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Abstract
Individuals with asthma have twice the risk of developing mood and anxiety disorders as individuals
without asthma and these psychological factors are associated with worse outcomes and greater need
for medical intervention. Similarly, asthma symptom onset and exacerbation often occur during times
of increased psychological stress. Remission from depression, on the other hand, is associated with
improvement in asthma symptoms and decreased usage of asthma medication. Yet research aimed
at understanding the biological underpinnings of asthma has focused almost exclusively on the
periphery. An extensive literature documents the relationship between emotion and asthma, but little
work has explored the function of affective neural circuitry in asthma symptom expression.
Therefore, the following review integrates neuroimaging research related to factors that may impact
symptom expression in asthma, such as individual differences in sensitivity to visceral signals, the
influence of expectation and emotion on symptom perception, and changes related to disease
chronicity, such as conditioning and plasticity. The synthesis of these literatures suggests that the
insular and anterior cingulate cortices, in addition to other brain regions previously implicated in the
regulation of emotion, may be both responsive to asthma-related bodily changes and important in
influencing the appearance and persistence of symptom expression in asthma.

Introduction
The interrelatedness of immune system activity and emotion is deeply rooted and highly
conserved in evolutionary development. At its foundation, the role of emotion is to attach
salience to sensory information, both internal and external, and to motivate physiological and
behavioral responses to that information that best promote survival. In this way, the activities
of the immune system are just as integral to emotion as hunger or the presence of predators.
An effective defense against pathogens is metabolically expensive and requires reallocation of
energy from other physiological processes. Indeed, some suggest that immune defense is such
a high priority to survival that it trumps most other sensory information in driving behavioral
and physiological changes (Dantzer & Kelley, 2007; Miller, 1964). It is not only important for
the brain to receive information pertaining to immune system activity, but the ability for the
brain to regulate this activity is also critical in order, for example, to mobilize immune cells
for the possibility of injury when danger is sensed. The adaptiveness of this association is
obvious when considering that for most forms of life, emotions such as anger and fear represent
an increased likelihood for injury and pathogenic infection and pathogenic infection poses a
serious risk to survival.

In recent decades, empirical evidence has amassed which demonstrates that products of the
immune system can cause psychological and behavioral changes that minimize energy
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expenditure needed for the demands of immune mobilization, such as depressed mood
(Capuron et al., 2004; Wright et al., 2005), lethargy (Swiergiel & Dunn, 2007), and decreased
social interaction and appetite (Dantzer et al., 2008). In turn, perceived stress and negative
emotion can provoke increases in circulating levels of inflammatory markers (Kiecolt-Glaser
et al., 2005; Pace et al., 2009). While these physiological relationships are advantageous for
most organisms, humans today typically face situations that evoke stress or negative emotion
that do not benefit from prophylactic inflammation and mobilization of energy stores. This
mismatch may contribute to the rapidly increasing prevalence of chronic inflammatory disease
and obesity. Likewise, ongoing inflammation may signal continuous internal threat and lead
to chronic activation of stress- and emotion-related neural circuitry, potentially contributing to
the overrepresentation of mood and anxiety disorders in populations of individuals with chronic
inflammatory diseases. Despite well-established links between inflammation and
psychological factors, little is known about the involvement of emotional neural circuitry in
the response to and the regulation of peripheral inflammation during inflammatory disease, or
about the mechanisms through which this reciprocal modulation is accomplished in humans.
Therefore, the following review examines the relevant neuroimaging literature from the
perspective of one chronic inflammatory disease infamous for its responsiveness to stress and
emotion — asthma.

Asthma is a chronic inflammatory disease, characterized by hypersensitivity of the airways,
which leads to bronchoconstriction, inflammation and, ultimately, airway obstruction.
Following exposure to an allergen or irritant, mediators released from activated mast cells in
the lungs act on bronchial smooth muscle and vessels to cause bronchoconstriction, or a
narrowing of the airways (Bloemen et al., 2007). Bronchoconstriction causes the sensation of
dyspnea, often described as breathlessness or shortness of breath, which is associated with the
immediate response to allergen exposure. The immediate response typically resolves and lung
function returns to normal within an hour. However, in a subset of individuals with asthma, a
second decline in lung function begins 4 to 8 hrs after allergen exposure and can persist for
days. This late response is due, in large part, to the increased recruitment of eosinophils from
the blood into the lung tissue, where they cause vasodilation, mucus secretion, and tissue
damage (Calhoun et al., 1991). A sustained increase in the production of eosinophils in bone
marrow following allergen exposure has been observed in asthmatics that show a late response
(Dorman et al., 2004; Wood et al., 1998), perhaps leading to the greater numbers that infiltrate
the lungs.

