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Many chronic health concerns (obesity, addiction, stress, chronic pain, and depression) have garnered recent attention
for their increasing frequency, intractability, and serious health consequences. Because they are often difficult to treat
and there are not always effective pharmacological treatments, many patients are pursuing behavioral interventions
for these conditions. Experimental behavioral intervention studies have shown some efficacy for health, but the
mechanisms for these treatments are not well understood. Health neuroscience is a burgeoning field that seeks to
link neural function and structure with physical and mental health. Through this lens, initial studies have begun
to investigate how behavioral interventions modulate neural function in ways that lead to improvements in health
markers and outcomes. Here, we provide a review of these studies in terms of how they modulate key neurobiological
systems, and how modulation of these systems relates to physical health and disease outcomes. We conclude with
discussion of opportunities for future research in this promising area of study.

Keywords: interventions; neuroscience; health outcomes; neural systems

Behavioral interventions in health
neuroscience

The field of health neuroscience aims to link neu-
ral systems with health and disease outcomes. There
has been significant growth in cross-sectional and
longitudinal studies linking the brain with periph-
eral physiological processes and biomarkers,1–5 as
well as health and disease outcomes.6 While this
emerging body of work establishes initial relation-
ships between the brain and markers of health, it is
correlational. A key strategy for advancing a causal
science linking neural processes with health is to
manipulate brain activity, and one way to do so is
through behavioral interventions. These behavioral
interventions may manipulate brain systems in ways
that impact health, aiding in our ability to make
inferences about how changing brain systems relate
to changes in health over time. While the behavioral
intervention health neuroscience literature is still
in its infancy, this review describes what we know
about how behavioral interventions modulate neu-
ral systems, and how these changes in neural activity
relate to health.

This review is organized by neurobiological sys-
tems and focuses on studies that explore how behav-
ioral interventions affect the brain using functional
analyses. Thus, we have included studies that used
task-based functional analyses, or those analyses
that assess brain activity during specific tasks, and
resting state connectivity, or those analyses that
assess dynamic brain activity while participants
are not actively engaged in a specific task. While
there are exemplary studies of how acute manip-
ulations of behavior impact the brain7,8 and how
trait-level tendencies affect brain activity,9,10 this
review focuses exclusively on longer term behav-
ioral interventions (multiple days or weeks) aimed
at changing the brain and health outcomes. These
behavioral interventions include mindfulness med-
itation, cognitive behavioral therapy (CBT), diet,
and exercise interventions, among others. Further-
more, we have prioritized studies in which func-
tional magnetic resonance imaging (fMRI) scans
were collected both before and after the interven-
tion to evaluate intervention-related changes within
the same participants, but there are also studies
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comparing brain activity at one time point following
an intervention compared to a control.11–13 While
we describe clinical samples (e.g., obese individuals,
depressed patients, and fibromyalgia patients), we
also highlight work using preclinical samples (e.g.,
healthy young adults and age-matched individuals
without disease), which provide a meaningful trans-
lational step between cross-sectional or experimen-
tal studies and health interventions. After reviewing
this emerging behavioral intervention health neu-
roscience literature, we conclude with some ideas
for future research.

Plausible neurobiological systems

Basic research has revealed a few critical neurobio-
logical systems that drive health, and are important
candidate neural systems that could be changed with
behavioral interventions. These systems are linked
to biology, health behaviors, or affective states, and
could serve as potential mediators for intervention
effects on health. These candidate neural systems
include the threat and stress system, pain system,
reward system, and the self and regulation system
(Fig. 1). It is important to note that there is some
overlap between these systems, and some regions
play important roles in multiple systems. Further-
more, the role each region might play in each system
may be different, and there may be specificity in
spatial location within the region depending on
function (e.g., the central nucleus of the amygdala
for stress and the basolateral amygdala for reward).14

Threat and stress system
It is well established that the brain coordinates fight-
or-flight responses to stress, and this response plays
an important role in survival, but can also increase
wear-and-tear on physiological systems and
increase susceptibility to stress-related health and
disease outcomes.15 Behavioral interventions may
modulate the threat and stress system in two ways:
by buffering stress reactivity responses (turning
down activity in limbic structures that gate the cen-
tral fight-or-flight stress response) or by increasing
top-down regulatory signals (increasing activity in
cortical structures that gate top-down control of
central fight-or-flight stress response). If behavioral
interventions can modulate neural threat system
dynamics, it would be expected that mitigating
hyperactive or recurrent activation of the threat
system could reduce peripheral stress response

cascades and their associated effects on increasing
risk for stress-related disease.16,17

The primary regions involved in stress and
threat responding (Fig. 1, panel A) include those
regions that detect threat and those that translate
this signal into peripheral stress responding via
the autonomic nervous system (ANS) and the
hypothalamic–pituitary–adrenal (HPA) axis. These
regions include the amygdala, dorsal anterior
cingulate cortex (dACC), and the anterior insula
(AI), along with regions such as the hypothalamus
and brainstem, which coordinate physiological
stress response cascades.18 The amygdala is involved
in fear and stress, and plays a role in the HPA axis
and ANS responses to threats, through projections
to the hypothalamus and brainstem.19 Moreover,
hyperactivation of the amygdala is associated with
posttraumatic stress disorder (PTSD), social pho-
bia, and other mental health conditions.20 One role
of the dACC is in conflict detection and affective
feelings of distress, including those following from
threat or pain,21 and may affect the sympathetic
nervous system (SNS) arousal and HPA axis activity
via projections to the amygdala and brainstem.22

The subgenual anterior cingulate cortex (sgACC)
has also been implicated in emotional processing,
and is linked to mood disorders.23,24 The sgACC
has connections with the amygdala and other
limbic structures, and research has shown that
the stronger these functional connections, the
more physiological stress reactivity to stressors.25,26

Finally, the hypothalamus and brainstem serve as
critical hubs linking higher level cortical represen-
tations of stress with the generation of peripheral
physiological stress response cascades in the HPA
axis27 and ANS.27,28 There are some promising
initial studies, described below, which suggest that
behavioral interventions can reduce reactivity and
connectivity in regions in the threat system.

Pain system
Similar to threat and stress, pain is an important
survival signal. Indeed, pain is thought to be a
signal to avoid or remove the painful stimulus.29

Experiencing pain thus activates physiological
systems to help mobilize the individual to avoid
the painful stimulus, but chronic neural activation
can lead to burdensome hyperactivation of these
physiological systems. Chronic pain conditions are
thus marked by negative affect and downstream
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Figure 1. Neural systems modulated by behavioral interventions. (A, B, C, D) Neural regions hypothesized to be part of the threat
and stress system (blue, A), pain system (red, B), reward system (purple, C), and self and regulation system (green, D). Regions
involved in threat and stress include the dorsal anterior cingulate cortex (dACC), amygdala (Amyg), and subgenual anterior cingulate
cortex (sgACC). Pain system regions include dACC (top), anterior insula (AI; middle), and somatosensory cortex (bottom). Regions
involved in reward processing include the amygdala and ventromedial prefrontal cortex/orbitofrontal cortex (VMPFC, OFC; top)
and the AI and ventral striatum (VS; bottom). Regions involved in the self and regulation system include the dACC, dorsomedial
prefrontal cortex (DMPFC), medial prefrontal cortex (MPFC) and VMPFC (top), and the dorsolateral prefrontal cortex (DLPFC)
and ventrolateral cortex (VLPFC; bottom).

health consequences, and behavioral interventions
have been shown to be helpful in reducing these
consequences.30,31 Pain is often divided into four
components: nociceptive/sensory signals that
indicate the source and location of pain, perception
(how the individual subjectively experiences the
pain), the emotional experience (suffering), and the
subsequent behaviors (i.e., removing or avoiding
the pain stimulus).30 Behavioral interventions are
most likely to affect pain perception and emotions
primarily, which could lead to changes in behavioral
and physiological responses to pain.

