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Abstract  31 

The insula and cingulate are key components of the central autonomic network and central nodes 32 

of the Salience Network (SN), a set of spatially distinct but temporally correlated brain regions 33 

identified using resting state (task-free) functional MRI (rsMRI). To examine the SN’s 34 

involvement in sympathetic outflow, we tested the hypothesis that individual differences in 35 

intrinsic connectivity of the SN correlate positively with resting post-ganglionic muscle 36 

sympathetic nerve activity (MSNA) burst incidence (BI) in subjects without and with obstructive 37 

sleep apnea (OSA).  Overnight polysomnography, 5-min rsMRI and fibular MSNA recording 38 

were performed in 36 subjects (mean age 57 years, 10 women).  Independent component analysis 39 

(ICA) of the entire cohort identified the SN as including bilateral insula (IC), pregenual anterior 40 

cingulate cortex (pgACC), mid cingulate cortex (MCC), and the temporoparietal junction (TPJ). 41 

There was a positive correlation between BI and the apnea-hypopnea index (AHI) (p<0.001) but 42 

dual regression analysis identified no differences in SN functional connectivity between subjects 43 

with no or mild OSA (N=17) and moderate or severe (N=19) OSA.  Correlation analysis relating 44 

BI to the strength of connectivity within the SN revealed large (i.e., spatial extent) and strong  45 

correlations for the left insula (p<0.001), right pgACC/MCC (p<0.006), left TPJ (p<0.004), 46 

thalamus (p<0.035), and cerebellum (p<0.013).  Indices of sleep apnea were unrelated to BI and 47 

the strength of SN connectivity.  There were no relationships between BI and default or 48 

sensorimotor network connectivity.  This study links connectivity within the SN to MSNA, 49 

demonstrating several of its nodes to be key sympatho-excitatory regions. 50 

 51 

 52 
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1. Introduction 59 

The sympathetic and parasympathetic efferent limbs of the autonomic nervous system (ANS) 60 

regulate cardiovascular, respiratory, digestive, and endocrine homeostasis.  While its peripheral 61 

elements were characterized in the late nineteenth century (Saper, 2002), its central circuits have 62 

been elucidated directly only recently through electrical stimulation and tract tracing, and, more 63 

recently in humans, via deep brain stimulation (Cechetto and Shoemaker, 2009; Sverrisdottir et 64 

al., 2014).  These efforts identified a cluster of cortical and brainstem regions through which the 65 

brain controls autonomic function (Thayer and Lane, 2000).  The insula (IC), anterior cingulate 66 

cortex (ACC), ventromedial prefrontal cortex (vmPFC), amygdala and cerebellum are 67 

anatomically core, but not exclusive, components of this central autonomic network (CAN) 68 

(Cechetto and Shoemaker, 2009; Gianaros and Sheu, 2009; Thayer and Lane, 2000).  69 

Importantly, these cortical regions have reciprocal connections with brainstem pre-motor 70 

autonomic neurons that ultimately project to and influence pre-ganglionic sympathetic and 71 

parasympathetic outflow (Thayer and Lane, 2000).   72 

 73 

Our present aim was to elucidate the functional significance of such connections for sympathetic 74 

outflow in conscious humans by integrating resting state blood oxygen level dependent (BOLD) 75 

functional magnetic resonance imaging (fMRI) with microneurographic recordings of post 76 

ganglionic muscle sympathetic nerve activity (MSNA).  Over the last decade, several groups 77 

have investigated cortical cardiovascular regulation during  Valsalva’s maneuver (Henderson et 78 

al., 2002) and cold pressor testing (Harper et al., 2003) with fMRI or have evaluated the effect of 79 

inspiratory capacity apnea (Macefield et al., 2006), lower body negative pressure (LBNP) 80 
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(Kimmerly et al., 2005a), Mueller maneuvers and end-expiratory breath-holds (Kimmerly et al., 81 

2013), and task-free conditions (Fatouleh et al., 2014; James et al., 2013b) on both fMRI and 82 

MSNA.  There is now a large body of evidence documenting the IC, ACC, amygdala, and 83 

cerebellum as being core cardiovascular-related CAN components.   84 

 85 

Resting state fMRI (rsMRI) identifies, without explicit stimuli, spatially distinct brain areas that 86 

display temporally correlated BOLD oscillations, at frequencies <0.1Hz (Andrews-Hanna, 2012; 87 

Taylor et al., 2009).  Using rsMRI several resting state networks (RSNs) comprised of 88 

anatomically distinct, but functionally connected (i.e., temporally correlated), brain regions have 89 

been identified (Biswal et al., 1995; DeLuca et al., 2006).  In healthy subjects RSNs are 90 

consistent within (Shirer et al., 2015) and across individuals and stable across repeated sessions 91 

(Damoiseaux et al., 2006; Zuo et al., 2010).  RSNs have also been demonstrated in anesthetized 92 

monkeys (Vincent et al., 2007), and their functional connectivity can be modified by disease 93 

states (Fox and Greicius, 2010).  One distinct RSN, the salience network (SN), is comprised of 94 

the dorsal ACC (dACC), anterior IC (aIC), frontal opercular cortex and temporoparietal junction 95 

(TPJ)  (Kucyi et al., 2012; Seeley et al., 2007).  These areas are activated by attention-demanding 96 

and cognitive tasks (Menon and Uddin, 2010) , autonomic challenges (Kimmerly et al., 2005b; 97 

Kimmerly et al., 2013; Macefield et al., 2006; Wong et al., 2007), pain (Apkarian et al., 2005; 98 

Downar et al., 2003; Kucyi et al., 2013), and homeostatic threats (Craig, 2002).  Because all of 99 

these stimuli elicit acute changes in sympathetic tone the SN is of particular interest to 100 

autonomic investigators (Critchley et al., 2004; Critchley et al., 2005; Seeley et al., 2007).   101 