The vulnerability of asthmatics to stress- and emotion-related exacerbations has been
acknowledged for decades (e.g. Clarkson, 1937). Published scientific reports discussing
psychological contributions to asthma symptom expression date back to the late 19th century.
One noteworthy observation involved the elicitation of an asthmatic episode in response to an
artificial rose in a patient with a pollen allergy (MacKenzie, 1961). More recent investigations
have confirmed these early clinical reports (for review, see Lehrer et al., 1993). For example,
Leigh and colleagues (2003) found that 6 of 17 asthmatic participants had a clinically relevant
decline in lung function, and 14 of 17 experienced dyspnea in response to a sham
bronchoconstrictor, whereas 0 of the 17 showed a decline (or an improvement) or experienced
dyspnea in response to a sham bronchodilator. Ritz et al. (2000) manipulated emotional arousal,
through presentation of medical and emotionally evocative film clips, and observed an increase
in respiratory resistance. Moreover, Liu and colleagues (2002) demonstrated that
undergraduate asthmatic subjects had greater airway inflammation and a larger decrement in
lung function in response to allergen challenge during final examination week—a period of
significantly heightened stress—compared to an identical challenge during a relatively stress-
free period. Thus, cognitive and emotional factors clearly have the capacity to modulate, if not
evoke, objectively measured asthma-related symptoms.
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The mind-body influences in asthma have significant public health and socioeconomic
implications. A recent article in the Journal of the American Medical Association reported that
individuals with asthma have a two-fold higher risk of having one or more anxiety or depressive
disorders (Kuehn, 2008). To compound the weight of this finding, depression and anxiety are
associated with poorer asthma control, leading to increased frequency of symptoms, as well as
more physician and emergency room visits (Strine et al., 2008). The fact that these
psychological factors can influence asthma symptoms underscores the critical role of the brain
since it is through the brain, and only through the brain, that such influences can be processed
and exert downstream influences on peripheral biological systems of import to asthma. Yet,
research directed toward understanding the pathophysiology of asthma has ignored the role of
the brain almost entirely. Preciously few investigations have examined the mutual influence
of activity in emotional neural circuitry and the appearance, persistence, and resolution of
asthma symptoms. Therefore, this review integrates functional neuroimaging research related
to factors that may impact symptom expression in asthma.

The synthesis of this research suggests that the insula and anterior cingulate cortex (ACC) are
major components of a circuitry through which emotional and cognitive processes and
peripheral inflammation are mutually influential. Thus, we first discuss the evidence that these
brain structures are involved in the physiological changes that occur during an asthma
exacerbation. Next we discuss the potential nature of asthma-related changes in insula and
ACC activity, based on anatomical connectivity. We then review the evidence that these
regions are involved in sensing and responding to physiological changes, depending on the
cognitive and emotional context, through a discussion of neuroimaging data related to
sensitivity to visceral signals, influence of expectation and emotion on the perception of
visceral signals, and the plasticity and conditioning that lead to hypersensitivity when
inflammation is chronic. Finally, we make recommendations for future research that address
some of the limitations of the work described above in understanding the role of emotional
neural circuitry in asthma.

Is insula and ACC activity altered during an asthma exacerbation?
In one of the only efforts to examine the neural response in humans to the development of
airway inflammation following allergen exposure, we and our colleagues designed a study that
would allow us to isolate inflammation as the afferent signal that modulated brain function
(Rosenkranz et al., 2005). Asthmatic participants who were previously screened and
determined to demonstrate a late phase response were challenged with both methacholine – a
smooth muscle constrictor – and inhaled subject-specific allergen on separate days.
Methacholine challenge was included as a control for the mechanical aspects of the asthmatic
response. During subsequent brain imaging sessions, participants viewed asthma-related,
general negative and valence-neutral words in the context of a Stroop task. Participants were
required to press 1 of 4 buttons to indicate the color of the printed word. The collection of
functional magnetic resonance imaging (fMRI) data occurred 4h post-challenge, timed to
coincide with the development of the late response. Changes in blood oxygen-level dependent
(BOLD) signal in response to asthma words were compared to that of negative and neutral
words in order to assess the reactivity of emotional neural circuitry to disease-specific
emotional information. We contrasted this differential response to asthma-related words during
allergen challenge with that of methacholine challenge, which allowed us to determine the
responsivity of this circuitry specifically during the development of inflammation. We found
that activation in the left mid-insular cortex and perigenual ACC strongly predicted the
magnitude of the subsequent fall in lung function and infiltration of eosinophils into lung tissue
that is associated with the late asthma response (Figs. 1 and 2).

Rosenkranz and Davidson Page 3

Neuroimage. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We replicated this finding in a second study with a larger sample size (Rosenkranz et al., in
prep), where we again showed that activity in the mid-insula (right-sided this time) predicted
lung function decline and the infiltration of eosinophils into the airway. Moreover, in this study,
asthmatics that have a late response (significant inflammation) were compared with asthmatics
that have only an immediate response (minimal inflammation) and non-asthmatic controls.
Those with a late response showed significantly more activation in the right anterior insula in
response to asthma words, compared to negative and neutral words, during allergen compared
to methacholine challenge, than asthmatics with only an immediate response.

In the two studies described above, it is likely that the observed modulations in brain activity
reflect a combination of afferent and efferent processes. Given that lung function had not yet
significantly declined at the time that fMRI data were collected, and that the differential neural
response predicted the future influx of sputum eosinophils, it would seem that the neural
response patterns reflect efferent activity that contributes to the development of these
symptoms. However, the differential responses were specific to the allergen challenge,
suggesting that initial changes in afferent signaling from the lungs were necessary. Thus, we
will turn to anatomy to provide some insight into the possible roles of these two brain regions.