Experimental and clinical brain mapping work
has demonstrated that the sensory, affective, and
subsequent emotions of pain interact and rely
on overlapping neural regions (Fig. 1, panel B).
Specifically, nociceptive responses to pain are med-
itated by regions such as the somatosensory area,
insula, and the posterior parietal cortex, followed
by arousal and autonomic activation via amygdala,

hypothalamus, and the supplementary motor
area.32 The AI is believed to be involved in intero-
ceptive processes that lead to pain awareness.33,34

Specifically, the AI can serve to detect physiological
arousal, linking pain signals to pain responding in
the brain, via projections to the amygdala.35 The
affective experience of pain seems to be associated
with increases in the dACC and AI activity and
subsequent emotions rely on prefrontal cortex
(PFC) regions including the medial PFC (MPFC).21

Reward system
Adaptive behaviors, such as eating, reproduction,
and social connection, are key to survival and these
important behaviors are reinforced via dopaminer-
gic and opioidergic pathways in the central nervous
system, dubbed the reward system.36 While rein-
forcement of these survival behaviors is adaptive
when helping achieve homeostasis, sometimes these
behaviors are reinforced past the point of homeosta-
sis leading to obesity, addiction, and other health
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conditions.37 Behavioral interventions could reduce
the reinforcement of unhealthy behaviors, or help
maximize the reinforcement of healthy behaviors
via the brain’s reward system.

The reward system is a well-characterized and
conserved mesolimbic dopamine pathway,38 and
human neuroimaging research has identified a
few key hubs (Fig. 1, panel C). The ventromedial
PFC (VMPFC) is involved in processing valuation
of a stimulus,38 and is known to inhibit threat
and fear responding, including in fear extinction
and pain.39–41 The orbitofrontal cortex (OFC) is
also involved in reward-related processing.42 (The
VMPFC and OFC are sometimes labeled inter-
changeably in human neuroimaging studies.) The
ventral striatum (VS) is a collection of regions
within the basal ganglia mesolimbic system includ-
ing the caudate nucleus, the caudate head, the
nucleus accumbens, and ventral portions of the
putamen.43 The VS has connections to the thala-
mus and hypothalamus suggesting a plausible path-
way from this region to downstream physiology.44

Other regions, including the insula and amygdala,
have also been implicated in reward processing.45–47

The regions involved in the reward system can
play an important role in biological systems under-
lying health, and moreover, reinforce behavior.
The reward system serves to reinforce important
survival-related behaviors, but dysregulation in this
system is linked to a variety of poor health outcomes
including obesity, PTSD, and addiction.48

Self and regulation system
The “self” has been studied extensively in psy-
chology and refers to a collection of processes
that aid in how an individual understands him-
self/herself and engages with the world around
them, including behaviors and processes such as
self-awareness, self-knowledge, and self-control.49

Typically, individuals are motivated to behave in
ways that are consistent with their self-concept,50

and thus self-related processes are often associ-
ated with self- and emotion regulation, necessary
strategies for regulating behavior. Indeed, the indi-
vidual’s self-concept and regulation behaviors are
critically important for mental health outcomes and
important health behaviors. For example, higher
self-control is predictive of healthier eating behav-
iors and better weight loss,51 and more positive self-
perceptions about aging lead to more preventative

health behaviors and improved functional health
in older adults.52,53 A collection of regions in the
brain (described below) have been identified as key
regions involved in self-knowledge and regulatory
processes, and here we refer to this system of regions
as the self and regulation system. Behavioral inter-
ventions can modulate the self and regulation sys-
tem in important ways for subsequent behavior and
health. Interventions could increase activity in this
system, which could lead to better self- and emo-
tion regulation, or reduce activity in this system
to negative self-concepts. Either of these patterns
of modulation within the self and regulation sys-
tem plausibly leads to adjustments in behaviors and
health outcomes.

The MPFC is the primary neural region asso-
ciated with thinking about oneself, and self-
knowledge,54 and this region is linked to subsequent
behavior, including health behaviors.55 Research
also implicates the dACC in detecting conflicting
information or representations of the self.56 Self-
control is an important aspect of reducing (or never
beginning) unhealthy behaviors, and the dorsolat-
eral PFC (DLPFC) has been linked to self-control
and decision making.56,57 Regions involved in self-
regulation include the dorsomedial PFC (DMPFC),
posterior cingulate cortex (PCC), and the VMPFC
(Fig. 1, panel D).58–60 Beyond self-regulation behav-
iors, negative affect can also have both biological
and behavioral effects on health, including increases
in the SNS activity and impaired decision-making
abilities,61,62 emphasizing the importance of effec-
tive emotion regulation arising from the self. The
ventrolateral PFC (VLPFC) has been shown to be
one of the central regions involved in emotion
regulation, particularly the right VLPFC.63 Addi-
tional emotion regulation regions include DMPFC,
DLPFC, and dACC.63

Some of the most significant advances in behav-
ioral intervention health neuroscience research
consist of links between activation of the self and
regulation system and health behavior outcomes
(e.g., smoking).64 Importantly, as we review below
behavioral interventions that affect the self and reg-
ulation system (see later discussion below), inter-
vention research in this area has shown that activity
in the neural self and regulation system is predic-
tive of health behaviors, and that reducing activity
to negative self-beliefs may have important mental
health benefits.
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Studies linking behavioral interventions,
the brain, and health

While the study of behavioral interventions is a rel-
atively new area of health neuroscience, there are a
collection of studies linking intervention effects to
proximal health markers and more distal health and
disease outcomes. Here, we will review this work,
organized by neurobiological system.

Behavioral interventions and the threat/stress
neural system
Stress is well established to have important links to
poor health.17 From the perspective of neural sys-
tems, if a behavioral intervention could effectively
reduce the reactivity of this system, weaken con-
nectivity between regions in this system, or trigger
down regulation of this system, it could mitigate
activation of the sympathetic–adrenal–medullary
and HPA axis response cascades and the cumulative
wear-and-tear they have on physiological systems
and health.15 Studies of interventions have begun
to examine these possibilities using neuroimaging
(Table 1).

One way to explore the possibility that behavioral
interventions could lead to reduced threat reactivity
is to study the effect of an intervention in a highly
stressed population: patients with PTSD. Typically,
the amygdala is involved in threat processing and the
VMPFC is involved in facilitating fear extinction.40

Patients with PTSD show enhanced amygdala activ-
ity and reduced PFC activity,65 and this exagger-
ated reactivity and diminished top-down control
suggest dysregulation in the threat system. How-
ever, when PTSD patients received CBT, a 12-
week intervention aimed at restructuring unhelp-
ful cognitive patterns and building coping skills,
this dysregulation was altered. Specifically, PTSD
patients after CBT treatment showed an increase
in sgACC activity to a threat reactivity task (viewing
threatening faces), an association between increased
sgACC activity and decreased symptoms, and an
association between decreased amygdala activity
and decreased symptoms.66 While these results sug-
gest that a behavioral intervention can alter threat
system activity to stress and lead to changes in rel-
evant symptoms, it is not yet clear whether and
how this pattern of neural activity directly leads to
changes in symptoms.

If amygdala and sgACC activity are important
predictors of stress outcomes, it is possible that the

strength of connectivity between these regions is
important as well. Indeed, higher perceived stress
is associated with greater amygdala–sgACC resting
state functional connectivity.67 This altered connec-
tivity may also be an important target for behavioral
interventions for threat and stress. Mindfulness
meditation interventions—which foster awareness
and acceptance of present moment experience—
have been shown to reduce stress reactivity in
behavioral studies68–70 and thus may be one
intervention that could alter neural threat system
dynamics. Indeed, after a 3-day retreat-style
mindfulness program (compared to a 3-day relax-
ation control program), stressed adults showed a
decrease in amygdala–sgACC connectivity at rest.67

Additionally, there was some initial indication
that intervention changes in the amygdala–sgACC
connectivity were associated with decreases in
cumulative (hair-sampled) HPA axis activation,
suggesting that altering the neural threat system
may play a role in reducing peripheral stress
response system dynamics over time.67

It is also possible that behavioral interventions
can increase top-down regulation of the targeted
neurobiological system.71 For example, there is
initial evidence that mindfulness interventions can
increase resting state functional connectivity of
regions known to be important in executive control
and top-down regulation.72,73 We recently showed
that mindfulness training increases functional
connectivity at rest (i.e., the PCC in the default
mode network) with regulatory regions of the PFC
(DLPFC), relative to a relaxation training compar-
ison group.72 The DLPFC is a region implicated in
emotion regulation,63 and as such this connectivity
pattern may represent a potential strengthening of
top-down executive control after mindfulness train-
ing. Notably, we found that this increased connectiv-
ity pattern was associated with intervention-driven
reductions in inflammation at follow-up.72 Like-
wise, in a separate mindfulness intervention study
with veterans with PTSD, increased connectivity
between the PCC and DLPFC was also associated
with reductions in PTSD symptoms,74 suggesting
that these connectivity changes have important
implications for both stress biology (interleukin
(IL)-6) and stress-related (PTSD) symptoms.