7 
 

Until recently, the majority of imaging studies that have investigated task-related activations 102 

(whether they be cognitive, affective-emotional, or sensory-motor) and resting state data have 103 

either omitted the measurement, or analysis, of autonomic variables or have mathematically 104 

eliminated variation attributable to heart rate and respiration (Iacovella and Hasson, 2011).  105 

Recent task-based fMRI studies utilizing autonomic challenges clearly demonstrate cortical 106 

involvement of regions previously associated with cognitive, executive and sensori-motor brain 107 

functions (i.e., the ACC and IC).  These findings have led some authors to postulate that these 108 

brain areas are actually, or additionally, signaling brainstem regions underlying autonomic 109 

processing (Beissner et al., 2013; Craig, 2002; Craig, 2003; Critchley et al., 2004; Seeley et al., 110 

2007).   111 

 112 

Examination of RSNs in a “spontaneous” (Fox and Raichle, 2007) (i.e. unprompted, or ‘task-113 

free’ state) permits investigation of the CAN without the potential for confounding by autonomic 114 

responses specific to cognitive, emotional, or sensori-motor task-induced activations.  Thus far, 115 

combined rsMRI and ANS investigations are limited to two studies that linked intra-individual 116 

indirect estimates of efferent sympathetic and parasympathetic outflow (i.e., skin conductance 117 

and heart rate variability) (Chang et al., 2013; Fan et al., 2012) with variations in resting state 118 

connectivity, and one seed-based analysis, situated on the ventromedial hypothalamus that was 119 

not specifically correlated with a physiological measure (i.e., MSNA) (James et al., 2013b).  120 

Here we use independent component analysis (ICA) to identify inter-individual differences in SN 121 

connectivity and direct recordings to quantify post-ganglionic MNSA.   122 
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ICA is a blind source separation technique that is used to decompose a multivariate signal into 123 

source signals that are independent of each other.  In the context of neuroimaging ICA is 124 

employed conventionally to remove motion and scanner artifacts, identify task induced 125 

activations without explicit modeling, and to consistently identify RSNs (Beckmann et al., 2005; 126 

McKeown et al., 1998; Zuo et al., 2010).  The utility of multi-subject (or group) ICA has been 127 

demonstrated in diverse clinical populations such as depression (Greicius et al., 2007), 128 

Alzheimer’s disease or dementia (Greicius et al., 2004; Rombouts et al., 2009; Seeley et al., 129 

2009), Huntington’s disease (Wolf et al., 2008), schizophrenia (Jafri et al., 2008), epilepsy 130 

(Zhang et al., 2009), and amyotrophic lateral sclerosis (Mohammadi et al., 2009).  In sum, group- 131 

ICA is a powerful, well validated, and commonly used tool to identify and examine resting state 132 

networks at the group or population levels (Filippini et al., 2009; Zuo et al., 2010).   133 

 134 

Modulated by baroreceptor reflex, non-baroreceptor reflex, and cortical input (Floras, 2009), 135 

sympathetic nerve firing to skeletal muscle vasculature is entrained to the cardiac cycle, and thus, 136 

for evaluation of its influence by temporal- and heart rate-independent mechanisms is expressed 137 

as burst incidence (BI; bursts/100 cardiac cycles).  Unlike the arterial baroreceptor reflex 138 

modulation of heart rate, which is impaired in heart failure, hypertension, and healthy aging, the 139 

baroreflex modulation of MSNA by blood pressure is preserved under these conditions (Floras, 140 

2009; Seravalle et al., 2015) .   141 

 142 

The purpose of this study was to utilize ICA to specifically extract the SN in middle-aged adults 143 

to correlate individual differences in the strength of its intrinsic connectivity with directly 144 
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recorded sympathetic outflow. We hypothesized that MSNA burst incidence would correlate 145 

positively with the strength of intrinsic connectivity within the SN. Our secondary objective was 146 

to determine if obstructive sleep apnea (OSA) affected the strength of intrinsic connectivity or its 147 

relationship with MSNA burst incidence.  As internal controls, between group comparisons and 148 

correlations with BI and the connectivity within the default mode and somatosensory networks 149 

also were performed.   150 

 151 

2. Materials and Methods 152 

 153 

2.1.Subjects  154 

Recognizing that subjects with OSA would be more likely than not to exhibit high MSNA burst 155 

incidence (Floras, 2015), and seeking to ensure a range of inter-individual variability in resting 156 

BI to compare with intrinsic SN connectivity, we initiated these experiments with the intent of 157 

studying a similar proportion of male and female subjects with either a low or a high pre-test 158 

likelihood of moderate to severe OSA  ([AHI] > 15 events/hour of sleep).  To do so, we 159 

assembled primarily by advertisement, two groups (otherwise healthy middle-aged subjects who 160 

considered themselves free of OSA or subjects with a history of snoring, witnessed apnea during 161 

sleep, or high-risk anthropometic characteristics) who were agreeable to participating in a 162 

research protocol involving overnight polysomnography followed by a daytime physiological 163 

recording session and an MRI session.  We anticipated, based on current epidemiological 164 

estimates, that the prevalence of unrecognized asymptomatic OSA in such a non-sleepy cohort 165 

would be high (Kasai et al., 2012).  This study population therefore is distinctively different from 166 
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that of most previous published reports, in which OSA patients were identified only after a 167 

clinical syndrome prompted physician referral for polysomnography and in which controls were 168 

assumed to be free of OSA based upon self-reports.   169 

 170 

Before participating in this University Health Network Research Ethics Board approved 171 

protocol, all subjects provided written informed consent.  During enrollment subjects completed 172 

routine medical and MRI-readiness questionnaires to determine their eligibility and ensure safety 173 

