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Abstract

It is well established that pacemaker neurons in the brainstem provide automatic control of
breathing for metabolic homeostasis and survival. During waking spontaneous breathing,
cognitive and emotional demands can modulate the intrinsic brainstem respiratory rhythm.
However the neural circuitry mediating this modulation is unknown. Studies of supra-pontine
influences on the control of breathing have implicated limbic/paralimbic-bulbar circuitry, but
these studies have been limited to either invasive surgical electrophysiological methods or
neuroimaging during substantial respiratory provocation. Here we probed the limbic/paralimbic-
bulbar circuitry for respiratory related neural activity during unlabored spontaneous breathing at
rest as well as during a challenging cognitive task (sustained random number generation).
Functional magnetic resonance imaging (fMRI) with simultaneous physiological monitoring (heart
rate, respiratory rate, tidal volume, end-tidal CO,) was acquired in 14 healthy subjects during each
condition. The cognitive task produced expected increases in breathing rate, while end-tidal CO»
and heart rate did not significantly differ between conditions. The respiratory cycle served as the
input function for breath-by-breath, event-related, voxel-wise, random-effects image analyses in
SPM5. Main effects analyses (cognitive task + rest) demonstrated the first evidence of coordinated
neural activity associated with spontaneous breathing within the medulla, pons, midbrain,
amygdala, anterior cingulate and anterior insular cortices. Between-condition paired t-tests
(cognitive task > rest) demonstrated modulation within this network localized to the dorsal
anterior cingulate and pontine raphe magnus nucleus. We propose that the identified limbic/
paralimbic-bulbar circuitry plays a significant role in cognitive and emotional modulation of
spontaneous breathing.

Keywords
fMRI,; respiration; limbic; brainstem

Introduction

The intrinsic respiratory rhythm in humans is established through an exquisitely precise
coordination of pacemaker neurons within the brainstem to meet the continuous metabolic
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requirement for gas exchange (Feldman and Del Negro, 2006). Overt behavioral acts such as
speaking and volitional deep breathing originate in the cortex and can over-ride the intrinsic
brainstem respiratory rhythm (Loucks et al., 2007; McKay et al., 2003). Also, shifts in
cognition and emotional state such as laughter, disgust, stress and panic are known to
dramatically influence respiratory rhythm (Boiten, 1998; Masaoka and Homma, 1997; Papp
et al., 1997). The respiratory pacemakers in the brainstem have been hypothesized to receive
modulating tonic input from higher centers, described as “wakeful drive to breathe”
mediated by waking mental activity (Fink, 1961; Hugelin, 1986; Shea, 1996; Shea et al.,
1987). The modulation of breathing via emotions and cognitions is thought to originate
within limbic/paralimbic circuitry yet the details of these specific respiratory pathways have
remained elusive (Guz, 1997; Shea, 1996).

The first evidence for limbic modulation of breathing was provided by the work of Spencer
(1896) who examined the effects of cortical stimulation in primates and other mammals.
Numerous stimulation studies in animal models followed to implicate modulatory effects on
breathing by several limbic/paralimbic regions, notably the amygdala, insula and anterior
cingulate cortex (Hugelin, 1986; Mitchell, 1981). In humans, there have been rare studies of
direct recording and/or stimulation of limbic/paralimbic regions which have also implicated
the amygdala, insula and anterior cingulate cortex as candidate regions involved in the
modulation of breathing (Frysinger and Harper, 1989; Halgren et al., 1977; Kaada and
Jasper, 1952; Penfield and Faulk, 1955; Pool and Ransohoff, 1949). However, these studies
used patient populations and the anesthetic and stimulation techniques employed in many of
these early studies may have confounded the interpretation of the limbic/paralimbic
findings.

Since the advent of modern neuroimaging, studies employing positron emission tomography
(PET) (Colebatch et al., 1991; Ramsay et al., 1993) and functional magnetic resonance
imaging (fMRI) (Evans et al., 1999; McKay et al., 2003) during volitional hyperpnea
(increased ventilation without change in end-tidal partial pressure of carbon dioxide (PCO,))
have supported early intra-operative observations of motor-cortical respiratory pathways
(Foerster, 1936). Notably, using fMRI, McKay et al. (2003) identified simultaneous
activation of the sensory-motor cortex, thalamus, and medulla during hyperpnea. However
to date, neuroimaging evidence for limbic/paralimbic involvement in human breathing has
been limited to studies of respiratory sensation (e.g., dyspnea, urge to cough) (Banzett et al.,
2000; Evans et al., 2002; Liotti et al., 2001; Mazzone et al., 2007; Peiffer et al., 2001; von
Leupoldt et al., 2008) and respiratory challenge (e.g., hypercapnia, hypoxia, breath-hold)
(Harper et al., 2005; Macefield et al., 2006; Macey et al., 2005). As none of the previous
imaging studies examined resting breathing per se, the potential involvement of limbic/
paralimbic circuitry in resting spontaneous breathing remains unclear. Moreover, while
many investigators have proposed limbic/paralimbic circuitry to underlie the changes in
breathing pattern that accompany cognitive tasks and emotional states, the putative elements
within this circuitry have yet to be completely delineated (Guz, 1997; Homma and Masaoka,
2008; Shea, 1996).