What does anatomy tell us about the role of the insula and ACC in asthma?
The anatomical projections to and from the insular and anterior cingulate cortices implicate
these structures in monitoring changes in physiological status, integrating this information with
external sensory, cognitive, and emotional information and directing the appropriate behavioral
and peripheral physiological (i.e. homeostatic) responses1. Indeed, the insula and ACC have
previously been referred to as components of the limbic sensory and limbic motor cortices,
respectively (Craig, 2002;Craig, 2009;Öngür & Price, 2000). In primates, the insula receives
sensory input from all tissues in the body ascending in small diameter afferent fibers (A∂ and
C) that synapse in lamina I of the dorsal horn or the solitary nucleus (NTS). The lamina I
neurons ascend in the lateral spinothalamic tract, which projects, together with the NTS, to
other brainstem nuclei (e.g. parabrachial nucleus) and then on to the basal ventral medial
nucleus of the thalamus, or directly to the posterior aspect of the ventral medial thalamic
nucleus. These thalamic nuclei provide a topographically organized map of ongoing
physiological status to the posterior insula (Craig, 2002;Craig, 2003a;Craig, 2003b). This
information is then re-represented in the middle insula, and again in the anterior insula (e.g.
Craig, 2009). In addition to the thalamic inputs, the posterior insula receives input from all
regions of the cingulate cortex, while it provides input only to the posterior portion. The
posterior insula also has reciprocal connections with the secondary somatosensory cortex
(Mesulam & Mufson, 1982a,Mesulam & Mufson, 1982b). The middle insula has reciprocal
connections with the both posterior and anterior insula, primary and secondary sensory and
motor cortices, and amygdala. In addition, the middle insula receives input from the
supragenual region of the ACC and sends projections to frontal cortical sites such as the lateral
orbitofrontal cortex and the mid to posterior cingulate gyrus (Bagaev & Aleksandrov,
2006;Mesulam & Mufson, 1982a,Mesulam & Mufson, 1982b,Mufson et al., 1981).
Importantly, the middle insula also has efferent projections to subcortical and brain stem
regions that are important in maintaining homeostasis such as the NTS, bed nucleus of the stria
terminalis, parabrachial nucleus, and lateral hypothalamus (Bagaev & Aleksandrov, 2006).
The anterior insula has reciprocal connections with the middle insula and is noteworthy for its
strong connections with frontal cortical sites, such as the peri- and subgenual ACC,
orbitofrontal cortex and frontal operculum (Mesulam & Mufson, 1982a;Mesulam & Mufson,
1982b).

1Note that the list of connections that follows is not meant to be exhaustive.
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The differences in input and output of the insular sub-regions is reflected in their response
characteristics. Activity in the posterior insula varies closely with the strength of a sensory
stimulus, reflecting its direct connections with afferent signals from the thalamus, as well as
its interconnectedness with the somatosensory cortex. Activity in the anterior insula varies with
the subjective perception of the stimulus (Craig et al., 2000; Olausson et al., 2005), perhaps
reflecting a greater degree of top-down processing or integration with information from the
prefrontal cortex and ACC. This differential activation was clearly illustrated by Craig and
colleagues (2000) in a study where they applied cold stimulation of increasing intensity to the
palm of the hand and measured the associated changes in neural activity using positron
emission tomography (PET). They found that activity in the posterior aspect of the dorsal insula
was most strongly correlated with the intensity of the cold stimulus. On the other hand, activity
in the anterior insula was most strongly correlated with participants’ experience of the stimulus
intensity. A similar relationship has been observed with breathlessness – a stimulus more
relevant to asthma – where activity in the anterior insula predicted the perceived discomfort
associated with dyspnea (Peiffer et al., 2001). Further, lesions to the anterior insula tend to
disrupt the unpleasantness associated with the experience of dyspnea, but not the intensity
(Schön et al., 2008). In contrast, disruption of function in the posterior insula diminishes the
intensity of a thermal stimulus (Greenspan & Winfield, 1992). It is unclear precisely what
activity in the mid-insula reflects. Activity in this region has been observed when experiencing
a sense of personal agency or awareness of movement of one’s own body (Farrer & Frith,
2002; Tsakiris et al., 2007) and damage to this area can result in a loss of awareness of
hemiplegia (Karnath et al., 2005). Thus, it has been proposed that this region of the insula
contains a representation of the feelings associated with one’s current movements (Craig,
2009). However, its connections with the subcortical structures and autonomic control centers
suggest that the mid-insula may also be involved in modulating descending homeostatic
responses. Indeed, stimulation of this region causes various autonomic-driven effects,
including changes in heart rate, blood pressure, respiration and gastric motility (Augustine,
1996; Bagaev & Aleksandrov, 2006; Yasui, et al. 1991)2. Thus activity in this region may more
generally reflect, perhaps in tandem with the ACC (see below), descending responses to
changes in the perceived status of the body.

The ACC is also a target of ongoing homeostatic status updates from all tissues in the body
and, like the insula, it receives internal sensory input through the lamina I spinothalamic tract
from small-diameter afferent fibers. Input to the ACC from the spinothalamic tract and NTS,
however, arrives via the medial dorsal thalamic nucleus, rather than the ventral medial nucleus
(Craig, 2002). The connectivity of areas within the ACC with other cortical regions, as well
as with subcortical and brain stem structures has led to various sub-classifications that all seem
to suggest two or three relatively distinct functional regions. One region lies along the rostral
curve of the genu of the corpus callosum extending below to slightly above the genu. This
region has strong connections with several areas of the prefrontal cortex, especially the
orbitofrontal cortex. In addition, this infragenual region of the ACC shows significant
connectivity with the anterior insula, as well as many areas of the subcortex and brain stem
including the amygdala, periaqueductal grey, hypothalamus, hippocampus, striatum, and NTS.
(Arikuni et al., 1994; Devinsky et al., 1995; Morecraft & Van Hoesen, 1998; Öngür & Price,
2000; Vogt & Pandya; 1987). A second domain of the ACC lies just posterior to the previously
described region, dorsal to the corpus callosum and posterior to the genu. This region receives
input from the more rostral and ventral aspect of the ACC, as well as the orbitofrontal cortex.