within a strong magnetic field.  No one with a history or the presence of heart failure, myocardial 174 

infarction, kidney disease, Raynaud’s disease, autonomic neuropathy, excessive daytime 175 

sleepiness, predominantly central sleep apnea, refractory hypertension, neurological impairment, 176 

chronic back pain, current smokers, current use of continuous positive airway pressure therapy, 177 

claustrophobia, imbedded magnetic objects or currently pregnant was studied.  To maintain 178 

clinical stability, and assuming that if any had central actions these would affect concurrently 179 

and proportionately the SN and MSNA, prescribed medications were continued in 10 180 

participants (Table 2).   181 

 182 

2.2.Data Acquisition   183 

After overnight polysomnography, MRI and physiological recording sessions were performed in 184 

random order on different days separated by approximately one week.  All MRI scans and 185 

physiological recordings were acquired at the same time of day, 2-3 hrs after a similar light meal.  186 

Subjects also were instructed to abstain from nicotine, alcohol, and caffeine for at least 12 hrs 187 
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before data acquisition.  Before each test session subjects were instructed to void to minimize the 188 

established effects of a distended bladder on sympathetic activity (Fagius and Karhuvaara, 1989). 189 

 190 

2.3. Polysomnography  191 

To quantify their subjective daytime sleepiness, the Epworth Sleepiness Scale questionnaire 192 

(Johns, 1994) was administered to all participants before sleep by a trained technician unaware 193 

of the purpose of the present study. Subjects then underwent overnight polysomnography using 194 

standard techniques and scoring criteria for sleep stages and arousals from sleep (Rechtschaffen 195 

and Kales, 1968; Sleep Disorders Atlas Task Force, 1992).  Thoracoabdominal movements and 196 

tidal volume were measured by respiratory inductance plethysmography (American Academy of 197 

Sleep Medicine Task Force, 1999).  Airflow was measured by nasal pressure cannulae 198 

(American Academy of Sleep Medicine Task Force, 1999) and arterial oxyhemoglobin saturation 199 

(SaO2) by oximetry.  Apneas and hypopneas were scored according to the American Academy of 200 

Sleep Medicine criteria (American Academy of Sleep Medicine Task Force, 1999; Iber et al., 201 

2007) and OSA severity was graded by a continuum with an AHI < 5 events/hr  of sleep 202 

classified as no sleep apnea;  AHI 5-15, mild OSA; AHI 15-30, moderate OSA; and AHI >30, 203 

severe OSA (American Academy of Sleep Medicine Task Force, 1999; Iber et al., 2007).   204 

 205 

2.4. Physiological data acquisition  206 

All study data were acquired in a quiet, temperature-controlled room with participants lying 207 

supine, with eyes closed but awake, and breathing spontaneously.  Lead II of an electro-208 



12 
 

cardiogram was utilized to calculate heart rate (HR).  Arterial blood pressure was recorded 209 

continuously using non-invasive automated photoelectric plethysmography (Portapres Model-2, 210 

FMS, Finapres Medical Systems BV, Amsterdam, The Netherlands).  Approximately every 211 

minute throughout the experimental session these values were referenced to non-invasive 212 

oscillometric determinations of brachial artery blood pressure acquired from the opposite arm 213 

using a standard 23-33 cm adult cuff (Dinamap Pro 100, Critikon, Tampa, FL, USA).  Breathing 214 

was recorded using a pneumobelt connected to a pressure transducer.  Multi-unit recordings of 215 

post-ganglionic muscle sympathetic nerve activity were acquired using a unipolar tungsten 216 

microelectrode inserted percutaneously into a fascicle of the right common fibular nerve 217 

(Hagbarth and Vallbo, 1968; Notarius et al., 2015).   MSNA, blood pressure, and HR were 218 

acquired over a 10 min rest period.   219 

 220 

2.5. MR data acquisition  221 

MRI data were obtained while subjects lay supine within a 3T GE (HDxt 16.0) MRI system 222 

fitted with an eight channel phased array head coil.  A three-dimensional high resolution 223 

anatomical scan of the whole brain (120 slices, 24 x 24 cm FOV, 256 x 256 matrix, 1.5 x 0.859 x 224 

0.859 voxels) was acquired with a T1-weighted 3D spoiled gradient echo sequence (flip angle = 225 

45°, TE = 5ms, TR = 25ms).  Resting state functional MRI data were acquired using a T2*-226 

weighted echo planar imaging sequence (32 axial slices, FOV = 20 x 20 cm, 64 x 64 matrix, 3.75 227 

x 3.75 x 4.4 mm voxels, TE = 40ms, TR= 2000ms).  The scan was 5 minutes long, for a total of 228 

150 frames.  During resting state imaging subjects were instructed to keep their eyes closed, but 229 
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stay awake, and think of nothing in particular (Damoiseaux et al., 2006; Greicius et al., 2004; 230 

Taylor et al., 2009).  231 

 232 

2.6. Physiological data analysis 233 

All physiological signals underwent analogue to digital conversion to a standard PC desktop for 234 

storage and analysis using the LabVIEW® software platform (National Instruments, Austin, TX, 235 

U.S.A.).  Spontaneous post-ganglionic sympathetic nerve bursts were accepted for analysis if 236 

they: 1) were synchronized with HR; 2) were not elicited by skin stroking or arousing stimuli; 3) 237 

increased in response to voluntary apnea; and 4) exhibited a signal to noise ratio of ≥ 3:1 238 

(Notarius et al., 2015).  To control for between-subject variation in HR, MSNA was expressed as 239 

a cardiac frequency-independent measure of the intensity of sympathetic discharge, bursts per 240 

100 heart beats or burst incidence (BI).  241 

   242 

2.7. Imaging data analysis  243 

All data were analyzed using FSL (FMRIB’s Software Library v.5.0.1, 244 

http://www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004).  A spatial group independent component 245 