Significant increases in respiratory frequency (fr) have been demonstrated as a predominant
cardio-respiratory finding during cognitive tasks (Grossman, 1983; Mador and Tobin, 1991;
Shea, 1996; Shea et al., 1987). For example Shea and colleagues (Shea et al., 1987)
demonstrated significantly increases in fg in the absence of significant changes in tidal
volume (V1), heart rate and blood pressure during cognitive stimuli (reading) compared to
resting conditions. Similar fg increases have been reported during mental arithmetic,(Mador
and Tobin, 1991). Given the specificity for differential fg responses common to cognitive
tasks, we sought to exploit this phenomenon to address hypotheses related to breathing
modulation within limbic/paralimbic circuitry. Specifically, there were two central
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objectives of the present study. Our first objective was to determine whether in line with the
prevailing hypothesis that, limbic/paralimbic circuitry is indeed involved in waking
spontaneous breathing in addition to the brainstem respiratory centers. Our second objective
was to establish if modulation of neural activity within limbic/paralimbic circuitry
corresponded to fr changes provoked by a demanding cognitive task. Given that the rostral
pons has been strongly implicated in modulating fr respiratory frequency (Lumsden, 1923;
St John and Paton, 2004; Younes, 1981), we anticipated coordinated limbic/paralimbic and
pontine activity with fr changes. To achieve these goals we performed event-related fMRI
(er-fFMRI) analysis on data acquired during waking spontaneous breathing, which promised
to confer enhanced sensitivity and temporal resolution over previous imaging studies of
respiratory control that used block designs (e.g., Ramsay (1993), McKay (2003)) (Dale,
1999; Mechelli et al., 2003). We focused our er-fMRI investigation on limbic/paralimbic
and brainstem circuitry to probe for coordinated neural activity synchronized with the
respiratory cycle during unlabored spontaneous breathing. We further examined this
circuitry during a demanding cognitive task to identify potential differential neural activity
corresponding to changes in breathing frequency induced by an enhanced wakeful drive to
breathe.

Experimental Procedures

Subjects

Protocol

This study was approved and conducted in accordance with guidelines established by the
Partners Human Research Committee. Written informed consent was obtained from each
subject. The study included 14 healthy individuals (10 male, 4 female), aged 24-49. The
subjects were all non-hispanic, white individuals with the exception of 1 African American
and 1 Asian subject. All subjects were right-handed and were non-smokers without history
of confounding psychiatric, neurological or medical disease as assessed by self-report.

Each subject participated in one continuous fMRI time-series comprised of 3 epochs: (1)
Baseline (BASE, 6 min), during which subjects were told to relax comfortably; (2) silent
random number generation (RNG, 6 min), where subjects were told to engage in the
cognitive task of RNG silently, without constrain to the numbers used but without the use of
arithmetic or series computations; (3) Meditation (MED, 24 min), subjects were told to
“meditate”, although the subjects had no prior formal meditation experience and had been
told before entering the scanner to ignore this command. The MED data are not reported
here as they were acquired for a separate investigation that compared this cohort of ordinary
health individuals with a separate cohort of experienced meditators. To avoid carry-over
effects every subject started with the BASE epoch, however the epochs of RNG and MED
were counterbalanced across subjects. Importantly, the subjects were intentionally not given
any specific instructions in regard to breathing frequency, tidal volume, etc.

Cardio-respiratory Measures and Analysis

Subjects lay supine in the MRI scanner and breathed spontaneously through a simple
breathing apparatus attached to the nostrils via Nasal Puffs (Cpap Pro®, Simi Valley, CA),
that provided an air-tight seal. Airway flow and PCO, were measured via MRI-compatible
instruments (MLT300L, ADInstruments, Colorado Springs, CO, and Capstar 100, CWE,
Ardmore, PA) connected to the common airway line just distal to the nasal puffs. Heart rate
via pulse plethysmograph, as well as airway flow and PCO, were digitized and recorded to
magnetic disk via an analog to digital recording device (Powerlab ML785/8sp
ADlInstruments). The onset of each whole brain acquisition was recorded simultaneously
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with the physiological signals to facilitate the integrated interpretation of fMRI and
respiratory physiological data.

Analysis of physiological data was performed using Chart v5.5 companion software
developed for Powerlab (ADInstruments, Colorado Springs, CO). Inspiratory and expiratory
onsets were determined from the points at which the airway flow waveform crossed zero
liters/min. The variables of inspiratory time (T)), expiratory time (Tg) and respiratory
frequency (fRr) were derived from the airway flow waveform. Tidal volume (V1) was
calculated by integrating the airway flow waveform. Heart rate (beats/min) was computed
from the distance between peaks of the pulse plethysmograph waveform. Between-condition
paired t-tests were subsequently performed on the condition means calculated for these data.

Neuroimaging Data Acquisition and Analysis

MRI data were obtained using a Sonata 1.5 Tesla whole body high-speed magnetic
resonance imaging device equipped for echo planar imaging (EPI) (Siemens Medical
Systems, Iselin, NJ) with a 3-axis gradient head coil. Head movement was restricted using
foam cushions. After an automated scout image was obtained and shimming procedures
performed, two high- resolution 3D MPRAGE sequences (repetition time=7.25 ms, echo
time=3 ms, flip angle=7°) with in-plane resolution of 1.3mm and 1mm slice thickness were
collected for spatial normalization and positioning of the subsequent scans. Blood
oxygenation-level dependent (BOLD) fMRI images were acquired using gradient echo T2*-
weighted sequences (repetition time=4 s, echo time=40 ms, flip angle=90°), 25 sagittal
slices, with 5mm slice thickness (voxel size 5 x 3.125 x 3.125 mm) and a 1 mm gap
between slices.

All image pre-processing and analyses were performed within SPM5 statistical parametric
mapping analysis software (Wellcome Department of Cognitive Neurology, London, UK;
http://www fil.ion.ucl.ac.uk/spm). Image pre-processing included: motion correction
(realignment and unwarping), co-registration, tissue segmentation, normalization, and
smoothing. Specifically, within subjects, all images were realigned to the first image of the
fMRI time-series using a least squares approach and a six-parameter (rigid body) voxel-for-
voxel transformation. The realignment step included unwarping algorithms that corrected for
movement by distortion interactions in regions with prominent air-tissue interface, most
susceptible to geometric distortions (e.g., medial temporal lobe and brainstem). Subjects’
functional images were then co-registered with their corresponding high-resolution
structural MRI images using the 3-dimensional rigid-body model to perform voxel-to-voxel
affine transformations. In order to facilitate inter-subject averaging and precision in the
identification of the relevant functional anatomy, stereotactic spatial normalization was
performed. Normalization involved a twelve-parameter affine transformation and
subsequent non-linear deformations as estimated by three dimensional discrete cosine
transform basis functions, implemented via a residual least squares method that matched
images acquired from the study participants with standardized tissue probability templates
(based on Montreal Neurologic Institute (MNI) stereotactic space; http://
www.bic.mni.mcgill.ca). Following spatial normalization, scans were smoothed with a 6-
mm full-width half-maximum isotropic three-dimensional gaussian filter.