While there is a large cross-sectional literature
relating activation of the neurobiological threat sys-
tem with increased stress and health risks,15,17 less
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Table 1. Behavioral interventions and the threat and stress system

Study

Health

condition of

interest Intervention Population

Control group

or condition

Task or analysis

strategy Findings

Link to health-

relevant

outcome

Felmingham

et al.66

PTSD Cognitive

behavioral

therapy (CBT)

PTSD

patients

Baseline Viewing

threatening

faces (threat

reactivity task)

After CBT,

patients showed

greater sgACC

activity

compared to

baseline, no

change in

amygdala

activity

Increased

sgACC

activity

correlated

with a

decrease in

PTSD

symptoms;

decrease in

amygdala

activity

correlated

with

decreased

PTSD

symptoms

Taren et al.67 Stress 3-day

mindfulness

meditation

training retreat

Stressed

adults

Relaxation

retreat

control

group

Resting state

connectivity

From baseline to

after training,

there was

decreased

amygdala–

sgACC

connectivity at

rest compared

to relaxation

control

Decreased

sgACC–

amygdala

connectivity

at postinter-

vention was

associated

with HPA

measures in

hair samples

(cumulative

marker) for

both groups

Creswell

et al.72

Stress 3-day

mindfulness

training retreat

Stressed

adults

Relaxation

control

retreat

Resting state

connectivity

Meditation

training

increased

connectivity

between PCC

and DLPFC

compared to

control

This increased

connectivity

between

PCC and

DLPFC

meditated

reductions

in IL-6

King et al.74 PTSD 16-week

mindfulness

group therapy

PTSD

patients

Present-

centered

group

therapy

Resting state

connectivity

Meditation

training

increased

connectivity

between PCC

and DLPFC

compared to

control

This increased

connectivity

between

PCC and

DLPFC was

associated

with PTSD

symptom

reductions
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is known about how behavioral interventions (or
stress reduction interventions specifically) might
modulate this system. We have described some ini-
tial intervention evidence suggesting that this is a
promising area of inquiry, particularly since there
is a large behavioral literature linking interven-
tions with salutary stress-related health and disease
outcomes.68,75,76

Behavioral interventions and the neural pain
system
Pain is a common and distressing health concern
that leads to significant healthcare costs, missed
workdays, and decreased quality of life.77 More-
over, pain that causes patients to have difficulty
completing typical daily activities is associated with
poor health behaviors—including physical inactiv-
ity, sleep insufficiency, and smoking—and greater
mental health symptoms.78 Thus, altering patients’
experiences of pain could boost health by help-
ing improve quality of life and facilitating healthy
behaviors. With the risks of uncomfortable side
effects and addiction with opioid pain relievers
and other pharmacological treatments, behavioral
interventions might be an important alternative
(Table 2). These interventions could lead to changes
in neural responses to pain perceptions and pain
affect, or could trigger increased neural coping and
control mechanisms to manage pain.

In order to explore whether a behavioral
intervention could alter perceptions of pain and
subsequent affect, some work has used experi-
mentally manipulated pain relevant to a patient’s
diagnosis. Irritable bowel syndrome (IBS) is a
chronic gastrointestinal disorder with abdominal
pain as one of the hallmark symptoms. Some
over-the-counter pain medications can cause
irritation in the gut; therefore, many patients seek
out alternative therapies for their pain. Gut-directed
hypnotherapy has been shown to have some effi-
cacy in alleviating IBS symptoms for patients.79 To
explore the neural mechanism, IBS participants did
either a gut-directed hypnotherapy intervention or
educational intervention, and completed baseline
and post-therapy scans while experiencing high-
and low-intensity rectal distensions. Regardless
of condition, IBS patients felt similar symptom
reduction after the treatment.80 Patients who
responded to hypnotherapy treatment showed
reduced AI activity to the high-intensity distention

after treatment compared to baseline, and more of
a decrease in AI activity to the low-intensity disten-
tion compared to the education group.80 While this
suggests that both hypnotherapy and patient educa-
tion can reduce symptom burden for IBS patients,
hypnotherapy may alter neural pain responding
differently than patient education interventions,
particularly for experiences of low-intensity pain.

Relatedly, interventions that affect connectivity
within this system could also lead to changes
in pain symptoms. Fibromyalgia—a condition
characterized by chronic, widespread pain—has
increasingly become a condition of interest for
intervention studies, as it is difficult to treat.
Recent work has found that physical exercise
interventions may be effective in reducing pain
and fatigue in patients, but the neural mechanisms
are poorly understood.81 Fibromyalgia patients
and healthy controls engaged in a 15-week exercise
intervention, and completed a resting state scan
before and after the intervention. At baseline, the
patients showed decreased connectivity between
pain and sensorimotor brain regions compared
to healthy controls.82 However, after the inter-
vention, patients showed greater connectivity
between the AI and primary sensorimotor areas,
and this connectivity looked more similar to
healthy controls.83 This suggests that an exercise
intervention can lead to stronger connectivity
between pain and sensorimotor regions; however,
these changes in neural connectivity were not
associated with changes in symptoms. While it is
currently unclear how changes in resting state
connectivity in the pain system might be linked to
changes in chronic pain symptoms, one possibility
is that this increase in neural connectivity between a
nociception region and a feedback loop may provide
for more efficient regulation to decrease pain.

Finally, behavioral interventions for pain could
also increase activity in regions associated with
cognitive control that could facilitate down regula-
tion of pain responding. One intervention of inter-
est is mindfulness meditation, as there is evidence
that mindfulness training can lead to pain relief.84

In healthy adults, reductions in self-reported pain
intensity ratings to a thermal pain probe after a 4-day
mindfulness training intervention were associated
with increased activity in the ACC and AI; similarly,
reductions in self-reported pain unpleasantness
after the intervention were associated with increased

7Ann. N.Y. Acad. Sci. xxxx (2018) 1–20 C© 2018 New York Academy of Sciences.



Interventions in health neuroscience Dutcher & Creswell

Table 2. Behavioral interventions and the pain system

Study

Health

condition

of interest Intervention Population

Control

group or

condition

Task or

analysis

strategy Findings

Link to

health-relevant

outcome

Lowén

et al.80

IBS pain Gut-directed

hypnother-

apy

IBS patients Educational

interven-

tion;

healthy

control

subjects

High- and

low-

intensity

rectal

disten-

sions

Patients who responded to

hypnotherapy treatment

showed reduced anterior

insula activity to

high-intensity distension

compared to baseline, and

more of a decrease in

anterior insula activity to

low-intensity distension

compared to the education

group

Flodin

et al.83

Pain 15-week

exercise

intervention

Fibromyalgia

patients

Healthy

controls

Resting

state

connec-

tivity

At baseline: fibromyalgia

patients showed decreased

connectivity between pain

and sensorimotor regions

compared to controls. At

post: patients showed

greater connectivity

between anterior insula

and primary sensorimotor

areas, looking more similar

to controls

Not associated

with changes

in symptoms

Zeidan

et al.85

Pain 4-day

mindfulness

training

Healthy adults Heat pain

stimula-

tion

After mindfulness training,

pain intensity rating

reductions were associated

with greater dACC and

anterior insula activity, and

reduced pain

unpleasantness ratings

associated with increased

OFC activity compared to

baseline

Zeidan

et al.86

Pain 4-day

mindfulness

training

Healthy adults Sham mind-

fulness,

placebo,

book-

listening

control

Heat pain

stimula-

tion

Pain relief in the mindfulness

group was associated with

increased OFC, sgACC,

and anterior insula activity;

placebo pain relief was

associated with increases in

DLPFC and somatosensory

cortex activity; sham

mindfulness pain relief was

not associated with neural

activity; no pain relief in

control
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OFC activity.85 These findings were replicated
again following another 4-day mindfulness train-
ing intervention and these effects were observed
above and beyond placebo or sham mindfulness
meditation comparison groups.86 Across these two
studies, mindfulness meditation pain relief was
associated with changes in activity in cognitive con-
trol regions, suggesting that mindfulness may also
promote activity in top-down regulatory systems to
help individuals cope with pain.