(ICA) analysis was performed to identify the salience network (SN) using the Multivariate 246 

Exploratory Linear Optimized Decomposition into Independent Components (MELODIC v 3.10) 247 

toolbox implemented through FSL (Beckmann and Smith, 2004).  Prior to running the group 248 

ICA, preprocessing of each subject’s raw resting state data was performed as follows: removal of 249 

the first 3 volumes to allow for T1 equilibration effects, high pass filtering (0.01-Hz cutoff), 250 
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motion correction using FMRIB’s Linear Imaging Registration Tool (FLIRT) (Jenkinson et al., 251 

2002), brain extraction with FSL’s brain extraction tool (BET) (Smith, 2002), spatial smoothing 252 

with a 5-mm Gaussian kernel, linear registration between each subjects T2*-weighted and T1-253 

weighted images (6 degrees of freedom), and registration between the subjects T1-weighted 254 

space and standard MNI152 2mm3 stereotaxic space (12 degrees of freedom).  Group ICA 255 

involves three steps: 1) image concatenation, 2) dual regression, 3) statistical inference.  256 

 257 

1) Image concatenation: Each subject’s time course was variance-normalized and temporally 258 

concatenated across subjects to form a 2D Space*ConcatenatedTime data matrix (Beckmann and 259 

Smith, 2004; Filippini et al., 2009).  ICA was then applied to this matrix to identify large-scale 260 

patterns of functional connectivity common to all subjects (Beckmann et al., 2005; Filippini et 261 

al., 2009).  In accordance with previous practice, to identify the SN we limited our analysis to 25 262 

spatially independent components (Kucyi et al., 2012; Uddin et al., 2011).   263 

2. Dual Regression: The set of 25 independent spatial maps (components) from the group-264 

average analysis was then used to generate subject-specific versions of the spatial maps, and to 265 

generate their associated time series, using dual regression (Filippini et al., 2009).  First, for each 266 

subject, the unthresholded group-average set of spatial maps was regressed (as spatial regressors 267 

in a multiple regression) into that subject's 4D space-time dataset. This resulted in a set of 268 

subject-specific time series, one per group-level spatial map (i.e., 25 in total (one for each group 269 

level component) for each subject).  Next, those time series were regressed (as temporal 270 

regressors, again in a multiple regression) into the same 4D dataset, resulting in a set of subject-271 

specific spatial maps, one per group-level spatial map.  Using the 25 group- ICA components we 272 
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identified the SN as the component that included the anterior insula (aIC), pgACC, MCC, and 273 

TPJ (Kucyi et al., 2012; Weissman-Fogel et al., 2010).  274 

 3. Statistical Inference: Using FSL's non-parametric permutation-testing tool (randomize), we 275 

then tested whether the subject-specific spatial maps, corresponding to the group-ICA SN 276 

component: 1) were different between HC and OSA groups; and, 2) correlated with BI.  FSL’s 277 

stringent Threshold Free Cluster Enhancement (TFCE) statistical analysis was utilized to identify 278 

brain regions with a corrected p < 0.05.   Significant regions are those where the degree of 279 

connectivity with the SN (z-score) is associated with individual differences in BI.  280 

 281 

To ensure the specificity of our findings we also interrogated 2 additional independent 282 

components: the default mode network (DMN) and the sensorimotor network.  The DMN was 283 

chosen because, in the context of autonomic regulation, most of its regions are thought to be 284 

associated with parasympathetic functions (Beissner et al., 2013) and the sensorimotor network 285 

was not expected to be significantly engaged in sympathetic nervous system regulation.  The 286 

DMN was identified as the component comprised of the posterior cingulate (PCC)/precuneus 287 

(PCu), medial prefrontal, and lateral parietal cortices (Weissman-Fogel et al., 2010); the 288 

sensorimotor network consisted of the sensorimotor cortices, secondary somatosensory cortices, 289 

and the supplementary motor area (Wu et al., 2008).  While standard motion correction 290 

techniques were applied prior to group-ICA analysis combined with the knowledge that ICA 291 

inherently identifies and separates signals associated with movement and scanner artifacts 292 

(Tohka et al., 2008), to further control for subject head motion, the dual-regression analyses were 293 

re-run with the inclusion of mean frame-wise displacement (Power et al., 2015) for each subject 294 
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(extracted from the MCFLIRT pre-processing file) included as a covariate within the model.   A 295 

correlation analysis was also performed between BI and mean frame-wise displacement to ensure 296 

significant connectivity within the SN could not be attributed to collinearly between these 297 

measures.  Finally, to further delineate the mechanism(s) responsible for the connectivity 298 

relationship with the SN, dual-regression analysis was performed with measures specific to the 299 

sleep state obtained during overnight polysomnography (mean oxyhemoglobin saturation [Mean 300 

SaO2], minimum oxyhemoglobin saturation [MinSaO2], number of arousals, and AHI), patient 301 

perceptions of daytime sleepiness (ESS), and body mass index (BMI).  All images were family-302 

wise error corrected to Z > 2.3 and a cluster-based threshold of P < 0.05 and were displayed 303 

using FSLview and Caret (http://brainvis.wustl.edu/wiki/index.php/Caret:About).  304 