After preprocessing, statistical tests were performed to determine condition related regional
BOLD signal changes corresponding to the transitions in the respiratory cycle (e.g.,
inspiratory onset, expiratory onset). Consistent with other event-related designs, each
respiratory transition served as the independent input variable for the SPM fMRI time-series
analysis. Two factors related to the inter-event-interval have been identified as crucial to
optimizing er-fMRI design efficiency, (1) sufficient inter-event-interval variation or ‘jitter’
and (2) relatively short inter-event-interval duration (i.e., >1 sec ,<6 sec) (Dale, 1999;
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Friston et al., 2007; Miezin et al., 2000). Given sufficient variation observed in spontaneous
breathing (Priban, 1963), and typical resting spontaneous respiratory frequencies (e.g., 11—
17 breaths/min) (Tobin et al., 1988), we reasoned that er-fMRI design efficiency would be
optimized using inspiratory and expiratory transitions as input functions for er-fMRI
analyses.

The data were convolved with a hemodynamic response function to model the relationship
between neural activity and changes in cerebral blood flow (Friston et al., 2007). The SPM
design matrix included the realignment parameters, derived from rigid body motion
correction preprocessing transformation (displacements in x, y, zdirections as well as roll,
pitch, and yaw), as additional regressors of non-interest to model any effects of head
movement that persisted after realignment (Friston et al., 1996). Two different sets of
analyses were conducted as part of a strategy to account for potential sources of
physiological artifact: (1) a primary approach incorporated the global BOLD signal intensity
(“‘global regressor’; calculated for each whole brain volume) into the analytic model as a
confounding regressor of non-interest, similar to previous studies (Evans et al., 2002;
McKay et al., 2003) and detailed elsewhere (Corfield et al., 2001) and (2) a secondary
approach that incorporated the PCO2 (‘PCO2 regressor’; interpolated for each whole brain
volume) into the analytic model as a confounding regressor of non-interest. Hypotheses as
related to the brainstem, limbic, and paralimbic regions (addressed below) were tested as
contrasts in which linear compounds of model parameters were evaluated using ¢ statistics,
which were then transformed to zscores. Specifically, random effects, voxel-wise tests were
performed to identify (a) combined main effects of respiratory transition (RNG + BASE;
one sample t-test), and (b) between condition effects of respiratory transition (RNG >
BASE, RNG < BASE; paired t-tests). For the medulla, the statistical threshold for
significance based on region size was A<12 x 1073 (Zscore>3.03). Similarly, for the
remaining brainstem regions (pons and midbrain), this threshold was determined to be A<3.0
x 1074 (Zscore>3.34). For the paralimbic/limbic search territory the significance threshold
was P<1.6 x 107 (Z-score>3.60). These thresholds reflect Bonferroni-type corrections for
multiple comparisons (#<0.05), based on the voxel size (5 x 3.125 x 3.125 mm) and the
total volume of the medulla (5.7 cm ), upper brainstem (pons and midbrain; 23.8 cm ), the
paralimbic/limbic search territory (amygdala, hippocampus, insula and anterior cingulate;
43.6 cm ) as quantified via established morphometric data (Filipek et al., 1994; Kennedy et
al., 1998; Luft et al., 1999; Makris et al., 2006). In addition a cluster threshold > 10 voxels
was set to identify loci of potential statistical significance. The size of the limbic/paralimbic
search territory could be viewed as relatively large, and vulnerable to Type I error.
However the a priori components (amygdala, hippocampus, insular and anterior cingulate
cortices (ACC,; inclusive of rostral, dorsal regions)) were all deemed necessary to comprise
the search territory given the preponderance of published findings (reviewed in the
Introduction), namely tract-tracing studies, animal and human neurosurgical studies, as well
as human neuroimaging studies during respiratory provocation. As a measure to confirm
anatomical localization, identified peak clusters were further subjected to region of interest
(ROI) analyses performed with the WFU PickAtlas toolbox (an adjunctive component
software to SPM5; http://www.fmri.wfubmc.edu/cms/software) (Maldjian et al., 2003), with
regional anatomic landmarks and boundaries defined by anatomical automatic labeling
(AAL) as described by Tzourio-Mazoyer et al. (2002). As a further confirmatory measure,
the SPMs resulting from the voxel-wise analyses were inspected with the aid of co-
registered structural MRI data. Regional anatomy was defined using the atlases of Duvernoy
(1999), Paxinos and Huang (1995) Mai (1997), as well as Talairach and Tournoux (1988)
after transformation of SPM5 MNI coordinates to Talairach stereotactic coordinates (http://
imaging.mrc-cbu.cam.ac.uk/imaging/mnitalairach). In order to obviate bias, the entire brain
volume for each voxel-wise statistical parametric map was inspected for other activation loci
of comparable significance value. However, we only considered such findings as significant
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in those cases where the actual probability value met the threshold for family-wise error
whole-brain volume correction (FWE, £<0.05).