Based on these findings, it is possible that behav-
ioral interventions for pain could be relying on
neural mechanisms to modify pain responding or
to enhance coping to the pain experience. Across
two studies with chronic pain patients, interven-
tions were shown to reduce neural pain process-
ing or enhance connectivity within the pain system.
Preclinical work found that behavioral interven-
tions could also enhance neural coping resources,
although the correlation with pain in daily life for
chronic pain sufferers is not yet known. As these two
interventions elicited slightly different changes in
the pain system (decreasing responding or increas-
ing coping), it is possible that there are multi-
ple mechanisms by which behavioral interventions
could affect pain. Moreover, it is possible that cer-
tain types of pain or certain patient characteris-
tics could influence which neural mechanisms could
lead to beneficial health effects. Understanding the
mechanisms for each intervention could provide
greater insight into which interventions might be
most effective under certain circumstances.

Behavioral interventions and the neural
reward system
A broad range of health conditions, including obe-
sity, substance abuse, and addiction, have been
linked to reward system dysfunction.87 Some behav-
ioral interventions have been shown to be modestly
effective at treating these disorders and unhealthy
behavior patterns.88,89 If interventions could reduce
neural reward responding to poor health behav-
iors, or enhance reward responding to healthier
behaviors, this could lead to improvements in these
health conditions (Table 3).

Studies have explored the possibility that behav-
ioral interventions might affect the neural reward
reinforcement of unhealthy behaviors. For example,
an individual’s reward system is implicated in both
obesity and resistance to weight loss, as there appears

to be relative hyperactivation in the reward system
to anticipating high-calorie foods for obese individ-
uals compared to lean individuals.90 High-calorie
foods are known to be more rewarding than low-
calorie foods,91 but individuals who show increased
reward activation to viewing these foods are more
likely to gain weight.92 However, recent work from
two intervention studies demonstrates that, after a
weight loss intervention, obese individuals showed
a significant decrease in VS activity to high-calorie
versus low-calorie food images at follow-up,93 and a
decrease in activation to high-calorie food images in
the MPFC from baseline to follow-up.94 Moreover,
participants who had relatively low insula activity to
high-calorie food images at postintervention, com-
pared to baseline, tended to be more successful at
weight maintenance.94 Similar to weight-loss inter-
ventions, acute exercise (compared to no exercise)
has been shown to lead to reduced activity to food
cues (versus control) in the OFC, insula, and VS,95

suggesting that an exercise intervention could effec-
tively reduce neural reward responding to unhealthy
food. Furthermore, following a walking-based exer-
cise intervention, individuals showed reduced activ-
ity in the insula when viewing food cues compared to
baseline, and this decrease in insula activity was cor-
related with greater decreases in body weight and fat
mass.96 In concert, these findings demonstrate that
restructuring reward-related neural responding to
food cues might be one plausible neural mecha-
nism by which behavioral interventions could lead
to changes in obesity-related health outcomes.

Taken together, it seems that, for a health condi-
tion (obesity) characterized by exceptionally diffi-
cult to change behaviors, interventions that reduced
neural reward activity to these unhealthy behaviors
may help to lessen the reinforcing nature of them
in ways that enhance health. It will be important
to investigate whether other behavioral interven-
tions can reduce reward system activity to unhealthy
behaviors and lead to improvements in other health
conditions. Some behavioral interventions have
also been shown to lead to greater engagement in
healthy behaviors, such as eating more vegetables.97

Cross-sectional work has found that reward-related
activity is associated with increases in physical
activity, suggesting that interventions could also
affect health by increasing the reinforcement value
of healthy behaviors that may be difficult to main-
tain over time.98 Future work in this area could
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Table 3. Behavioral interventions and the reward system

Study

Health

condition

of interest Intervention Population

Control

group or

condition

Task or analysis

strategy Findings

Link to

health-relevant

outcome

Deckersbach

et al.93

Obesity 6-month

weight loss

intervention

Obese or

over-

weight

adults

Waitlist

control

group

Reactivity to high-

and low-calorie

foods

Intervention

participants showed

reduced VS activity to

high- versus

low-calorie foods; the

opposite was true for

control subjects

No correlation

between neural

activity and weight

loss

Murdaugh

et al.94

Obesity Weight loss

intervention

Obese and

over-

weight

individu-

als

Normal

weight

controls

Reactivity to high-

and low-calorie

foods and

neutral images

Compared to baseline,

intervention subjects

showed less MPFC to

high-calorie food

images

The more VS activity

to high-calorie

foods at baseline,

the less successful

the weight loss;

decreased insula

activity at post

compared to

preintervention was

associated with

more successful

weight

maintenance

Cornier

et al.96

Obesity 6-month

walking

intervention

Overweight

or obese

adults

Reactivity to

highly

rewarding food,

neutral food,

and nonfood

images

After the intervention,

participants showed

reduced insula, visual

cortex, and parietal

cortex activity to

rewarding food

images compared to

baseline

Decreases in insula

response to food

cues were correlated

with greater

decreases in body

weight and fat mass

Froeliger

et al.107

Smoking 8-week

mindfulness

meditation-

based

intervention

(MORE)

Smokers No inter-

vention

Reactivity to

smoking cues,

emotion

regulation to

smoking urges

task

Following the

mindfulness

intervention,

participants showed

decreased VS and

VMPFC activity to

smoking cues, and

increased VS and

VMPFC activity to

emotion regulation;

results not shown in

control group

Greater VS to emotion

regulation was

associated with

reductions in

smoking and urges

to smoke

Feldstein

Ewing

et al.108

Substance

abuse

Motivational

interview-

ing

Adults with

alcohol

depen-

dence

Viewing

statements

consistent with

change (change

talk) and

statements

inconsistent

with change

(counterchange

talk)

Increased OFC, insula,

and VS activity to an

alcohol cue following

counterchange talk

statements, but not

following change talk

statements
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explore whether enhanced reward-related neural
activity to engaging in healthier behaviors like this
may be a mediator for downstream health benefits.

Behavioral interventions and the self and
regulation system
Critical to our health is the ability to understand
whether information is relevant to us, as well as the
ability to regulate the thoughts, feelings, and behav-
iors that arise during daily life. The role of the self
and regulation system in these behaviors is central,
and changes in patterns of neural activity in this
system may lead to increases in subsequent healthy
choices. Behavioral interventions could affect the
self and regulation system in important ways for
health by increasing activity or connectivity in the
system, supporting greater self- and emotion regula-
tion. It is also possible that behavioral interventions
could reduce activity in this system to change prob-
lematic self-perceptions and reduce negative self-
concepts (Table 4).

From public health messaging campaigns to
receiving medical advice from a physician, humans
are regularly provided important and potentially
life-saving health information. In order for the per-
son to engage in the healthy behaviors promoted
in these messages, they must see the message as
being self-relevant. Recent research has found the
more self-related MPFC activity to these health
messages, the more people are likely to change
their behavior. Specifically, this has been demon-
strated in health messages to encourage sunscreen
use,55 reduce smoking,64,99,100 and increase physical
activity.98 The MPFC activity was also shown to be
effective in predicting behavior above and beyond
self-reports.64 Importantly, when these health mes-
sages are tailored to the individual, they are more
effective than when they are more generic,100 sup-
porting the idea that this self-relevance is important
for the subsequent behavior change. It may also be
the case that other varieties of health messaging
(e.g., patient–provider communication or patient
health education materials) have similar neural
mechanisms, and further research can help explore
these possibilities.