2Note that this evidence comes from mid-insula anatomy in the rat (Bagaev & Aleksandrov, 2006). Substantial evidence suggests that
important differences exist in regional insula function in sub-primates compared to primates, and so the autonomic motor control of the
mid-insula reflected in this study may be represented in a more posterior insula region in humans. Nonetheless, stimulation and epileptic
activity in the human insula does confirm visceromotor function in the human insula, though the precise location is not described
(Augustine, 1996).
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What distinguishes this region from its rostral neighbor, however, is its strong connections
with the premotor cortex (Arikuni et al., 1994; Morecraft & Van Hoesen, 1998). Moreover,
the more caudal regions of the ACC (mid-cingulate) show an even greater association with
motor control in their connections to the primary motor cortex, supplementary motor area
(SMA) and spinal cord (Devinsky et al., 1995). As an illustration, activation in the more dorsal
and posterior area of the ACC and the SMA predicted the urge to cough in response to inhalation
of capsaicin (Mazzone et al., 2007). Thus there seems to be a continuum of motor control in
the ACC from the viscera in the rostral and ventral aspects to the skeletal in the more dorsal
and caudal areas. Due to this pattern of connectivity, it has been proposed that the ACC plays
an important role in coordinating the collection of responses that restore homeostasis in the
face of a challenge (Öngür & Price, 2000). The infralimbic portion receives inputs from sensory
regions in the prefrontal cortex and insula and in turn may drive changes in descending
visceromotor activity, as well as relaying the sensory information to the more caudal regions.
The caudal regions may be involved in guiding behavior, such as avoidance, based on changes
in the physiological status of the body. Similarly, it has been proposed that the ACC may act
to bring about the peripheral physiological changes to meet the demands of concomitant
challenging mental processes (both cognitive and emotional), and in this way serves to integrate
higher level cortical processes with physiological activity in the body (Critchley et al., 2003;
Luu & Posner, 2003).

Insula and ACC activity in relation to sensitivity to visceral stimulation
In a series of recent publications (Craig, 2002; Craig, 2003; Craig, 2004; Craig, 2009) the
theory has been developed that the basis for emotional awareness and an ongoing sense of
current wellbeing emerges from an integration of external sensory, cognitive, and emotional
information with ascending information pertaining to the physiological state of the body in the
insula. The ongoing adjustments to behavior and physiology that restore or maintain our
wellbeing are proposed to be based in the ACC. In relation to our data in asthmatic individuals,
this hypothesis would suggest that, in the context of an allergen exposure, the insula response
to asthma-relevant cognitive information is indicative of one’s sensitivity to a physiological
perturbation — in other words, how threatening the situation is — and therefore will predict
the degree of the subsequent protective response (e.g. inflammation) to follow (engendered in
rostral ACC activity). Individual differences in sensitivity to visceral stimuli is important in
considering the relations between emotion and asthma symptom expression. This is not a new
idea. Several prominent theories of emotion are based on physiological changes in the body,
such as the James-Lang theory of emotion (James, 1884; Lange, 1885) and Damasio’s somatic
marker hypothesis (1999). As such, compelling evidence exists that suggests that those who
are more sensitive to internal sensory stimuli experience more intense emotion (e.g. Critchley
et al., 2004; Pollatos et al., 2007a; Pollatos et al., 2007b; Pallatos et al., 2007c; Weins,
2000). For example, Wiens et al. (2000) presented emotional film clips to participants
previously classified as “good” or “poor” at detecting their own heartbeat. Participants rated
their emotional experience of the film clips on valence and intensity dimensions: those who
were good heartbeat detectors reported significantly more intense emotions than those who
were poor detectors. In a similar study, Pollatos et al. (2007a) demonstrated that good heartbeat
detectors had a stronger increase in heart rate in response to viewing emotionally-laden images
and rated those images as significantly more arousing than poor heartbeat detectors. In another
experiment by the same group, heartbeat detection ability was positively correlated with trait
anxiety and neuroticism (Pollatos et al., 2007b). Moreover, fMRI data were collected during
the heartbeat detection task. Regions activated significantly more by the heartbeat detection
task (counting heartbeats) than by the control task (counting barely audible tones) included the
anterior and mid-insula (bi-lateral), inferior/middle frontal gyrus (bi-lateral), medial frontal
gyrus/dorsal ACC (left), inferior parietal lobule (right), and thalamus (right). In addition,
greater activation in the anterior insula, inferior parietal lobule, and the medial frontal/cingulate
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gyrus during heartbeat detection, relative to tone detection, was positively associated with
heartbeat detection ability, where greater activation in the right anterior insula showed the
strongest association. Self-reported trait anxiety and neuroticism, on the other hand, were
associated only with greater activation in the medial frontal/cingulate gyrus.