Appreciating that the main effects of condition analyses could be biased by one condition
over the other, we also performed secondary fixed effects t-tests of the independent
conditions to confirm the primary main effects findings. To further characterize interaction
findings (RNG > BASE and RNG < BASE), the peri-event BOLD signal time course was
extracted from peak functional clusters localized within hypothesized a priori ROIs via the
SPM MarsBaR toolbox (http://marsbar.sourceforge.net). Within-subject regional BOLD
signal time course for each condition were modeled by calculating an estimate of the BOLD
signal at 0 sec, 4 sec, 8 sec, 12 and 16 sec (i.e., 5 TRs including onset) after each inspiratory
onset. Group mean peri-event time-course plots were generated for each condition for each
functionally defined ROI.

Cardio-respiratory Measurements

The mean cardio-respiratory variables are displayed in Table 1. The respiratory variables for
the BASE condition were in the normal resting range, consistent with previously reported
values of resting spontaneous ventilation (Bendixen, 1964; West, 1992). Compared to RNG,
tidal volume (V1) was greater during BASE yet this difference did not reach significance.
Correspondingly, frequency of respiration (fr) was greater and inspiratory time (T|) was
shorter during the RNG condition compared to the BASE condition (£<0.05). As a result,
each subject was essentially isocapnic during the entire fMRI scan; notably intra-individual
variance in PCO, was less than 1 mmHg on average. Heart rate, PCO5, and expiratory time
(Tg) did not significantly differ between conditions.

Neuroimaging

Results for both the primary (global regressor) and secondary (PCO, regressor) analyses
were similar. Results for the primary analysis are reported here in the text and associated
figures and tables. Results for the secondary analysis are reported in Supplemental Table 1.
The combined main effects of condition t-test (RNG + BASE) revealed respiratory cycle-
related BOLD signal change in the following a priori regions: medulla, rostral pons,
midbrain (bilateral red nuclei), right lateral amygdala, bilateral dorsal anterior cingulate
cortex (dACC), right anterior insula, and left posterior insula (Table 2, Figures 1-2). The
extent of amygdala activity spanned from the lateral amygdaloid nucleus posteriorly to the
head of the hippocampus. Regional activity localized to the dACC and left posterior insula
was highly significant, surviving not only small volume correction but also whole brain
correction. Significant post-hoc findings from whole brain (corrected) search included:
increased BOLD signal in the left subthalamic nucleus, left putamen, left frontal and
temporal regions (Supplemental Table 2).

The between condition paired t-test (RNG > BASE) demonstrated significantly greater
BOLD signal in a prioriregions, including the midline ventral pons and left JACC. The
midline pontine activation was localized to the raphe magnus nucleus (RMg) extending
dorsally and laterally to the raphe interpositus and gigantocellular reticularis nuclei (Table 2,
Figure 3). There was also differentially greater BOLD signal within the right anterior insula,
however this locus (x=37, =6, z=15, Z-score 4.89) failed to meet small volume correction.
However, regional activity localized to the dACC survived small volume correction as well
as whole brain correction. No other significant loci were identified for the RNG > BASE
contrast upon post hoc whole brain (corrected) search. The reverse contrast (RNG < BASE)
revealed significantly greater BOLD signal in a prioriregions, including the right rostral
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anterior cingulate cortex (rACC), bilateral amygdalae (sublenticular extended amygdalae;
SLEA), dorsal pontomedullary junction (nucleus tractus solitarius (NTS)), rostral pons
(reticular nuclei) and midbrain (Table 2, Figure 3). Regional activity localized to the rostral
pons survived small volume correction as well as whole brain correction. Significant post-
hoc findings for the RNG < BASE contrast during whole brain (corrected) search included:
the right temporal, right parietal and bilateral occipital regions (Supplemental Table 2).

Regional neural activity within a priori regions, demonstrated differential temporal
dynamics between conditions, as illustrated in the peri-event time-course plots for a priori
ROIs (Figure 3). The plots depict modeled peri-event (inspiratory onset) BOLD signal time
courses for each condition extracted from functional peak clusters identified by the RNG >
BASE and RNG < BASE contrasts. The degree of regional neural synchronization with each
breath during a given condition can be inferred by the degree to which the magnitude and
temporal dynamics of the associated BOLD signal time course approximates the canonical
BOLD fMRI hemodynamic response function (i.e., 4-8 sec peak) (Friston et al., 2007). For
the dACC and RMg clusters identified by the RNG > BASE contrast the group average
BOLD signal peaked in approximately 4 sec during the RNG condition but failed to meet
this profile in the BASE condition, suggesting dACC and RMg regional activity is
predominantly synchronized with breath onset during the RNG condition (yellow plots in
figure 3.), not the BASE condition (blue plots in figure 3.). In contrast, regional BOLD
signal localized to the rACC, SLEA, midbrain, rostral pons and NTS was observed as
predominantly synchronized with breath onset during the BASE condition not the RNG
condition.

Discussion

Amygdala

Our er-fMRI findings provide the first non-invasive evidence in humans of synchronized
neural activity across a distributed limbic/paralimbic-bulbar circuitry during unlabored
spontaneous breathing. Main effects of condition analyses (RNG + BASE) identified
respiratory related activity in the amygdala, insula and anterior cingulate cortex, as well as
the midbrain, pons and medulla. We observed respiratory related modulation within this
network during the cognitive task relative to the resting baseline condition (RNG > BASE,
RNG < BASE), localized to the amygdala, two functionally distinct divisions of the anterior
cingulate cortex, and within the brainstem. In the ensuing discussion we review the regional
activity identified in relation to the limited previous knowledge regarding the relationship of
spontaneous breathing to the limbic/paralimbic-bulbar circuitry.

In keeping with substantial a priori evidence supporting our hypotheses about the amygdala,
our main effects finding of robust amygdaloid activity synchronized with every breath in the
present er-fMRI study is remarkable. Earlier findings of synchronized amygdaloid activity
with the respiratory cycle had only been observed in invasive surgical studies in animals
(Kaada, 1951; Zhang et al., 1986), rare single unit recordings in human epilepsy cases
(Frysinger and Harper, 1990) and a small sample (N=5) human electroencephalographic
study of respiratory-related potentials (Masaoka and Homma, 2000).