One form of self-regulation is emotion regula-
tion, an important strategy that has implications
for mental health and behavior.101 It is possible that
behavioral interventions can lead to increases in
emotion-regulation activity to negative events; for

example, increasing emotion regulation to experi-
ences of pain in fibromyalgia patients. One such
study examined the effect of CBT on emotion reg-
ulation activity in fibromyalgia patients. Patients
were randomly assigned to either CBT or waitlist
control; before and after treatment, they completed
fMRI scans while receiving pressure pain stimu-
lation. After CBT, fibromyalgia patients showed
increased VLPFC activity to pressure pain com-
pared to baseline, but the control group did not see
this increase.102 CBT also led to increased VLPFC–
thalamus connectivity, but there was no change in
the control group.102 If the thalamus serves as a
major relay hub in the brain, and the VLPFC is an
emotion regulation region, increased connectivity
between these regions could lead to changes in how
pain affects downstream consequences for patients.
Indeed, there was a correlation between increased
VLPFC activity to pain and decreases in anxiety
after CBT treatment.102 These findings suggest that
behavioral interventions could modulate the self
and regulation system activity in emotion regula-
tion regions, enhance regulation region connectiv-
ity with an important physiological communication
hub, and this modulation in activity could be asso-
ciated with improvements in associated symptoms.

Some health conditions, including major depres-
sive disorder (MDD), have been linked to a bias
toward negative social information and pervasive,
negative self-thoughts.103 Thus, reducing activity
in the self and regulation system to these negative
stimuli might have implications for mental health
outcomes by reducing the likelihood that they
continue the cycle of negative thoughts charac-
terized by this disorder. For example, patients
with MDD often have shown greater activity in
the MPFC during self-referential processing of
negative words, whereas healthy controls showed
greater MPFC activity to positive self-referential
processing.104 CBT, a well-established treatment
for MDD, may help MDD patients restructure
negative thoughts about themselves. Following a
12-week CBT program, the activity in MPFC and
ventral ACC increased for positive, self-related
stimuli and decreased for negative, self-related
stimuli compared to baseline in MDD patients.104

Moreover, improvements in depressive symptoms
corresponded with the lower ventral ACC activity
during negative self-referential processing.104 These
findings suggest that effective interventions for
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Table 4. Behavioral interventions and the self and regulation system

Study

Health
condition
of interest Intervention Population

Control
group or
condition

Task or analysis
strategy Findings

Link to
health-relevant

outcome

Falk
et al.55

Sunscreen use Sunscreen use
messages

Young adults Viewing ads about
the importance
of sunscreen use

Greater MPFC
activity to
sunscreen use
messages was
associated with
greater sunscreen
use at follow-up

Falk
et al.64

Smoking Smoking
cessation
messages

Smokers Viewing smoking
cessation
messages

Greater MPFC
activity to
smoking
cessation
messages was
associated with
reductions in
smoking
behavior

Cooper
et al.99

Smoking Smoking
cessation
messages

Smokers Smoking cessation
messages or
self-judgments
task

Greater MPFC to
smoking
cessation ads was
associated with
reduced smoking
behavior, but
MPFC activity to
self-judgments
task was not

Chua
et al.100

Smoking Smoking
cessation
messages

Smokers Viewing tailored
antismoking
messages or less
tailored
antismoking
messages
(control)

Tailored
antismoking
messages led to
greater MPFC and
precuneus activity
compared to more
generic messages

Falk
et al.98

Physical
activity

Self-
affirmation

Young adults Control
condition

Messages to
encourage
physical activity

Those in
self-affirmation
condition showed
greater VMPFC
activity to physical
activity messages
than control
participants

Greater VMPFC
activity to
physical activity
messages in
self-affirmation
group was
associated with
increased
physical activity

Jensen
et al.102

Pain Cognitive
behavioral
therapy

Fibromyalgia
patients

Fibromyalgia
patients in
waitlist
control
group

Pressure pain
stimulation

After CBT, patients
showed increased
VLPFC activity to
pressure pain
compared to
baseline, but not
the control group;
CBT patients
showed an
increase in
VLPFC–thalamus
functional
connectivity after
treatment, but
there was no
change in the
control group

Correlation
between
increases in
VLPFC activity
correlated with
decreases in
anxiety

Continued
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Table 4. Continued

Study

Health
condition
of interest Intervention Population

Control
group or
condition

Task or analysis
strategy Findings

Link to
health-relevant

outcome

Yoshimura
et al.104

Depression Cognitive
behavioral
therapy
(CBT)

Patients with
major
depressive
disorder

No therapy in
patients
without
depression

Self-judgments of
descriptive
words (positive
and negative)

At baseline, MDD
patients showed
greater MPFC
during
self-referential
processing of
negative words
compared to
controls; after
CBT, MDD
patients showed
greater MPFC and
pACC activity to
positive words,
and decreased
activity for
negative words

Lower pACC
activity during
processing of
negative words
corresponded
with
improvements in
depressive
symptoms

Riddle
et al.113

Smoking Graphic health
warning
labels on
cigarettes

Smokers Graphic health
warning labels
on cigarettes

Increased VMPFC to
warning labels
compared to
control

Increased VMPFC
and amygdala
activity to labels
effectively
predicted
reductions in
smoking
behavior

Tang
et al.114

Smoking 2-week
meditation
training

Smokers and
nonsmok-
ers

Relaxation
training
control;
nonsmokers

Resting state
activity

At preintervention,
smokers showed
less resting state
dACC and left
VLPFC activity
than nonsmokers;
smokers in
mindfulness group
showed increased
dACC, MPFC, and
VLPFC activity
compared to
baseline, and no
significant change
in control group

Goldin,
et al.115

Social anxiety
disorder

Mindfulness-
based stress
reduction

Patients with
social
anxiety
disorder

Aerobic exercise Self-belief
statements

After MBSR,
compared to
exercise,
participants had
decreased right
VLPFC activity to
viewing statements
about their
negative
self-beliefs

Goldin
et al.116

Social anxiety
disorder

Mindfulness-
based stress
reductions

Patients with
social
anxiety
disorder

Aerobic exercise Determining if
negative and
positive trait
words and
deciding if

Compared to
baseline, MBSR
led to increased
VMPFC activity to
self-judging
negative words,
but not for the
exercise group

Increased activity in
DMPFC to
self-endorsement
of negative words
(compared to
capital letter
judgments) for

Continued
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Table 4. Continued

Study

Health
condition of

interest Intervention Population
Control group or

condition
Task or analysis

strategy Findings

Link to
health-relevant

outcome

they have a capital
letter (control)

MBSR participants,
but not for
exercise
participants, was
associated with
decreased social
anxiety disorder
symptoms

Ritchey
et al.117

Depression Cognitive
behavioral
therapy
(CBT)

Patients with
major
depressive
disorder

No therapy in
patients
without
depression

Positive, neutral,
and negative
images

After treatment,
MDD patients
showed an overall
increase in
VMPFC activity; a
larger increase
from baseline in
right amygdala,
right caudate, and
left hippocampus
activity for
emotional
compared to
neutral images

Higher baseline
VMPFC was
associated with
greater MDD
symptom
resolution after
CBT

McFadden
et al.118

Obesity 6-month
walking
intervention

Overweight
adults

Resting state
activity

After the
intervention,
participants
showed decreased
activity in
precuneus

Decreases in
precuneus
activity were
correlated with
reductions in fat
mass and hunger

mood disorders may include decreasing negative
self-beliefs, and the neural mechanism for these
improvements is likely through self and regulation
systems.

The exciting early work showing that MPFC
activity is predictive of changes in health behav-
iors presents the self and regulation system as a
prime candidate for studying the neural mecha-
nisms for how interventions may change subse-
quent behavior. Here, behavioral interventions led
to increased activity or connectivity in emotion
and self-regulation regions that related to changes
in health markers or outcomes, suggesting that
increased self and regulation system activity may
be one-way behavioral interventions that influence
health. Another mechanism described was reduced
self and regulation system activity to negative self-
beliefs, which had important downstream health
benefits as well. Thus, modulating activity in the
self and regulation system is an important area of
interest for future studies exploring links between
interventions and health behaviors.