 305 

3. Results 306 
 307 

All but one subject completed the full protocol (one 38 yr old male, considered clinically not to 308 

have OSA, did not undergo polysomnography).  Participant characteristics, hemodynamic and 309 

microneurographic values appear in Table 1.  Resting sympathetic BI ranged from 29-100 310 

bursts/100 heart beats, confirming that our recruitment strategy fulfilled its objective of creating 311 

a high degree of inter-individual variability.  Moreover, there was, in this cohort, a significant 312 

positive relationship between AHI and MSNA burst incidence (Figure 1).   313 

 314 

With the exception of one subject with OSA, in whom the ESS on the night before 315 

polysomnography was recorded as 13, none had self-reported daytime sleepiness.  Of those 316 

participants who reported no symptoms or signs of OSA when recruited, and who considered 317 
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themselves free of any significant medical condition, only 5 had an AHI < 5 events/hr, 12 were 318 

found to have 5-10 events/hour, and, importantly 5 had moderate OSA (AHI >15).  Comparison 319 

of the mean sub-group characteristics of subjects classified, following polysomnography, either 320 

as having no or mild OSA or as having moderate or severe OSA is also presented in Table 1.  In 321 

the no or mild OSA subgroup, comprised of 17 subjects (6 female; 57 ± 4 yr (mean ± SE), the 322 

AHI ranged between 1 and 10 events/hr. The AHI ranged between 15 and 84 events/hr in the 323 

other 19 subjects (4 female; 58 ± 4 yr). As anticipated, those with OSA had higher average BI 324 

(71±4 vs. 49±4 bursts/100 heart beats; p < 0.001).  No subject with no or mild OSA was 325 

prescribed medications (Table 2). 326 

 327 

The component representing the salience network was easily identified from the group ICA 328 

maps.  Consistent with prior reports, the SN in this cohort of subjects included bilateral IC, peri-329 

genual ACC (pgACC) and mid-cingulate (MCC), and TPJ regions (Figure 2) (Kucyi et al., 2012; 330 

Seeley et al., 2007; Weissman-Fogel et al., 2010).  Examination of  MELODIC’s power-spectral 331 

analysis for the SN component demonstrated low-frequency oscillations within the  0.01-0.02 Hz 332 

range, satisfying criteria for a low-frequency, resting state, network.   333 

 334 

Importantly, dual regression between-group comparison between HC and OSA subjects did not 335 

reveal significant differences in the strength of connectivity of the SN with any brain regions 336 

(tfce p > 0.05); the mean ESS in the moderate to severe OSA group was only 6 (≥ 11 indicates 337 

excessive daytime sleepiness); there were no significant correlations between the strength of 338 

connectivity within the SN and the ESS; there were no significant differences with respect to 339 



18 
 

mean values between the two sub-groups with respect to any other patient characteristic related 340 

to the severity of OSA or confounding factors with the potential also to influence MSNA (ESS, 341 

Mean SaO2, Min SaO2, BMI, HR, SBP, DBP; p > 0.05 for all; Table 1); and, the strength of 342 

connectivity within the SN was not related to BMI or 3 indices of the severity of obstructive 343 

apnea during sleep: mean SaO2, Min SaO2, and the total number of arousals (p > 0.05).   Dual-344 

regression between AHI and the strength of connectivity within the SN revealed only a small 345 

cluster (3 voxels) of positively correlated activity within the right anterior insula (p = 0.037; x = 346 

13; y = 35; z = 17(peak MNI coordinate)).  No inverse correlations were detected.  On the basis 347 

of these several concordant findings, we proceeded to interrogate the relationship between BI 348 

and SN connectivity in the entire study population.  349 

 350 

Analysis involving the entire cohort identified a strong positive correlation with connectivity of 351 

several brain regions within the salience network.  In total, 43 distinct cortical clusters were 352 

found to be significantly correlated with BI (see Table 3 for a full list of regions) after FSL’s 353 

stringent Threshold Free Cluster Enhancement (TFCE) statistical analysis.  Of particular note are 354 

the extent (i.e., number of voxels) and strength (z-score) of the correlations between BI and 355 

resting SN connectivity within left anterior insula, right pregenual/anterior mid-cingulate, 356 

bilateral posterior insula, TPJ, thalamus, and cerebellum (lobule V/VI and crus I) (see Figure 357 

3A).  For visualization purposes the TFCE threshold was increased from p = 0.05 to p = 0.025.  358 

Subsequently, the maps were binarized and the z-score values were extracted from the ROIs that 359 

encompassed the left aIC, right pgACC, and left thalamus.  These Z-score values are plotted 360 

against BI measures for each subject (Figure 3B).  Clearly, as BI increases in this population so 361 
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too does the strength of connectivity of these areas within the SN.  No regions within the SN 362 

were found to be negatively correlated with BI.   363 

 364 

Supporting the specificity of our findings, connectivity within the DMN and the sensory network 365 

did not correlate with BI (p > 0.05).  In addition, the inclusion of mean frame-wise displacement 366 

(head motion) in the dual-regression analysis with BI measures did not significantly alter the 367 

connectivity maps.   Collinearity was not observed between BI and mean frame-wise 368 

displacement (R = 0.260, p = 0.125). 369 

 370 

In order to satisfy statistical standards of the neuroimaging community at large we initially 371 

employed the statistically rigorous threshold free cluster enhancement methodology with a 372 

threshold set to a corrected p < 0.05 (i.e., all aforementioned data).  On review of the relevant 373 

literature specifically examining cortical and brainstem cardiovascular regulation, it became 374 

apparent that current analytical conventions include the application of lower uncorrected p-375 

values (i.e., p < 0.001 uncorrected) or fixed effects (as opposed to random effects) analysis 376 

(James et al., 2013a; James et al., 2013b; Kimmerly et al., 2013; Macefield and Henderson, 377 

2010).  One reason for this approach, particularly relevant to the brainstem, is that increased 378 

physiological ‘noise’, derived from major arteries and pulsatile cerebrospinal fluid filled spaces 379 

adjacent to and within this structure, reduces severely the signal to noise ratio and increases the 380 

risk of false-negative determination (Brooks et al., 2013).  Following these investigators’ lead, 381 

we re-interrogated our images at a lower threshold (uncorrected p = 0.001).  Shifting to this 382 

lower threshold uncovered correlations between efferent sympathetic discharge and several 383 
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brainstem regions known to be involved in autonomic cardiovascular regulation that were not 384 

identified by the initial, more rigorous, analysis: the rostral ventral lateral medulla (RVLM) 385 