Our independent condition t-tests confirmed that respiratory synchronized amygdaloid
activity was indeed present during both the BASE and RNG conditions (Supplemental Table
3). The lateral amygdaloid region identified by the main effects of this study is known to
share dense reciprocal connections within the brainstem respiratory centers (Gabbott et al.,
2005; Onimaru and Homma, 2007; Ricardo and Koh, 1978; Zagon et al., 1994). It is this
region and the neighboring central nucleus that have strong projections to the other limbic/
paralimbic regions identified by the present study (Buchanan et al., 1994; LeDoux, 2000;
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Vertes, 2004). The amygdala is thus well situated to have significant influence on respiration
(Homma and Masaoka, 2008). However, we cautiously emphasize that the present study was
not designed to discern the directionality (e.g., afferent vs. efferent) of the observed
amygdaloid activity. Interestingly however, the possibility of this activity being efferent
garners support from recent /n vitro studies of limbic-bulbar-spinal circuitry in rodents that
combined fast-optical imaging with electrophysiological techniques. Onimaru and Homma
(2007) demonstrated rhythmic spontaneous burst activity in the piriform/lateral amygdaloid
territory that precedes activity within the C4-cervical nerve root (main component of the
phrenic nerve, and major efferent to the diaphragm).

In contrast to right lateral amygdala activity observed in the main effects analyses (RNG +
BASE), differential (RNG < BASE) respiratory-related amygdaloid activity was seen
bilaterally in more dorsal, anterior loci, localized to neurons within the piriform cortex,
specifically, the sublenticular extended amygdala (SLEA; Table 2, Figure 3). Several studies
of amygdala stimulation in animals support the present findings (Hugelin, 1986; Mitchell,
1981). Importantly, increased phrenic nerve output and ventilation has been reported in cats
during stimulation of the ansa lenticularis (a region immediately adjacent to the SLEA) as
well as decreased phrenic nerve output and ventilation during stimulation to the lateral and
basal amygdaloid nuclei (Bonvallet and Bobo, 1972). Other evidence for amygdaloid
influence on respiration is drawn from the work of Masaoka et al. (2003) who reported
decreased respiratory rate and loss of respiratory-related potentials in a pre-/post-case series
of two epilepsy patients who underwent unilateral lesion to the left amygdaloid region.

Anterior cingulate cortex (ACC)

Similar to the amygdala, regional activity within the ACC was observed to be coordinated
with the respiratory cycle. Modulation of this activity occurred within known rostral
emotional and dorsal cognitive subdivisions of the ACC (rACC and dACC respectively)
(Bush et al., 2000). Akin to the amygdala and other limbic/paralimbic structures identified
by the present study, the efferent and afferent connections from the ACC to motor, premotor
and brainstem regions make it a suitable candidate to modulate breathing. Specifically the
ACC regions identified by the present study (areas 24 and 32) are known to have
connections to the central, lateral and basolateral amygdale, as well as the insula, midbrain,
and brainstem respiratory centers (Buchanan et al., 1994; Gabbott et al., 2005; Hatanaka et
al., 2003; Marchand and Hagino, 1983; Vertes, 2004; Zagon et al., 1994). Single unit
recordings in unanesthetized cats have shown small cell populations in ACC area 24 to have
coordinated discharge associated with respiration, particularly during waking states.
Findings from animal and human studies of electrical stimulation of the ACC have been
variable, demonstrating either augmentation or inhibition of respiration (Kaada and Jasper,
1952; Kremer, 1947). However in one study that reported meticulous stimulus parameter
optimization (Speakman and Babkin, 1949), distinct functional-anatomical separation of
respiratory effects during ACC stimulation was characterized in dogs and cats. Notably,
stimulation below the genu (rACC) produced decreased respiratory rate and stimulation
above the genu (dACC) produced increased respiratory rate. A similar functional-anatomic
categorization may be inferred from the human ACC stimulation study of Pool and
Ransohoff (1949). In 12 cases studied, only 4 demonstrated changes in respiration, where
increased fr (up to 13breath/min) was observed in cases of stimulation above the genu and
decreased fr (with one instance of apnea) was observed in cases of stimulation in the
immediate vicinity of the genu. The findings from the present study are in accord with the
findings from those earlier invasive surgical studies. Notably, increased fr during the RNG
condition was associated with differential BOLD signal localized to the rACC, and resting
spontaneous fr during the BASE condition was associated with differential BOLD signal
localized to the dACC (Table 2, Figure 3).
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In addition to the amygdala and ACC, regional activity within the insular cortex was also
found to be associated with the respiratory cycle (Table 2, Figure 2). The insula has been
referred to as the primary visceral sensorimotor region and is known to have heavy
reciprocal connections with both the amygdala and anterior cingulate (Augustine, 1996;
Craig, 2002; Mesulam and Mufson, 1982; Mufson and Mesulam, 1982; Shi and Cassell,
1998). Moreover, the insula is known to have strong connections to brainstem centers
(Tsumori et al., 2006). Respiratory specific insular connections include the medullary
respiratory chemoreceptors and pulmonary stretch receptors (Gaytan and Pasaro, 1998;
Hanamori et al., 1998). Stimulation studies of the vagus nerve and the insula have
demonstrated reciprocal respiratory projections in humans and other mammals (Kaada,
1951; Radna and MacLean, 1981). Notably, electrical stimulation of the anterior insular
cortex has been consistently demonstrated to have strong inhibitory effects on respiration
(e.g., apnea) (Hoffman and Rasmussen, 1953; Kaada and Jasper, 1952).