Critchley and colleagues (2004) conducted a similar study where participants judged the
synchronicity of an auditory tone with their heartbeat during collection of fMRI data. This
interoceptive task was compared to a task where participants judged whether the pitch of string
of auditory tones were all the same. Relative to the control condition, accuracy in heartbeat
detection was a strong predictor of variance in self-reported anxiety and a less strong (trend-
level) predictor of self-reported depression and trait negative affect. Interestingly, heartbeat
detection accuracy did not correlate with self-reported visceral awareness, which suggests that
increased sensitivity does not always indicate greater awareness. Neural circuitry engaged
more by an internal compared to an external focus of attention included the lateral somatomotor
(bilateral), anterior insular (bilateral), inferior frontal (bilateral), dorsal anterior cingulate
(right), and supplementary motor cortices (left). Within these regions, activity in the right
anterior insula/frontal operculum, specifically during heartbeat detection trials, showed the
strongest relationship with heartbeat detection accuracy (interoceptive awareness) and self-
reported anxiety. Importantly, grey matter volume in the right anterior insula/frontal
operculum, right orbitofrontal cortex, and medial cerebellum predicted accuracy of heartbeat
detection. Moreover, grey matter volume in the right anterior insula/frontal operculum
predicted self-reported visceral awareness. Combined, the results of these studies suggest that
individuals who are more sensitive to internal stimulation show a stronger physiological
response to emotional information, experience more anxiety, neuroticism, depression and
negative affect and that these qualities are reflected in greater activity particularly in the anterior
and mid-insula, but also in the ACC and related prefrontal cortical sites, when attention is
directed inward. These observations lead to the very testable hypothesis that increased
sensitivity to internal cues following allergen exposure in asthmatics may lead to an amplified
protective response and may differentiate those who typically experience a late phase response
from those who do not. Though we do not have information on the interoceptive ability of
those individuals in our sample, we did show that the anterior insula of those asthmatics that
went on to have a late response responded more strongly to disease-relevant stimuli in the
context of an asthma exacerbation (Rosenkranz, in prep). These data regarding interoception
also provide a theoretical framework in which to consider the increased prevalence of mood
and anxiety disorders in asthma sufferers: the ongoing, low level inflammation that is often
present in asthmatic lungs may chronically heighten the activity of the insula and ACC in
asthmatic individuals who are especially sensitive to interoceptive stimuli, causing more
frequent and prolonged experiences of anxiety and negative affect.

Do emotion and expectation modulate the perception of and response to visceral signals
through activity in the insula and ACC?

To extend this logic, one can easily imagine a scenario in which a pre-existing stressor or
expectation could also cause a heightened insula/ACC response to what would otherwise be
benign fluctuations in afferent signals from the body, leading to efferent adjustments that are
out of line with the actual physiological state. This phenomenon has been investigated through
the manipulation of cognitive and affective input. For example, von Leupoldt and colleagues
(2008) coupled dyspnea (the sensation of breathlessness or air hunger) induction in healthy
individuals to the presentation of positive, negative, and neutral visual images. This
manipulation was based on previous research that showed that presentation of negative
emotional images during dyspnea results in an increase in self-reported dyspnea
unpleasantness, while presentation of positive images led to a decrease in unpleasantness (von
Leupoldt et al., 2006). In a subsequent fMRI study, von Leupoldt et al. (2008) compared the
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difference in BOLD signal between negative picture presentation during dyspnea and at
baseline to that of the difference in BOLD signal during positive picture viewing with dyspnea
and at baseline (i.e. Neg(dys – base) - Pos(dys – base)). This comparison revealed activation
in a small region of the right anterior insula and the right sublenticular extended amygdala. In
a similar study, Phillips and colleagues (2003) paired non-painful esophageal stimulation with
the presentation of fearful and neutral faces, i.e. information that allows us to make predictions
about the salience of sensory information. Activation in the anterior insula and dorsal ACC
regions was greater when stimulation was paired with fearful, compared to neutral faces in this
design. Moreover, self-reported discomfort associated with the esophageal stimulation,
anxiety, and activation in these brain regions were positively associated with the intensity of
the fearful expression. Grey et al. (2007) did the inverse of this experiment and showed that
neutral facial expressions were perceived to have significantly more emotional intensity when
presented with the false feedback of elevated heart rate, and further, activation of the right
anterior insula strongly predicted the self-reported intensity ratings.

The manipulation of one’s expectations concerning a sensory stimulus is another useful
strategy for gaining insight into the mechanisms through which cognition influences our
experience of sensation. Nitschke et al. (2006) showed that an aversive taste paired with an
accurate or misleading expectation produced differential mid- and posterior insula activity,
such that the expectation of a less aversive taste produced less insula activation than the
expectation of a more aversive taste, in response to the identical stimuli. In addition, insula
activity predicted the self-reported aversiveness of the taste. Likewise, Rainville and colleagues
(1997) reported increases in mid-insula and dorsal ACC activation in response to the hypnotic
suggestion of the increasing intensity of a constant pain stimulus. These observations hint at
the possible role of the mid-insula and dorsal ACC in modulating the sensitivity of spinal cord
and brain stem neurons to ascending stimulation, based on input from prefrontal cortical sites.
The apparent cognitive modulation of posterior insula activity reported by Nitschke et al.
(2006) may belie its reciprocal connections with more rostral insula regions and contradicts
the assertion that activity in this region varies closely with stimulus magnitude, rather than
subjective experience; unless descending modulation of spinal cord and brain stem neurons is
indeed increasing the gain. In this case, the posterior insula would be reflecting its ascending
thalamic input with high fidelity.