Discussion and future directions

Health neuroscience is a relatively new research
domain,105 and there is still much work to be done
linking behavioral interventions to the brain and
health. The initial studies we have reviewed here sug-
gest that evaluating intervention effects for health,
using a neurobiological systems approach, will help
reveal how these interventions enact change and
elucidate the biological mechanisms and cascades
that drive health outcomes over time. In addition,
manipulating behavioral processes can be quite
informative. As the father of social psychology, Kurt
Lewin, once said, “If you truly want to understand
something, try to change it.”106 Thus, interventions
can be one tool for expanding knowledge on
the associations between neural processes and
health, and can provide information on the best
intervention method for targeting the specific
behavioral processes of interest. Specifically, by
working to change behaviors, knowledge can be
gained about the etiology and persistence of the
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behavior; similarly, by identifying mechanisms for
interventions, the key components or boundary
conditions of the intervention can be identified and
lead to improvements in intervention delivery
and efficacy. The work in this area has just begun,
and future research should continue to investigate
the health neuroscience of behavioral interventions,
as there is significant value in moving toward causal
models of health and behavior by manipulating the
brain with interventions.

Our review (Tables 1–4) provides some ini-
tial promising indications for how behavioral
interventions affect neurobiological systems and
health. Quite a bit of research has pointed to
stress as a potent detriment to health, and many
behavioral interventions aim to reduce stress to
improve health.17 Decreased activity in the threat
system following a CBT treatment for PTSD
patients was associated with improvements in PTSD
symptomatology.66 Mindfulness intervention led to
reductions in connectivity within this system in
stressed adults, and this shift in connectivity was
associated with reduced measures of cumulative
activation of the HPA system.67 Finally, mindfulness
also led stressed adults to show enhanced connectiv-
ity within cognitive control regions, and this served
as a mediator for reductions in inflammation.72 This
final study was one of the few to explicitly test neural
changes as a mediator for biological health mark-
ers. However, it is still unclear exactly what these
changes in connectivity mean or how they are associ-
ated with health outcomes. Considering the interest
in stress reduction interventions, the threat system
is still understudied. However, the work reviewed
here shows that behavioral interventions can mod-
ulate the neural threat system in ways that influence
stress and stress physiology, and future research can
determine how these pathways may influence dis-
ease outcomes.

Chronic pain is a complex and difficult diagnosis
and many pharmaceutical treatments are ineffective
or produce side effects, leading to a recent increase in
attention to behavioral interventions for pain. Here,
we reviewed a few studies investigating the neural
mechanisms of these interventions, two of which
were conducted with chronic pain samples. Gut-
directed hypnotherapy led to reduced pain system
activity to pain stimulation for IBS patients, and
exercise led to greater connectivity between noci-
ception and pain regions for fibromyalgia patients,

showing that behavioral interventions might alter
how individuals respond to pain neurally.80,83 In
healthy adults without a chronic pain diagnosis,
mindfulness training led to greater activity in cog-
nitive control regions in response to pain stim-
ulation, providing a foundation for future work
exploring the effect of mindfulness interventions
on chronic pain.85 However, so far, this work has
not linked changes in neural activity or connectivity
with changes in chronic pain symptoms for patients,
an important avenue for future research.

Dysregulation in the neural reward system is
linked to health conditions such as obesity and
addiction.87 Behavioral interventions that aim to
change these health conditions would therefore log-
ically target the reward system. Indeed, we reviewed
work showing that various interventions reduced
reward system activity to cues related to the health
condition of study (i.e., food images for individu-
als with obesity).93,94,96,107,108 Importantly, some of
these studies found associations between changes in
neural activity and important health markers. For
example, after a weight loss intervention, decreased
insula activity to high-calorie food images was asso-
ciated with more successful weight maintenance.94

Behavioral interventions can reduce reward activity
to unhealthy behaviors, but less work has yet exam-
ined how interventions might increase reward activ-
ity to healthy behaviors to reinforce them. Although
there are some promising initial studies showing
higher neural reward activity is linked to better
health behavior,13,98 future work can assess changes
in neural reward activity from before to after treat-
ment. In addition, it is not clear how long-lasting
these effects are, with the obvious implication that
the longer the effects persist, perhaps the more pow-
erful the behavior change, particularly for those
behaviors that are tenaciously difficult to modify
(e.g., exercise). These studies provide a compelling
foundation for future behavioral intervention work
that aims to adjust neural reward activity to change
health behavior.

The self and regulation system is the most stud-
ied system in the health neuroscience of behavioral
interventions, perhaps because behavioral interven-
tions often aim to change how individuals cope
with or regulate their behaviors and emotions—
two essential roles of the self and regulation sys-
tem. Critically, there is a body of work showing
that the activity within this system is predictive
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of a variety of health behaviors, underscoring the
value of interventions that affect this system.55 For
patients who completed CBT, greater activity in
emotion regulation regions to pain stimulation was
linked to changes in anxiety, an important symp-
tom of fibromyalgia that can exacerbate disability.102

In a population of MDD patients, CBT led to
greater decreases in self and regulation system activ-
ity to negative information and parallel improve-
ments in depressive symptoms.104 Together, these
results identify self-related processes as important
contributors to health, and that interventions that
help promote changes in neural activity underly-
ing these processes may serve as a mechanism for
health enhancement. Future work can provide a
greater understanding of how behavioral interven-
tions change activity within this system, how they
are linked to behavior and affect, and, importantly,
whether these changes are associated with improve-
ments in health outcomes.

To date, most research has focused on examining
how behavioral interventions alter brain function
(and functional connectivity), while less research
has evaluated how behavioral interventions impact
brain structure. This is an exciting area, and some
initial studies show experiences can affect brain
structure (e.g., stress can increase amygdala vol-
ume), but also that some therapies and medi-
cations can alter brain structure as well.109 It is
reasonable to hypothesize that some behavioral
interventions could change brain structure in ways
that confer health benefits, and a few initial studies
have explored this possibility.110 Structural changes
in the brain have been found to drive some func-
tional effects in the brain as well,26 therefore build-
ing out these structural–functional relationships
when studying the health neuroscience of behav-
ioral interventions is of value.

There are some methodological considerations
in this new area of inquiry. First, much of the
intervention research focuses on changes in neu-
ral activity and links to more proximal health out-
comes (e.g., weight loss, anxiety, and IL-6), but
less work has been conducted linking intervention-
related changes in neural activity or connectivity
with more distal health outcomes (e.g., diabetes
and cardiovascular disease outcomes). Relatedly,
most studies did not test changes in neural activity
or connectivity as a statistical mediator of health,
although there is some initial work adopting this

approach.72 New toolboxes and methods for con-
ducting brain-based mediation analyses are now
available for accelerating research in this area.111

Additionally, as this area of study is still develop-
ing, it will be important to continue to replicate and
extend these findings to related populations. A good
example of this model is the work that explores the
MPFC activity as a predictor for health behaviors;
this effect has been replicated across a variety of
studies, with varying health message formats and
targeted health behaviors.55,64,112 Indeed, converg-
ing, replicable evidence is still needed to fully iden-
tify the neural mechanisms of interest for health
interventions.