(Macefield and Henderson, 2010), the parabrachial nucleus (PB) in the rostral pons (Dampney, 386 

1994), the midbrain periaqueductal grey (PAG) (Verberne and Owens, 1998), and the 387 

paraventricular nucleus of the hypothalamus (PVN) (Dampney, 2011) (Figure 4) .  Also, in 388 

addition to those cortical centers identified previously in Table 3, the precuneus emerged as a 389 

prominent connected region. 390 

 391 

4. Discussion 392 
 393 

The concept that efferent sympathetic discharge might relate to intrinsic, low frequency (<0.1 394 

Hz), resting state cortical activity has thus far received little attention.  The present study 395 

demonstrates a positive relationship during a state of wakeful rest, with spontaneous breathing, 396 

between directly measured post-ganglionic muscle sympathetic outflow and individual 397 

differences in the strength of resting state functional connectivity within the salience network.  398 

Moreover, there was, in this cohort, a significant positive relationship between the AHI and 399 

MSNA burst incidence (Figure 1).  This, itself, is a novel observation.   400 

 401 

The SN, first identified as a distinct resting state network by Seeley et al (2007), was posited to 402 

identify, from internal or extrapersonal stimuli, the most homeostatically relevant information.  403 

The IC and the ACC are two of its key nodes (Menon and Uddin, 2010; Seeley et al., 2007).  404 

Over the last decade task-based fMRI has ascribed to these two cortical sites several functions, 405 

but principally cognitive processes such as attentional demand and executive control.  By 406 
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contrast, their contribution (particularly that of the cingulate) to autonomic regulation has 407 

received less attention.  While these two regions are anatomically distinct, co-activation over a 408 

wide variety of behavioural tasks is consistently reported (Craig, 2009; Menon and Uddin, 2010) 409 

suggesting an interrelated role for these cortical areas.   Identification of the SN with resting state 410 

functional connectivity analysis (Seeley et al., 2007)  provides support for interactions between 411 

these brains areas.  The amalgamation of current evidence suggests that the IC and ACC are 412 

responsive to emotional, cognitive, or homeostatic stimuli or events, whether in the internal or 413 

external environment, i.e., subjective salience in general (Craig, 2009).   414 

 415 

The IC has been implicated in gustatory, visceral sensory/motor, cardiovascular, ocular, 416 

vestibular, memory, auditory, language processes (Augustine, 1996), and in response to acute 417 

noxious stimuli (Apkarian et al., 2005).  The posterior insula, termed the primary interoceptive 418 

cortex  (Craig, 2004), connects reciprocally with the nucleus of the solitary tract (NTS) 419 

(Verberne, 2011), the main medullary gateway to the central nervous system for afferent input 420 

from cardiovascular, respiratory, gastrointestinal, and other peripheral receptors (Andresen and 421 

Paton, 2013).  A parallel pathway from the NTS via the parabrachial nucleus to the insula 422 

underscores its importance in integrating afferent autonomic input (Verberne, 2011). The major 423 

path by which the posterior insula influences cardiovascular responses is via the lateral 424 

hypothalamus which connects with the rostral ventral lateral medulla (RVLM), the brainstem 425 

origin of most premotor sympathetic outflow (Sun and Guyenet, 1986).  Anatomical pathways 426 

from the anterior insula to the RVLM (Gabbott et al., 2005; M'hamed et al., 1993) and lateral 427 

hypothalamus (Yasui et al., 1991) provide additional routes by which this region could modulate 428 

medullary autonomic function.  Depending on its exact location, electrical stimulation within the 429 
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insula elicits either tachycardia and pressor responses or bradycardia and depressor responses 430 

(Oppenheimer et al., 1991; Oppenheimer and Cechetto, 1990).  In humans, both types of 431 

responses could be elicited from either hemisphere, but bradycardia and depressor responses 432 

were evoked primarily by left insular cortex stimulation, whereas increases in heart rate and 433 

blood pressure occurred more often with right sided stimulation (Oppenheimer et al., 1992).  434 

Thus, the IC integrates ascending interoceptive and visceromotor afferent information.  This 435 

enables the determination and assessment of salience, ultimately guiding behaviour through 436 

direct and indirect connections with multiple cortical and brainstem regions (including medullary 437 

autonomic regions that modulate autonomic homeostatic outflow) (Uddin, 2015).   438 

 439 

It is known from early electrical stimulation studies conducted in animals (Ward, Jr., 1948; 440 

Burns and Wyss, 1985; Kaada et al., 1949; Kaada, 1951) and humans (Pool and Ransohoff, 441 

1949) that the cingulate also has a role in autonomic regulation.  Homeostatically relevant 442 

interconnections between the cingulate and autonomic nuclei located within the brainstem and 443 

hypothalamus, as well as cortical regions (i.e., medial temporal and insula) have also been 444 

demonstrated (Barbas et al., 2003; Carmichael and Price, 1995a; Carmichael and Price, 1995b; 445 

Carmichael and Price, 1996; Ongur et al., 1998; Vogt et al., 1987; Vogt and Pandya, 1987).  It is 446 

therefore surprising that more recent neuroimaging studies have implicated the cingulate in 447 

predominantly cognitive processes (Critchley, 2004) .  The ACC (pregenual and subgenual) is 448 

often linked with nociceptive (Apkarian et al., 2005) and emotional processes (Vogt, 2005) while 449 

the MCC has principally been linked with nociception, attention, error detection, anticipation, 450 

decision making, and motor functions (Bush et al., 2000; Bush et al., 2002; Davis et al., 1997; 451 