Disease-related changes in insula and ACC responsivity to visceral stimulation
Though informative, all of the previous studies employed healthy individuals and thus, were
not able to address the conditioning, plasticity, and compensatory changes that often
accompany a chronic disease. To date, the relative interoceptive ability of asthmatics has not
been examined and it is unknown whether asthmatics, or a subset of asthmatics, experience
more intense emotion than individuals without asthma. However, as discussed earlier, asthma
is associated with increased risk for anxiety and depression (Kuehn, 2008). Moreover, asthma
is characterized as a hypersensitivity of the airways, including the sensory nerves that innervate
the airway (Joos et al., 1989). The sensitization of ascending pathways, combined with
plasticity that occurs in tissues where inflammation is chronic, likely leads to an amplified
noxious signal to the brain. In addition to sensitization at the level of the sensory nerve,
sensitization can also occur in the spinal cord and brainstem (Chen et al., 2001; Hermann et
al., 2005; Joad et al., 2004), and perhaps the cortex as well. Though this hypothesis has not
been addressed in an asthmatic sample, it has been examined in other chronic inflammatory
conditions, such as irritable bowel syndrome (IBS). IBS is not as unrelated to asthma as it may
seem. In fact, a significant number of those diagnosed with IBS show airway
hyperresponsiveness to methacholine challenge (White et al., 1991).
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Several studies have shown that individuals with IBS are hypersensitive to visceral stimulation.
Both PET and fMRI have been used to investigate changes in neural activity in response to
painful and non-painful rectal pressure in individuals with IBS and healthy controls.
Individuals with IBS tend to report feeling pain at lower pressures (Yuan et al., 2003) and to
rate painful pressure as significantly more intense (Mertz et al., 2000; Verne et al., 2003),
painful, unpleasant (Yuan et al., 2003), and extensive (Mertz et al., 2000) than controls. In
addition, individuals with IBS reported significantly more fear and anxiety associated with
rectal stimulation, and these measures accounted for a significant portion of the variance in
pain ratings (Verne et al., 2003). Examination of changes in painful pressure-evoked neural
activation that differentiated IBS and control groups revealed increased activity in the ACC
(subregion unspecified: Mertz et al., 2000; left perigenual: Verne et al., 2003), insula (subregion
unspecified: Mertz et al., 2000; bi-lateral anterior: Verne et al., 2003; subregion unspecified:
Yuan et al., 2003), prefrontal cortex (left dorsolateral: Verne et al., 2003; subregion
unspecified: Yuan et al., 2003) somatosensory cortex (right: Verne et al., 2003), and thalamus
(right ventroposteriolateral and dorsomedial nuclei: Verne et al., 2003; subregion unspecified:
Yuan et al., 2003) in those with IBS. These findings likely reflect either hyperresponsiveness
of the insula, ACC, and portions of the prefrontal cortex to disease-relevant stimulation; or the
response of these regions to an amplified afferent signal. Further, this activity may underlie a
potentiation of the ACC and/or mid-insula efferent response that stimulates gastrointestinal
motility.

In addition to rectal distention, Verne and colleagues (2003) compared neural responses evoked
by painful cutaneous heat in IBS patients to that in healthy controls. Again, IBS patients rated
pain from the cutaneous stimulation as more intense and unpleasant than those in the control
group, though the groups did not differ in fear or anxiety related to cutaneous stimulation. In
response to painful cutaneous stimulation, individuals with IBS showed greater activation than
controls in similar regions to that observed in response to painful rectal stimulation, including
the left mid-insula, right somatosensory cortex, and the right dorsal ACC. However, the dorsal,
rather than perigenual ACC and the mid, rather than anterior insula appear to be involved in
responding to cutaneous pain in this study. These subtle differences may relate to the greater
emotional salience attributed to disease-relevant stimuli. Indeed, in a similar study by the same
group, blood pressure response was inversely associated with visceral pain in IBS patients,
whereas cutaneous pain showed a slight positive relationship with blood pressure (Gupta et
al., 2002), suggesting that the homeostatic response, and by extension, the degree of threat
differed between these two stimuli. It is also noteworthy that a greater extent of prefrontal
cortex was activated in response to rectal stimuli, suggesting that affective and/or regulatory
processes may play a larger role in processing stimuli that are disease-related. Importantly,
these data indicate that hypersensitivity is more generalized and not limited to the diseased
compartment in this population and likely reflects increased signaling that originates above the
level of the sensory neurons that innervate the gut.

In order to more directly investigate the contributions of cognitive input on visceral stimulation
and the consequent neural changes, Naliboff and colleagues used PET to identify brain regions
selectively activated during expected rectal distention compared with actual rectal distention
in IBS patients (Mayer et al., 2005; Naliboff et al., 2001; Naliboff et al., 2006). Anticipation
trials followed actual distention trials and participants were told that they would receive a “more
intense stimulus” during these trials. During anticipation, IBS patients reported significantly
higher intensity and unpleasantness ratings of sensation than the control group (Mayer et al.,
2005). In all three studies, increased activation in the perigenual ACC was observed in response
to actual rectal distention relative to controls (Mayer et al., 2005; Naliboff et al., 2001) or to
baseline (Naliboff et al., 2006). Additionally, in two of three studies (Mayer et al., 2005;
Naliboff et al., 2006) the dorsal medial prefrontal cortex (bilateral and right, respectively)
showed increased activation in this comparison. During anticipation of aversive rectal
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distention, the perigenual ACC again showed increased activation in all three studies, whereas
the subgenual ACC and dorsal medial prefrontal cortex showed increased activation in two of
three studies, suggesting that these regions may be involved in the facilitation of pain in
individuals with IBS. Interestingly, Naliboff et al. (2001) also observed increased activation
in the control group, relative to the IBS group, in medial orbitofrontal cortex (BA 11) and the
frontopolar area (BA 10), extending into the perigenual ACC and medial frontal cortex (BA
24/32) during anticipation of painful stimulation. The authors suggest that this differential
activation may reflect mechanisms that allow the control group to more effectively regulate or
cope with the aversive visceral stimulus. A study published by Berman et al. (2008) supports
this hypothesis. In this study, BOLD signal decreased in the right posterior insula and bilateral
dorsal brainstem during anticipation of painful rectal distention in the control group, whereas
this deactivation in IBS group was significantly attenuated. Further, the lack of decrease in
dorsal brainstem activation predicted self-reported negative affect, such that the smaller the
decrease in activation, the greater the negative affect. Importantly, the magnitude of the
anticipatory attenuation of dorsal brainstem activity predicted greater right orbitofrontal cortex
(OFC) and bilateral supragenual ACC activation during actual distention. Thus,
downregulation of these regions in anticipation of pain, as well as activation of the OFC and
supragenual ACC during pain, may reflect an adaptive coping strategy which individuals with
IBS fail to adequately engage leading to visceral hypersensitivity. Nonetheless, roughly this
same region of ACC is activated when interoceptive stimuli are paired with negative
information (e.g. fearful faces, or the hypnotic suggestion of increasing stimulus intensity),
suggesting that it is active when modulation (either up or down) of a sensory stimulus occurs.
The absence of anterior and mid-insula activity in these anticipation studies is noteworthy and
suggests that perhaps these regions may not be directly involved in modulating brain stem and
spinal cord sensitivity.