Increasingly, patients are turning to behavioral
interventions for helping manage some of their
health concerns. Indeed, some patients are faced
with potential medication side effects, treatments
that only target the specific biological concern (i.e.,
chemotherapy targets the tumor but does not alle-
viate psychological distress from the cancer diag-
nosis), or health concerns that are marked by
behaviors that are extremely difficult to change.
Behavioral interventions may address some of these
concerns, and importantly, can be used in com-
bination with most pharmacological or procedu-
ral treatments. Health neuroscience has begun to
explore the neural mechanisms that might underlie
the health benefits of these behavioral interventions.
Here, we have reviewed work that has explored how
long-term behavioral interventions modulate neu-
ral activity in ways that lead to improvements in
health outcomes. We organized these findings by
the neural system intervention modulates, which
helps to identify the target neural systems for future
work. Indeed, this review suggests that interven-
tions that are built to change stress physiology might
reasonably look to connectivity within the threat
system as a candidate system to affect. Although
many of the interventions that found changes in
neural pain system activity did not link this activ-
ity to a health outcome specifically, it is likely that
modulating this system could lead to changes in
how individuals perceive and respond to their pain,
which could have important long-term benefits for
chronic pain patients. If a behavioral intervention
were intended to restructure the reinforcing nature
of certain health behaviors, to reduce poor health
behaviors or increase good health behaviors, the
results we presented would point to the reward
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system as an important mechanism to explore. And
finally, the self and regulation system appears to be
an important marker of self-relevance and regula-
tion success. Therefore, interventions that aim to
shift the individual’s self-beliefs or help them regu-
late their emotions and behaviors to be consistent
with their view of the self could reasonably hypoth-
esize that the intervention should modulate self and
regulation system activity. While the health neuro-
science of behavioral interventions is still a young
area of study, identifying the neural mechanisms
that lead to changes in health has importance for
a wide range of individuals interested in comple-
mentary treatments for their health. With increased
knowledge of the neural mechanisms of behavioral
interventions, more effective interventions can be
developed. Future work on interventions can con-
tinue to explore theoretically sound possible neu-
ral mediators, investigate these patterns in clinical
populations of interest, and link these neural mech-
anisms to relevant health markers and outcomes for
maximum impact.

Acknowledgments

This research was supported by grants from the
National Center for Complementary and Integrative
Health (NCCIH) of the National Institutes of Health
(NIH) (R21AT008493 and R01AT008685) awarded
to the last author (J.D.C.). This funding source had
no involvement in study design; data collection,
analysis, or interpretation; writing of this report; or
the decision to submit this article for publication.
The content is solely the responsibility of the authors
and does not necessarily represent the official views
of the NIH. The authors would like to thank Gowri
Sunder for helping in designing the figure.

Competing interests

The authors declare no competing interests.

References

1. Marsland, A.L., D.C.-H. Kuan, L.K. Sheu, et al. 2017. Sys-
temic inflammation and resting state connectivity of the
default mode network. Brain Behav. Immun. 62: 162–170.

2. Eisenberger, N.I., S.E. Taylor, S.L. Gable, et al. 2007. Neural
pathways link social support to attenuated neuroendocrine
stress responses. Neuroimage 35: 1601–1612.

3. Muscatell, K.A., K. Dedovic, G.M. Slavich, et al. 2015.
Greater amygdala activity and dorsomedial prefrontal–
amygdala coupling are associated with enhanced inflam-
matory responses to stress. Brain Behav. Immun. 43: 46–53.

4. Thayer, J.F., F. Ahs, M. Fredrikson, et al. 2012. A meta-
analysis of heart rate variability and neuroimaging stud-
ies: implications for heart rate variability as a marker
of stress and health. Neurosci. Biobehav. Rev. 36: 747–
756.

5. Urry, H.L., C.M. van Reekum, T. Johnstone, et al. 2006.
Amygdala and ventromedial prefrontal cortex are inversely
coupled during regulation of negative affect and predict the
diurnal pattern of cortisol secretion among older adults. J.
Neurosci. 26: 4415–4425.

6. Gianaros, P.J., A.R. Hariri, L.K. Sheu, et al. 2009. Preclinical
atherosclerosis covaries with individual differences in reac-
tivity and functional connectivity of the amygdala. Biol.
Psychiatry 65: 943–950.

7. Dickenson, J., E.T. Berkman, J. Arch, et al. 2012. Neural
correlates of focused attention during a brief mindfulness
induction. Soc. Cogn. Affect. Neurosci. 8: 40–47.

8. Van Rensburg, K.J., A. Taylor & T. Hodgson. 2009.
The effects of acute exercise on attentional bias towards
smoking-related stimuli during temporary abstinence from
smoking. Addiction 104: 1910–1917.

9. Colcombe, S.J., A.F. Kramer, K.I. Erickson, et al. 2004. Car-
diovascular fitness, cortical plasticity, and aging. Proc. Natl.
Acad. Sci. USA 101: 3316–3321.

10. Creswell, J.D., B.M. Way, N.I. Eisenberger, et al. 2007. Neu-
ral correlates of dispositional mindfulness during affect
labeling. Psychosom. Med. 69: 560–565.

11. Kober, H., J.A. Brewer, K.L. Height, et al. 2017. Neural stress
reactivity relates to smoking outcomes and differentiates
between mindfulness and cognitive–behavioral treatments.
Neuroimage 151: 4–13.

12. Brewer, J.A., S. Mallik, T.A. Babuscio, et al. 2011. Mind-
fulness training for smoking cessation: results from a ran-
domized controlled trial. Drug Alcohol Depend. 119: 72–80.

13. Cascio, C.N., M.B. O’Donnell, F.J. Tinney, et al. 2016.
Self-affirmation activates brain systems associated with
self-related processing and reward and is reinforced by
future orientation. Soc. Cogn. Affect. Neurosci. 11: 621–
629.

14. Murray, E.A. 2007. The amygdala, reward and emotion.
Trends Cogn. Sci. 11: 489–497.

15. McEwen, B.S. & P.J. Gianaros. 2010. Central role of the
brain in stress and adaptation: links to socioeconomic sta-
tus, health, and disease. Ann. N.Y. Acad. Sci. 1186: 190–
222.

16. Mcewen, B.S. 2004. Protection and damage from acute and
chronic stress: allostasis and allostatic overload and rele-
vance to the pathophysiology of psychiatric disorders. Ann.
N.Y. Acad. Sci. 1032: 1–7.

17. Cohen, S., D. Janicki-Deverts & G.E. Miller. 2007. Psycho-
logical stress and disease. J. Am. Med. Assoc. 298: 1685–
1687.

18. Arnsten, A.F.T. 2009. Stress signalling pathways that impair
prefrontal cortex structure and function. Nat. Rev. Neurosci.
10: 410–422.

19. Herman, J.P., M.M. Ostrander, N.K. Mueller, et al.
2005. Limbic system mechanisms of stress regulation:
hypothalamo–pituitary–adrenocortical axis. Prog. Neuro
psychopharmacol. Biol. Psychiatry 29: 1201–1213.

17Ann. N.Y. Acad. Sci. xxxx (2018) 1–20 C© 2018 New York Academy of Sciences.



Interventions in health neuroscience Dutcher & Creswell

20. Etkin, A. & T.D. Wager. 2007. Functional neuroimaging of
anxiety: a meta-analysis of emotional processing in PTSD,
social anxiety disorder, and specific phobia. Am. J. Psy
chiatry 164: 1476–1488.

21. Shackman, A.J., T.V. Salomons, H.A. Slagter, et al. 2011. The
integration of negative affect, pain and cognitive control in
the cingulate cortex. Nat. Rev. Neurosci. 12: 154.

22. Devinsky, O., M.J. Morrell & B.A. Vogt. 1995. Contribu-
tions of anterior cingulate cortex to behaviour. Brain 118:
279–306.

23. Drevets, W.C., J. Savitz & M. Trimble. 2008. The subgenual
anterior cingulate cortex in mood disorders. CNS Spectr.
13: 663.

24. Etkin, A., T. Egner & R. Kalisch. 2011. Emotional processing
in anterior cingulate and medial prefrontal cortex. Trends
Cogn. Sci. 15: 85–93.

25. Johansen-Berg, H., D.A. Gutman, T.E.J. Behrens, et al.
2008. Anatomical connectivity of the subgenual cingulate
region targeted with deep brain stimulation for treatment-
resistant depression. Cereb. Cortex 18: 1374–1383.

26. Gianaros, P.J., L.K. Sheu, K.A. Matthews, et al. 2008. Indi-
vidual differences in stressor-evoked blood pressure reac-
tivity vary with activation, volume, and functional connec-
tivity of the amygdala. J. Neurosci. 28: 990–999.