Given the preceding evidence, the insula would also be well connected to mediate changes
in breathing. Yet, no significant differential insular activity was observed for the RNG >
BASE (or RNG < BASE) interaction(s), suggesting a lack of insular modulation of
respiratory rate during the cognitive task. It is noteworthy that breath-by-breath
synchronization with the BOLD signal was observed in two functionally distinct locations,
the right anterior insula and the left posterior insula. The posterior insula has been
implicated in autonomic/homeostatic function (Craig, 2009; Critchley et al., 2000; Napadow
et al., 2008). While our interaction analyses failed to demonstrate differential insular activity
correlated with breathing, the independent condition analyses suggest the left posterior
insular activity was present in the RNG condition but not the BASE condition
(Supplementary Table 2). In line with findings in rodents (Aleksandrov et al., 2000), we
speculate that the posterior insula may contribute to efferent processes underlying the
increased respiratory frequency associated with the cognitive task. However, we view this
consideration with great caution as a positive posterior insula finding for the interaction
analyses would have been indisputably more convincing.

We consider our right anterior insula findings as holding greater strength (over the left
posterior insula finding) as comparable right anterior insular activity was associated with
breathing for the main effects (RNG + BASE) (Table 2, Figure 2) and for both RNG and
BASE conditions considered separately (Supplementary Table 2). Collectively, these right
anterior insular findings from the present study are comparable to those reported in our
earlier study of dyspnea (Evans et al., 2002). Interestingly, activation of the anterior insula
has been the most consistent limbic/paralimbic finding across all published neuroimaging
studies of laboratory induced dyspnea (Banzett et al., 2000; Brannan et al., 2001; Evans et
al., 2002; Peiffer et al., 2001; von Leupoldt et al., 2008). The anterior insula has also been
implicated in breath awareness (Lazar et al., 2005) as well as several other primitive,
interoceptive processes such as pain, thirst and hunger (Craig, 2002; Denton, 2005; Denton
et al., 1999; Tataranni et al., 1999; Tracey and Mantyh, 2007). Consequently we propose
that the breath-by-breath synchronization of BOLD signal within the anterior insular loci
represents afferent activity related to breathing. Future studies are needed to confirm the role
of the insula in spontaneous breathing.

The main effects of condition analysis demonstrated distinct regional activity synchronized
with the respiratory cycle within separate circumscribed loci at all three levels of the
brainstem (midbrain, pons and medulla). Modulation of this activity was observed within
key centers of respiratory control. Several earlier neuroimaging studies have demonstrated
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regional brainstem activity but only via contrasts of significant respiratory perturbation (e.g.,
hyperpnea, hypercapnia, hypoxia, loaded breathing, and breath-hold) (Gozal et al., 1995;
Harper et al., 2005; Liotti et al., 2001; Macey et al., 2004; Macey et al., 2005; McKay et al.,
2008; McKay et al., 2003; Pattinson et al., 2009). The present study is the first to identify
respiratory related brainstem activity during unlabored waking breathing, and first to
demonstrate modulation in brainstem activity associated with increased breathing frequency
provoked by a cognitive task.

The main effects of condition (RNG + BASE) (Table 2, Figure 1) and independent condition
analyses (Supplementary table 2) all shared comparable regional activity localized to the
medulla and rostral pons. The medullary activity spanned from z-plane —-54 to —60, and
localized centrally. The medullary activity was consistent with previous findings during
hyperpnea (McKay et al., 2003) and the recent findings of Pattinson and colleagues during
hypercapnia (Pattinson et al., 2009). The rostral pontine activity observed in the main effects
spanned from z-plane —30 to —32 and was distributed among a central cluster localized to
the paramedian raphe, to bilateral satellite clusters extending dorsally and laterally to the
Kolliker—Fuse (KF) nuclei and adjoining parabrachial (PB) nuclei and locus coeruleus
(Figure 1). The resolution of fMRI at 1.5 Tesla precludes the differentiation of these
essentially overlapping nuclei. Following the classic convention, we consider them here
together as the KF/PB complex. The main effects activity localized to the KF/PB complex
shared similar localization with KF/PB complex findings in the hypercapnia study of
Pattinson and colleagues (2009) and the neuroimaging study of volitional breath-hold of
McKay and colleagues (2008). Taken together, the present finding of combined medullary
and KF/PB complex activity that is synchronized with the respiratory cycle is in accord with
contemporary theories that purport dynamic network activity between these structures drives
the intrinsic brainstem respiratory rhythm (Alheid et al., 2004; Rybak et al., 2004).
Anterograde and retrograde tract tracing studies in animals provide support for this
interaction as the brainstem respiratory centers have been shown to be densely
interconnected (Gaytan and Pasaro, 1998; Lois et al., 2008; Ricardo and Koh, 1978).

Significant main effects were also observed in the midbrain. As reviewed by Horn and
Waldrop (1998) the midbrain receives input from the limbic system and projects to
brainstem respiratory nuclei (e.g., NTS, KF/PB complex). The midbrain is also known to
receive afferent projections from pulmonary stretch receptors as well as the nasal skin and
mucosa independently from ascending medullary input (Chen and Eldridge, 1997). Animal
stimulation studies have shown midbrain influence over phrenic nerve as well as medullary
respiratory neurons (Schmid et al., 1988). Midbrain findings in neuroimaging studies have
been inconsistent. Significant midbrain activity was reported in studies that employed
respiratory resistive loads (Fink et al., 1996; Gozal et al., 1995), in accord with animal
studies (Eldridge and Chen, 1992). However, significant midbrain activity was not reported
in a previous neuroimaging study of hyperpnea (McKay et al., 2003), nor in recent
neuroimaging studies of breath-hold (McKay et al., 2008) and hypercapnia (Pattinson et al.,
2009) (but see Liotti et al.(2001)). Taken together, we propose methodological issues have
contributed to the disparate midbrain findings in the neuroimaging literature. We further
propose that the breath-by-breath analytic method employed in the present study may have
conferred enhanced sensitivity to identify activity in a region that had only previously been
seen in studies of hypercapnia and resistive loading. We suggest our midbrain finding
reflects essential involvement of the mesencephalon in resting spontaneous breathing.