Summary and Conclusions
The anterior insula and ACC appear to be critical components of the circuitry that links the
development of peripheral symptoms with emotion and cognition in asthma. The insular and
cingulate cortices, and to a lesser extent adjacent prefrontal regions, were overwhelmingly the
most commonly reported foci of activation related to sensing and responding to physiological
perturbations in the body in both healthy and ill populations. Overall, there were 13 distinct
regions described, across 22 studies, which showed increased activation during an experimental
manipulation related to peripheral physiological disturbances. Across these 22 studies, there
were 18 reports of insula/frontal operculum activation and 15 reports of ACC activation. In
addition, there were 11 reports of foci in other frontal cortical regions, predominantly the
ventral and medial PFC. No other brain region appeared more than 2 times.

Based on the empirical evidence reviewed here and the posited functions of the insula and
ACC, we propose that it is the interaction of cognitive and emotional context with afferent
homeostatic signaling that is integrated in the anterior insula, and the subsequent efferent
consequences driven by the ACC, that underlie the reciprocal relationship between emotion
and symptom expression in asthma and other chronic inflammatory diseases. According to this
model, the presence of asthma symptoms (e.g. inflammation and dyspnea) would activate all
regions of the insula resulting in a conscious perception of breathing difficulty and a sense of
the deterioration of wellbeing. To the degree to which one is sensitive to these physiological
changes, they may also cause hypervigilance and misattribution of threat to external stimuli,
anxiety, and increased negative affect. The presence of asthma symptoms would also activate
the ACC, leading to protective responses manifested in autonomic and endocrine changes that
spur continuing development of symptoms. ACC activation may also enhance the salience of
asthma-related physiological and cognitive cues and, through projections to the anterior insula,
lead to heightened sensitivity to interoceptive information. Alternatively, perceived stress,
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negative emotion, or cognitive cues like expectation may activate this same cascade via
projections from the amygdala and prefrontal cortex, leading to increased anterior insula
activation and a deterioration in the sense of wellbeing, increased ACC activation and a
defensive efferent homeostatic response that may contribute to the development or progression
of asthma symptoms.

In our asthma samples, we found that increases in mid-insula and perigenual ACC activation
in response to asthma-relevant stimuli were related to objective measurements of symptom
development, rather than perceived intensity of symptoms, during an asthma exacerbation.
Given its projections to brain stem and spinal cord neurons that have the capacity to influence
the development of an inflammatory response, its not surprising that this relationship was
observed with the mid-insula rather than the anterior insula. On the other hand, it was the
anterior insula that showed a heightened response to asthma-related words, in a straight group
comparison when asthmatics that experience a late phase response were compared to
asthmatics that do not and to controls. This difference in location may reflect the influence of
cognitive processes more than efferent regulatory processes. In addition, it is noteworthy that
activity in the perigenual ACC predicted the development of asthma symptoms, but did not
show a group difference in response to asthma words. Again, this may reflect its greater
relationship to the output, rather than the input. Thus it is likely that in our asthmatic sample,
the observed changes in anterior insula and ACC activation reflect both afferent and efferent
processes constantly working in tandem to assess and respond to the perceived physiological
condition.

Limitations and future directions
Due to the lack of prospective studies, the literature reviewed here cannot speak to the cause
of the relationship between increased rates of anxiety and depression in individuals with
asthma. In other words, we don’t know whether inflammation or other asthma-related
peripheral pathological processes cause central changes that can lead to anxiety and depression;
or whether central changes the underlie psychopathology predispose one to develop
inappropriate peripheral inflammatory responses. Given the bi-directionality of influence
between inflammatory immune signaling and central nervous system function, it would seem
that both could be true. Thus, longitudinal studies that could access the onset and progression
of symptoms, though logistically difficult, would be valuable in this regard.

Another major limitation of the current literature to providing a more complete understanding
of the role of the insula and ACC in asthma symptom expression is the relatively poor temporal
resolution of the neuroimaging techniques that are currently available. Because of the
discrepancy between the speed of neuronal activity and changes in BOLD signal, we cannot
determine for certain whether the observed neural changes reflect afferent or efferent signals
or both. Relatedly, given the current limits of spatial resolution and the common use of spatial
smoothing, it can be difficult to attribute activity to a precise region within these larger
structures.