27. Ulrich-Lai, Y.M. & J.P. Herman. 2009. Neural regulation
of endocrine and autonomic stress responses. Nat. Rev.
Neurosci. 10: 397–409.

28. Charmandari, E., C. Tsigos & G. Chrousos. 2005.
Endocrinology of the stress response. Annu. Rev. Physiol.
67: 259–284.

29. Higgins, E.T. 1997. Beyond pleasure and pain. Am. Psychol.
52: 1280.

30. Loeser, J.D. & R. Melzack. 1999. Pain: an overview. Lancet
353: 1607–1609.

31. Torpy, D.J., D.A. Papanicolaou, A.J. Lotsikas, et al. 2000.
Responses of the sympathetic nervous system and the
hypothalamic–pituitary–adrenal axis to interleukin-6: a
pilot study in fibromyalgia. Arthritis Rheumatol. 43: 872–
880.

32. Price, D.D. 2000. Psychological and neural mechanisms of
the affective dimension of pain. Science 288: 1769–1772.

33. Craig, A.D. 2009. How do you feel—now? The anterior
insula and human awareness. Nat. Rev. Neurosci. 10: 59–
70.

34. Critchley, H.D., S. Wiens, P. Rotshtein, et al. 2004. Neural
systems supporting interoceptive awareness. Nat. Neurosci.
7: 189.

35. Shi, C.J. & M.D. Cassell. 1998. Cortical, thalamic, and
amygdaloid connections of the anterior and posterior insu-
lar cortices. J. Comp. Neurol. 399: 440–468.

36. Berridge, K.C. & M.L. Kringelbach. 2008. Affective neuro-
science of pleasure: reward in humans and animals. Psycho
pharmacology 199: 457–480.

37. Kenny, P.J. 2011. Reward mechanisms in obesity: new
insights and future directions. Neuron 69: 664–679.

38. Haber, S.N. & B. Knutson. 2010. The reward circuit: link-
ing primate anatomy and human imaging. Neuropsycho
pharmacology 35: 4–26.

39. Eisenberger, N.I., S.L. Master, T.K. Inagaki, et al. 2011.
Attachment figures activate a safety signal-related neural

region and reduce pain experience. Proc. Natl. Acad. Sci.
USA 108: 11721–11726.

40. Phelps, E.A., M.R. Delgado, K.I. Nearing, et al. 2004.
Extinction learning in humans: role of the amygdala and
vmPFC. Neuron 43: 897–905.

41. Schiller, D., I. Levy, Y. Niv, et al. 2008. From fear to safety
and back: reversal of fear in the human brain. J. Neurosci.
28: 11517–11525.

42. Kringelbach, M.L. 2005. The human orbitofrontal cortex:
linking reward to hedonic experience. Nat. Rev. Neurosci.
6: 691–702.

43. Haber, S.N. 2011. Neuroanatomy of reward: a view from
the ventral striatum. In Neurobiology of Sensation and
Reward. J.A. Gottfried, Ed.: 235–262. Boca Raton, FL:
CRC Press.

44. Younger, J., A. Aron, S. Parke, et al. 2010. Viewing pictures
of a romantic partner reduces experimental pain: involve-
ment of neural reward systems. PLoS One 5: e13309.

45. Baxter, M.G. & E.A. Murray. 2002. The amygdala and
reward. Nat. Rev. Neurosci. 3: 563–573.

46. Cador, M., T.W. Robbins & B.J. Everitt. 1989. Involvement
of the amygdala in stimulus–reward associations: interac-
tion with the ventral striatum. Neuroscience 30: 77–86.

47. Elliott, R., K.J. Friston & R.J. Dolan. 2000. Dissociable neu-
ral responses in human reward systems. J. Neurosci. 20:
6159–6165.

48. Adam, T.C. & E.S. Epel. 2007. Stress, eating and the reward
system. Physiol. Behav. 91: 449–458.

49. Baumeister, R.F. 1999. Self-concept, self-esteem, and iden-
tity in personality: contemporary theory and research. In
Personality: Contemporary Theory and Research. V. Der-
lega, B. Winstead & W. Jones, Eds.: 339–375. Chicago, IL:
Nelson-Hall.

50. Festinger, L. 1962. A Theory of Cognitive Dissonance. Stan-
ford University Press.

51. Will Crescioni, A., J. Ehrlinger, J.L. Alquist, et al. 2011.
High trait self-control predicts positive health behaviors
and success in weight loss. J. Health Psychol. 16: 750–759.

52. Levy, B.R. & L.M. Myers. 2004. Preventive health behaviors
influenced by self-perceptions of aging. Prev. Med. 39: 625–
629.

53. Levy, B.R., M.D. Slade & S.V. Kasl. 2002. Longitudinal bene-
fit of positive self-perceptions of aging on functional health.
J. Gerontol. B Psychol. Sci. Soc. Sci. 57: P409–P417.

54. Kelley, W.M., C.N. Macrae, C.L. Wyland, et al. 2002. Find-
ing the self? An event-related fMRI study. J. Cogn. Neurosci.
14: 785–794.

55. Falk, E.B., E.T. Berkman, T. Mann, et al. 2010. Predict-
ing persuasion-induced behavior change from the brain.
J. Neurosci. 30: 8421–8424.

56. Carter, C.S. & V. van Veen. 2007. Anterior cingulate cortex
and conflict detection: an update of theory and data. Cogn.
Affect. Behav. Neurosci. 7: 367–379.

57. Hare, T.A., C.F. Camerer & A. Rangel. 2009. Self-control in
decision-making involves modulation of the vmPFC valu-
ation system. Science 324: 646–648.

58. Northoff, G. & F. Bermpohl. 2004. Cortical midline struc-
tures and the self. Trends Cogn. Sci. 8: 102–107.

59. Ochsner, K.N., K. Knierim, D.H. Ludlow, et al. 2004.
Reflecting upon feelings: an fMRI study of neural systems

18 Ann. N.Y. Acad. Sci. xxxx (2018) 1–20 C© 2018 New York Academy of Sciences.



Dutcher & Creswell Interventions in health neuroscience

supporting the attribution of emotion to self and other.
J. Cogn. Neurosci. 16: 1746–1772.

60. Heatherton, T.F. 2011. Neuroscience of self and self-
regulation. Annu. Rev. Psychol. 62: 363–390.

61. Loewenstein, G. & J.S. Lerner. 2003. The role of affect in
decision making. Handb. Affect. Sci. 619: 3.

62. Taylor, S.E. 1991. Asymmetrical effects of positive and neg-
ative events: the mobilization–minimization hypothesis.
Psychol. Bull. 110: 67.

63. Ochsner, K.N. & J.J. Gross. 2005. The cognitive control of
emotion. Trends Cogn. Sci. 9: 242–249.

64. Falk, E.B., E.T. Berkman, D. Whalen, et al. 2011. Neu-
ral activity during health messaging predicts reductions in
smoking above and beyond self-report. Health Psychol. 30:
177.

65. Shin, L.M., S.L. Rauch & R.K. Pitman. 2006. Amygdala,
medial prefrontal cortex, and hippocampal function in
PTSD. Ann. N.Y. Acad. Sci. 1071: 67–79.

66. Felmingham, K., A. Kemp, L. Williams, et al. 2007. Changes
in anterior cingulate and amygdala after cognitive behavior
therapy of posttraumatic stress disorder. Psychol. Sci. 18:
127–129.

67. Taren, A.A., P.J. Gianaros, C.M. Greco, et al. 2015. Mind-
fulness meditation training alters stress-related amygdala
resting state functional connectivity: a randomized con-
trolled trial. Soc. Cogn. Affect. Neurosci. 10: 1758–1768.

68. Creswell, J.D. & E.K. Lindsay. 2014. How does mindful-
ness training affect health? A mindfulness stress buffering
account. Curr. Dir. Psychol. Sci. 23: 401–407.

69. Lindsay, E.K., S. Young, J.M. Smyth, et al. 2018. Acceptance
lowers stress reactivity: dismantling mindfulness training
in a randomized controlled trial. Psychoneuroendocrinology
87: 63–73.
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