of lack of statistical power to detect small effects
(i.e., both trait rumination and negative self-related thoughts
showed a statistically nonsignificant trend toward reduced
scores after MBCT with small effect sizes). Another possibility
is that individuals with recurrent depression remain prone to
engaging in negative self-related thinking after treatment, and
hence, negative self-related thoughts do not change much.
The findings on rumination as a putative mechanism have been
inconsistent to date, and the field has been debating possible
reasons for this (58–61). Dispositional measures of rumination
tend to focus on ruminative thought content rather than
B

ruminative processes characterized by poor executive control,
negative memory bias, and the persistence or stickiness of
negative mind states (59,62). Yet, the MBCT program does not
focus on changing ruminative thought frequency or content,
but rather on the ability to recognize, decenter, and disengage
from such thoughts, thus reducing the risk of spiraling down-
ward into a depressive mood and the potential onset of relapse
(6). Furthermore, it has been proposed that the DMN and SN
may play different roles in depressive rumination, with the SN
being more related to persistence, “stickiness,” and inability to
disengage from the ruminative state persistence, and the DMN
being more related to the self-referential thought content (32).
Hence, it may not so much be the prevalence of negative self-
related thought content that changes during a ruminative state,
but rather the persistence and stickiness of the ruminative
state, and perhaps the change in SN connectivity along with
the ability to sustain and control attention to the body play a
role in the persistence of a ruminative state.

Explorative analyses also identified a change in amygdala to
lingual gyrus connectivity and the somatomotor network dur-
ing rumination due to MBCT treatment compared with TAU.
iological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 7

http://www.sobp.org/journal


Figure 5. Associations between change in neural connectivity and
change in concurrent psychological processes. (A) Partial correlation (con-
trolling for treatment group) between change in neural connectivity between
the salience network (SN) and lingual gyrus and change in self-reported
ability to sustain and control attention to body sensations, measured us-
ing the attention regulation subscale of Multidimensional Assessment of
Interoceptive Awareness. (B) The effect of mindfulness-based cognitive
therapy (MBCT) vs. treatment as usual (TAU) on the ability to sustain and
control attention to body sensations (i.e., Multidimensional Assessment of
Interoceptive Awareness attention regulation subscale) is mediated by
decrease in connectivity between the SN and lingual gyrus, explaining 57%
of the effect. When accounting for the indirect (mediation) effect of changed
SN to lingual gyrus connectivity, the intervention effect is no longer signifi-
cant, suggestion full mediation. *p , .05, **p , .01, ***p , .001, ****p ,

.0001 for significance of the paths in the mediation model. connect.,
connectivity.
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The amygdala is often viewed as an extension of the SN and
plays a role in emotional processing during depression (32),
and the amygdala and sensory areas of the somatomotor
network have been related to mindfulness training (11); how-
ever, this is the first time a study has identified a change in
these regions during a ruminative state in response to MBCT
treatment. Hence, future research may want to investigate
these regions a priori and further determine how change in
these regions relates to psychological constructs and clinical
outcomes.

The study had a number of limitations. We chose TAU as
the control group because we wanted to know how the
8 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal
intervention of MBCT as a whole affected neural change. This
characteristic of the study is both a strength (generalizability,
external validity) and a limitation (lack of specificity). In the
absence of an active control group, we cannot infer whether
the treatment effects are specific to MBCT treatment or
whether other effective depression treatments may yield
similar effects. Future research could investigate treatment
specificity by comparing MBCT with equally effective treat-
ments and the extent to which the mindfulness meditation
practices of MBCT drive the neural change by using a
dismantling design or active attention control. While the MBCT
teachers were highly experienced, fulfilling internationally
recognized good practices guidelines for teachers, trainers,
and supervisors of mindfulness courses (35), we did not
directly measure their adherence to the treatment protocol and
teaching competency (e.g., Mindfulness-Based Interventions:
Teaching Assessment Criteria) during the programs. Because
of ethical reasons, participants could opt out of the rumination
condition, meaning that the neural findings can only be
generalizable to participants who were willing to participate in
the rumination induction. Those not participating in the rumi-
nation condition had higher symptoms at baseline, but did not
differ on other measures, and hence, the finding on the rumi-
nation state may mainly refer to those with no residual symp-
toms to mild symptoms.

In conclusion, MBCT compared with TAU led to decreased
functional connectivity between SN connectivity and the
lingual gyrus during a ruminative state, and this neural change
mediated an increased ability to sustain and control attention
to body sensations. These findings demonstrate that the
clinically effective MBCT intervention can modulate neuro-
cognitive functioning during depressive rumination and the
ability to sustain attention to the body.
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