Davis et al., 2000; Rushworth et al., 2007; Rushworth and Behrens, 2008; Vogt, 2005).  That 452 
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such cognitive, emotional, and sensorimotor (including nociceptive) tasks also directly evoke 453 

autonomic responses is often ignored when interpreting these observations.  Interestingly, the 454 

recent meta-analysis by Beissner et al (2013), demonstrated that the pgACC/MCC is the cortical 455 

region most consistently activated across 43 autonomic fMRI studies.   456 

 457 

More recently, a handful of groups have utilized task-based fMRI to elucidate the cortical 458 

regions specifically associated with cardiovascular autonomic regulation.  These studies have 459 

reported activation of the IC and ACC (often co-activation) with sympathetic modulation of HR 460 

variability, cardiac rhythm (Critchley et al., 2003), blood pressure changes during the Stroop task 461 

(Gianaros et al., 2005), the cold pressor and Valsalva’s maneuver (Harper et al., 2000), and 462 

MSNA responses to inspiratory capacity apnea (Macefield et al., 2006), (non-volitional) 463 

baroreceptor afferent unloading (Kimmerly et al., 2005b; Kimmerly et al., 2007a; Kimmerly et 464 

al., 2007b), and end-expiratory breath-holds and the Mueller maneuver (Kimmerly et al., 2013).  465 

James et al. (2013) recently mastered the technical challenge of performing concurrent MSNA 466 

and fMRI, demonstrating that BOLD signal intensity within several cortical regions, including 467 

the left mid-insula, co-varied with the intensity of resting MSNA bursts.  Finally, utilizing direct 468 

electrical brain stimulation of the anterior MCC in two patients with refractory epilepsy, Parvizi 469 

et al (2013) reported increased HR, ‘hot flashes’, and a sensation of ‘shakiness’ in the upper 470 

chest and neck.  Using rsMRI, these authors mapped their regions of cortical stimulation to the 471 

SN (Parvizi et al., 2013).   472 

 473 
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In the present experiment, we utilized a task-free state to avoid the potential confounds 474 

associated with task-related activations.  We demonstrated that connectivity within bilateral aIC, 475 

posterior IC, and pgACC/MCC correlated significantly with directly recorded efferent 476 

sympathetic outflow.  The largest clusters linked to sympatho-excitation were in the left aIC and 477 

right pgACC.  Overall,  these data support the notion that the insula and cingulate are not only 478 

responding in a task-specific manner, but are instead, or additionally, premotor autonomic nuclei 479 

that respond to salient stimuli with adaptive changes in sympathetic tone (Beissner et al., 2013; 480 

Critchley et al., 2004; Critchley, 2004; Seeley et al., 2007).   481 

 482 

Resting state activity in several other SN regions correlated significantly with sympathetic BI.  483 

One, the TPJ (a region encompassing the supramarginal and angular gyrus), often co-activated 484 

with the cingulate and insula during response to a range of sensory stimuli (Downar et al., 2002), 485 

is considered part of a network responsible for general salience monitoring (Kucyi et al., 2012).   486 

The cerebellum also exhibited increased connectivity.  In experimental preparations, cerebellar 487 

stimulation results in sympathoexcitation, cardiovascular, and respiratory changes (Dampney, 488 

1994).  Although its involvement in autonomic control is less well characterized in humans, 489 

cerebellar fMRI responses are evident in healthy subjects during inspiratory capacity apneas 490 

(Macefield et al., 2006) and in patients with OSA during an inspiratory loading challenge 491 

(Macey et al., 2006).  Recently, rsMRI was used to demonstrate that cerebellar lobule VI and 492 

adjacent crus I regions are part of the SN (Habas et al., 2009).  Our findings agree, demonstrating 493 

BI significantly correlates with cerebellar connectivity within lobule V/VI and crus I. 494 

 495 
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Following our initial analyses, we adopted the current,  more liberal, conventions reported in the 496 

literature examining cortical autonomic cardiovascular regulation and reduced the threshold from 497 

a corrected p < 0.05 to an uncorrected p = 0.001.  Interestingly, this process uncovered several 498 

brainstem regions implicated in cardiovascular regulation, namely: RVLM, PB nucleus, PAG, 499 

and the paraventricular nucleus of the hypothalamus (PVN) (Dampney, 1994; Verberne and 500 

Owens, 1998).  There is extensive literature supporting the involvement of each of these regions 501 

in autonomic regulation.  The rostral ventrolateral medulla, which in humans is displaced 502 

dorsally by the large olivary nuclei (Allen et al., 1988; Macefield and Henderson, 2010), is well 503 

established as the primary medullary output nucleus from which sympathetic vasoconstrictor 504 

control of arterial blood pressure arises  (Dampney, 1994).  The parabrachial nucleus, located in 505 

the rostral pons, provides an integrative role as it possesses reciprocal connections with forebrain 506 

structures (including insula, hypothalamus and thalamus) and with the brainstem NTS and 507 

RVLM (Card and Sved, 2011; Dampney, 1994; Verberne and Owens, 1998).  The PAG is also 508 

highly interconnected with cortical anterior cingulate cortex, prefrontal cortex, hypothalamus, 509 

and brainstem autonomic regions (Cersosimo and Benarroch, 2013).  Finally, the paraventricular 510 

nucleus (PVN) of the hypothalamus regulates autonomic outflow via direct connections with 511 

sympathetic and parasympathetic preganglionic neurons, and indirectly through connections with 512 

PAG, PB, and RVLM (Dampney, 2011).  Interestingly, the PVN is implicated in the sympathetic 513 

over-activity demonstrated in animal models of heart failure (Li and Patel, 2003).  These 514 

additional observations therefore are concordant with the experimental literature, add to our 515 

current understanding, in humans, of connectivity between brain regions involved in tonic 516 

sympathetic cardiovascular regulation under task-free conditions, and provide a model for future 517 

clinical research concerning hypertension or heart failure. 518 
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 519 