Robust ventral pontine activity was identified in the interaction analysis (RNG > BASE),
localized to the midline raphe magnus nucleus, extending dorsally and laterally to the raphe
interpositus and gigantocellular reticularis nucleus with a span from zplane —41 to —-51.
(Table 2, Figure 3). The magnus raphe is known to have connections with other important
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brainstem respiratory centers, namely the solitary tract nucleus, Botzinger complex,
retrotrapezoidal nucleus and KF/PB complex (Gang et al., 1995; Hermann et al., 1997).
Projections from the raphe magnus to the C4 phrenic nerve segments have been identified in
studies of spontaneously breathing rodents (Hosogai et al., 1998). In addition to important
intra-brainstem and phrenic connections, the raphe magnus is known to have projections to
the midbrain reticular formation, the central nucleus of the amygdala and the insula. Further,
the raphe magnus is known to be one of the few serotonergic centers in the brainstem and
appears to have highly specific respiratory function (Mason et al., 2007) and coordinated
respiratory/cardiovascular function (Messier and Nattie, 2004). VVentral pontine activity in
the vicinity of the raphe magnus identified by the current study has also been recently
reported in the neuroimaging study of hypercapnia by Pattinson and colleagues (2009) and
the breath-hold study of McKay and colleagues (2008). Given this convergence of findings
together with the raphe magnus profile of connectivity, neurotransmission and respiratory
specificity, we propose that the differential raphe magnus activity (RNG > BASE) serves in
part (perhaps in coordination with the dACC via polysynaptic connection) to mediate the
increased fr during the RNG condition.

Post hoc findings

Limitations

Several post hoc findings met the significance threshold for whole brain volume search
(FWE, P < 0.05, corrected for multiple comparisons). As noted, we present the post-hoc
results in Supplemental Table 2 in order to illustrate the specificity of the predicted findings
and for completeness. The subthalamic nucleus was a robust yet unexpected finding that
may have implications for future studies given its connections to limbic/paralimbic-bulbar
circuitry and its known multimodal roles in emotional and motor processing (Gaytan and
Pasaro, 1998; Mallet et al., 2007). Several other prominent post hoc findings included
respiratory related activity within the classical motor areas (e.g., putamen) as well as
temporal and occipital regions. Temporal lobe findings (outside of limbic/paralimbic
circuitry) associated with respiration have been common and will require future studies for
determining their functional significance. (Kaada and Jasper, 1952; Loucks et al., 2007;
Masaoka et al., 2003; Simonyan et al., 2007).

Interpretations of the present study should be considered in the context of acknowledged
limitations. The present study considered both full brain and small volume corrected image
analyses. Given the strong a priori hypotheses this was deemed appropriate for this first ever
breath-by-breath, event-related fMRI study of unlabored spontaneous breathing,
emphasizing the necessity of future studies to assess the reproducibility and generalizability
of the present findings. Further, the present study like most all studies of respiration
physiology required subjects to breathe through ventilatory monitoring equipment, which
compared to “natural’ unimpeded breathing, is known to influence respiratory variables
(Han et al., 1997; Shea, 1996; Tobin et al., 1983). Explanations for experimentally induced
changes in breathing include: increased dead space (3.9 ml in the present study), changes in
upper airway resistance and unintended attentional focus on breathing. We can not exclude
the possibility that the subjects were more focused on their breathing during the BASE
condition (in the absence of the demanding cognitive task). In short of adequate objective
measures of task performance, attention or autonomic arousal (beyond heart rate, which was
unchanged) it was not possible to quantify the contribution of such bias on the observed
between condition effects. The lack of measures of task performance also precluded
confirmation that each subject actually performed RNG as instructed. However, the
significantly increased respiratory rate during the RNG condition, relative to the BASE
condition, is highly suggestive that the subjects were engaged in more demanding mental
activity during the RNG condition (Mador and Tobin, 1991; Shea, 1996; Shea et al., 1987).
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The BOLD-fMRI signal is known to be susceptible to several common sources of variance
such as head-movement and artifacts introduced by respiration (Birn et al., 2006; Kastrup et
al., 1999). Respiration-related artifacts have been attributed to: 1) fluctuations in PCO,,
which lead to changes in cerebral vasculature dilation and subsequent changes in cerebral
blood flow, 2) lung and chest-wall movement during the respiratory cycle that can induce
shifts in the magnetic field. In the present study, we corrected for movement-related sources
of variance during image pre-processing with advanced realignment and unwarping
algorithms now standard in SPM5. Notably the unwarping algorithms correct for
“movement by distortion” interactions in regions with prominent air-tissue interface that are
most susceptible to geometric distortions, such as the medial temporal lobe and brainstem
(for details see http://www.fil.ion.ucl.ac.uk/spm/doc/manual.pdf). To further correct for the
potential effects of movement-related variance that persisted after pre-processing, we
included the realignment parameters as null regressors in our analytic models as this
approach has been shown to enhance neural signal detection (Lund et al., 2005), particularly
in subcortical structures (Friston et al., 1996). However this approach carries a susceptibility
to Type Il error, specifically, the exclusion of respiratory-related movement renders the
possibility of excluding regional BOLD signal changes driven by respiratory-related neural
activity within limbic/paralimbic and brainstem circuitry. We thus view this approach as
highly conservative. Our use of two independent analytic approaches to account for
physiological noise (i.e., the global regressor and the PCO5, regressor) can be considered
similarly conservative. We contend the global regressor approach is exceedingly
conservative (see Birn, et al., 2006) and thus made the a priori decision the report our
primary findings from the global regressor analysis. The secondary findings from the PCO,
regressor analysis confirmed the primary findings. Both approaches have susceptibility to
Type Il error, yet the advantage of their use is underscored by the validated ability to detect
“real” neural signals while avoiding Type | error in experimental conditions where PCO,
could have otherwise served as a major confound (Corfield et al., 2001; Wise et al., 2004).
Since the initiation of the present study, other relevant studies have reported on novel
methods to address these very issues (Birn et al., 2006; Harvey, 2008). Despite the recent
developments in this realm, we contend that the inclusion of both realignment parameters
and global signal as null regressors in our primary analytic models served as an effective
strategy in avoiding Type | errors. Efficacy for the regressor approach has been previously
demonstrated in several other studies of respiration (Evans et al., 2002; McKay et al., 2003;
von Leupoldt et al., 2008). Notably using this same approach robust cortical, subcortical and
circumscribed brainstem medullary activity was identified during a hyperpnea task (McKay
et al., 2003) and similarly robust findings were observed during a study of breath-hold
(McKay et al., 2008). Lastly, the peri-event time courses (Figure 3.) provide support for the
observed between condition effects where BOLD signal peaked within 4-8 sec, consistent
with the canonical hemodynamic response function (HRF) associated with neural activity.
Whereas BOLD artifacts related to respiration have been shown have significant latency,
inconsistent with the canonical HRF (Birn et al., 2008).