A more precise account of the afferent and efferent contributions to the neural changes observed
during the development of asthma symptoms could be accomplished with direct manipulation
of either the afferent and efferent signaling pathways. For example, a bronchoconstrictor could
be administered under the guise of an environmental allergen (nocebo challenge) in individuals
who typically experience a late asthmatic response to manipulate the efferent path. This would
mimic the experience of an early phase response, but should not cause an immune cascade
leading to the late response. Thus any changes in neural activity and asthma-related peripheral
physiology occurring during the time frame when a late phase would develop could be
attributed to expectation. Alternatively, pharmacological manipulation could be paired with
allergen administration to isolate inflammation as the afferent signal, while eliminating the
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development of asthma symptoms. For example, administration of a corticosteroid will
selectively block the late phase response, while the early phase remains intact. On the other
hand, administration of a β2-agonist after resolution of the early response will block the lung
function decline associated with the late response, but not the development of inflammation.
Therefore, the afferent signal associated with the development of inflammation in the late phase
response will be intact. In either condition, the participant will not experience late phase
symptoms and will be explicitly told to expect no symptoms.

The identification of the anterior insula and ACC as important contributors to the neural
circuitry underlying the relationship between emotion and asthma symptom expression has
important implications for treatment. Thus far, the development of interventions aimed at
preventing and treating asthma symptoms has exclusively targeted the periphery. However,
the collective results of the studies reviewed here suggest that interventions aimed at reducing
anterior insula and ACC reactivity, alone or in concert with peripheral-acting pharmacotherapy
may offer promise. Indeed, the few reports that have evaluated drugs targeting the central
nervous system in the treatment of asthma have yielded positive results. Lechin et al. (1998)
report that the antidepressant tianeptine was very effective in treating asthma in a double-blind
and randomized, placebo-controlled study. In a more recent investigation, Brown et al.
(2005) report a decline in corticosteroid use in depressed asthmatics treated with the
antidepressant citalopram (an SSRI) compared to a group treated with placebo, despite similar
improvements in self-reported functional impairment and quality of life related to asthma
symptoms in the two groups. Unfortunately, this study did not report the effect of citalopram
on any objective measures of lung function. Similarly, antidepressant medication known to
impact ACC activity has shown efficacy in the treatment of IBS (Bahar et al., 2008; Morgan
et al., 2005). Morgan et al. (2005) showed that amitriptyline reduced the hyperresponsivity of
the ACC to rectal distention in individuals with IBS, in addition to reducing subjective
symptoms and objective disease measures.

In the future, studies should be designed to directly test the effect of antidepressant and anti-
anxiety medication on the increased ACC and insula activity evoked by asthma symptom
expression, and on the subsequent progression of symptoms. In addition, the efficacy of
behavioral interventions that target emotion regulation and stress reactivity in reducing asthma
symptom expression should be explored. Mindfulness-based stress reduction training, for
example, has been used to buffer the effects of psychosocial stress on the development of
inflammation in the skin (Rosenkranz et al., unpublished data). A future study could use this
same strategy in asthmatics. Deterioration in lung function and increases in airway
inflammation in response to psychological stress have already been demonstrated in asthma
(Liu et al., 2002). Lung function and airway inflammation in response to an experimental
psychological stressor alone, or accompanied by allergen exposure, could be assessed before
and after mindfulness training. Neuroimaging could be employed in this context to quantify
neural activity associated with stress exposure and how it relates to the training-related changes
in symptom expression. The goal of the proposed research would be to determine if stress-
induced symptom exacerbations could be buffered by mindfulness training, via changes in
neural responsivity, as it was in the skin of healthy individuals. This type of translational
research, which investigates the physiological basis for the application of behavioral
interventions is essential to bringing new and efficacious therapeutic options to individuals
with symptoms that are unresolved by the currently available pharmaceutical treatments or
those unable or unwilling to tolerate their adverse effects.
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Figure 1. Anterior cingulate cortex activity predicts peripheral measures of inflammatory potential
Percent signal change in the ACC in response to asthma compared to neutral words [As-Ne]
and (a) percentage of eosinophils during late phase antigen relative to methacholine challenge
[Ag-Meth] (r = .92, P < .001) and (b) peripheral blood leukocyte production of TNF-α (% of
production relative to no dexamethasone) during late phase antigen relative to methacholine
challenge [Ag-Meth] (r = .98, P < .001). Note: clusters in (a) and (b) were identified
independently and are not identical, though they largely overlap. From Rosenkranz, M.A. et
al. (2005). Neural circuitry underlying the interaction between emotion and asthma symptom
exacerbation. Proceedings of the National Academy of Science of the United States of America,
102, p. 13322.
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Figure 2. Insula activity predicts peripheral measures of inflammatory potential and lung function
Percent signal change in the left insula in response to asthma compared to neutral words [As-
Ne] and (a) percentage of eosinophils during late phase antigen relative to methacholine
challenge [Ag-Meth] (r = .99, P < .001) and (b) peak fall FEV1 (L.) during late phase antigen
[Ag] challenge (r = −.97, P < .001). Note: clusters in (a) and (b) were identified independently
and are not identical, though they largely overlap. For analyses with FEV1 only values for the
Ag challenge were used because one participant was missing data from the Meth challenge.
From Rosenkranz, M.A. et al. (2005). Neural circuitry underlying the interaction between
emotion and asthma symptom exacerbation. Proceedings of the National Academy of Science
of the United States of America, 102, p. 13323.
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