Limbic influences on breathing are poorly understood and have served to generate scientific
curiosity for decades. During waking breathing limbic and paralimbic brain regions have
been postulated to modulate the fundamental respiratory pattern established by the brainstem
pacemaker neurons. While lesion, electrical stimulation and limited /n vivo recording studies
in patient populations and animal models have implicated several limbic/paralimbic regions
in the control of breathing, a putative network of limbic/paralimbic regions involved in
unanesthetized, spontaneously breathing in healthy individuals had yet to be delineated. In
the present study we demonstrated the first evidence of synchronized neural activity across a
distributed network of limbic/paralimbic and brainstem elements during unlabored
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spontaneous breathing. We have further demonstrated that the imposition of a simple
cognitive task produced expected increased breathing rate and marked modulation of
neuronal activity within this network localized to the pontine raphe magnus, amygdala and
anterior cingulate cortex. These findings suggest the identified limbic/paralimbic-bulbar
circuitry plays a significant role in resting spontaneous breathing, as well as in mediating
cognitive influences on breathing. Future studies will be required to further elucidate the
role of these loci under other conditions, such as emotional provocation. We anticipate the
present findings will have implications for investigators from wide-reaching disciplines,
including pulmonary medicine, neurology, psychiatry, and mind-body medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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midbrain

Figure 1.

Statistical maps of neural activity synchronized with the respiratory cycle for the main
effects of condition contrast (RNG + BASE), superimposed onto the group mean structural
image (/=14). Sagittal slice (x-plane; x=0) is shown on the left and corresponding axial
slices (z-planes; z=-12, —30, —32, —56) are shown to the right (MNI coordinate system).
Signal intensity is represented by inset color scale (display threshold; A<5.0 x1073).
Abbreviations: A, anterior; P, posterior.
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Main effects (RNG + BASE)

Figure2.

Statistical maps of neural activity synchronized with the respiratory cycle for the main
effects of condition contrast (RNG + BASE), superimposed onto the group mean structural
image (/7=14). Sequential sagittal slices (x-plane; x=—-9, 13, 12, 33) with inset regional
maxima are shown (MNI coordinate system). Signal intensity is represented by inset color
scale (display threshold; A<1.6 x1074, corrected for the limbic search territory).
Abbreviations: dACC, dorsal anterior cingulate; L, left; R, right.
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RNG > BASE

T-Stat
RNG < BASE

Figure 3.

Statistical maps of differential neural activity synchronized with the respiratory cycle for
paired t-tests (RNG > BASE; red-yellow color scale; top, RNG < BASE; blue color scale;
bottom), superimposed onto the group mean structural image (/=14). Signal intensity is
represented by inset color scales (display threshold; A<1.6 x1074, corrected for the limbic
search territory). Sagittal and axial slices are shown (MNI coordinate system). Plots depict
modeled peri-event (inspiratory onset) BOLD signal time courses for each condition
extracted from functional peak clusters (circled) identified by the RNG > BASE and RNG <
BASE contrasts (see Experimental Procedures for detail on analytic method). Each point
(error bars=standard error of the mean) represents the group averaged regional % BOLD
signal change for a given peri- event time bin (4 sec each). The peri-event bins are displayed
sequentially from 0-16 sec, to provide a temporal profile of the group mean regional BOLD
signal dynamics associated with each breath. The degree of regional neural synchronization
with each breath during a given condition can inferred by the degree to which the magnitude
and temporal dynamics of the associated BOLD signal time course approximates the
canonical BOLD fMRI hemodynamic response function (i.e., 4-8 sec peak, see Results for
further details). Abbreviations: dACC, dorsal anterior cingulate; NTS, nucleus tractus
solitarius; R, right; rACC, rostral anterior cingulate; RMg, raphe magnus.
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Table 1
Results are reported as group mean values + SD.
Group mean cardio-pulmonary data

BASE RNG
Pco, (M Hg)  39.40£3.14  39.50%3.29

fr (breathsimin) 1457 +2.72 15844 264*

T, (seconds) 1.77+£0.29 154 + 0.23*
T (seconds) 258+1.19 2.36 £ 0.61
V1 (liters) 041+0.18 0.36 £ 0.15

HR (beatsmin)  60.84+9.11 61.12+1291

Abbreviations: PCO2, end-tidal partial pressure of CO2; /R, breathing frequency; T|, inspiratory time; TE, expiratory time; VT, tidal volume; HR,
heart rate.

Asterisk (*) indicates P < 0.05 for between condition comparison.
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