Obstructive sleep apnea 520 

To secure a broad range of MSNA burst incidences within an essentially asymptomatic cohort, 521 

we sought to recruit otherwise healthy middle-aged subjects who either considered themselves 522 

free of OSA or who had a high pre-test probability of having as yet undiagnosed moderate to 523 

severe OSA based upon witnessed snoring or apnea, anthropometric characteristics or other 524 

factors.    In contrast to most previous investigations of such cohorts, all subjects first underwent 525 

formal polysomnography. Consistent with contemporary sleep laboratory experience, this 526 

procedure uncovered in many of these asymptomatic self-identified healthy control subjects 527 

mild, moderate or even severe OSA.   528 

 529 

As per conventional practice in the OSA literature, we then subdivided participants on the basis 530 

of the polysomnographic findings into subgroups comprising those with no or mild OSA and 531 

those with moderate and severe OSA (AHI > 15).  No between-group differences in resting state 532 

connectivity were identified by comparative analysis.  Importantly, with the exception of AHI, 533 

no other indices of OSA severity differed between the two groups (Table 1), permitting us to 534 

focus on relationships between SN functional connectivity and BI across all subjects as a 535 

continuum.  Importantly, the connectivity demonstrated within the bilateral aIC, posterior IC, 536 

and pgACC/MCC, which correlated significantly with directly recorded efferent sympathetic 537 

outflow, could not be attributed to OSA.  There were either no, or trivial (i.e., 3 voxels in right 538 

aIC correlated with AHI), relationships between measures specific to the severity of OSA (i.e., 539 

mean SaO2, minSaO2, number of arousals, AHI, ESS and BMI) and intrinsic connectivity within 540 
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the SN.  Thus, rather than being a maladaptive response to longstanding OSA, the increased 541 

connectivity with MSNA BI identified for these regions provides evidence for their engagement 542 

in amplifying (independently of any co-existing sleep disorder) efferent sympathetic outflow.   543 

 544 

This study has several important characteristics that merit emphasis.  First, because of the high 545 

prevalence of asymptomatic and undiagnosed OSA in the general population, all subjects, 546 

including self-reported healthy controls, underwent overnight polysomnography.  Importantly, 547 

and in contrast to much prior literature in which subjects were recruited for research purposes 548 

only after OSA was identified by referral for diagnostic polysomnography on clinical grounds, 549 

our OSA subjects were not sleepy (Table 1).  In 5 of our self-reported healthy subjects, 550 

polysomnography identified previously unrecognized moderate to severe OSA and 12 self-551 

reported healthy control subjects were diagnosed with mild OSA (AHI > 5 but < 15 events/hr).  552 

The common practice in previous investigations has been to label volunteers as healthy controls 553 

if they report no night-time snoring or daytime sleepiness.  The present study reveals that 554 

assumption to be incorrect and calls into question the conclusions of prior studies in middle aged 555 

subjects reliant on self-reported normal sleep for dichotomization into OSA and non-OSA 556 

cohorts.   Secondly, our population comprised primarily middle-aged and older participants, and 557 

hence our findings are more relevant to the general population at cardiovascular risk.  Previous 558 

microneurographic studies have often focused on young healthy control subjects, since they are 559 

in general easier to recruit and lack potentially confounding co-morbidities.  Third, the groups 560 

did not differ significantly with respect to mean values for any other measure related to the 561 

severity of OSA, such as the BMI, ESS, Mean SaO2 or Min SaO2, that might be associated with 562 

difference in grey matter volume that may be present in OSA (Macey et al., 2002).  Fourth, 563 
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approximately 30% of our subjects were women.  Finally, our principal findings were found to 564 

be independent of the presence and severity of other commonly described indices of OSA 565 

severity, and unrelated to resting state connectivity within default mode and sensory networks. 566 

 567 

 568 

Limitations 569 

MSNA and rsMRI data were acquired on separate experimental days, but a considerable body of 570 

evidence confirms the reproducibility of resting MSNA (Floras and Hara, 1993) and MSNA 571 

responses to a variety of challenges (i.e., head-up tilt, lower body negative pressure and cold 572 

pressor) when repeated following short time intervals  (Kimmerly et al., 2004; Schobel et al., 573 

1995).  To minimize variation subject preparation was identical prior to MRI and MSNA.  To 574 

avoid changes that might arise from drug withdrawal, the 10 treated subjects continued their 575 

prescribed medications on the study days.  An optimistic assumption is that if any of these drugs 576 

altered activity within the central autonomic network, they would affect concurrently and 577 

proportionately the SN and MSNA; a more realistic possibility is that few might have such 578 

action, or have reflex or brainstem actions which then would obscure or attenuate any 579 

relationship between the strength of SN connectivity and BI, rendering the present finding of a 580 

significant relationship all the more compelling.  Importantly, however, only a minority of the 581 

medications prescribed (principally ACE inhibitors and angiogensin II antgonists, which can be 582 

sympatho-inhibitory, but not beta-adrenoceptor antagonists (Azevedo et al., 2001)) influence 583 

MSNA when administered chronically.  A potential concern, namely, that our principal 584 

observation during quiet rest, wakefulness and spontaneous breathing might simply be a 585 
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consequence of night time events is obviated by analysis of measures specific to the sleep state 586 

indicating no substantive relationship between any OSA-specific variables and connectivity 587 

within the SN.  Fatouleh et al. (2014) have recently concluded, from their functional and 588 

structural experiments, “that asphyxic damage due to repeated episodes of nocturnal apnoea is 589 

not the main cause of the sympthoexcitation” of OSA (Fatouleh et al., 2014).  Finally, due to 590 

technical limitations we were unable to determine in this protocol connectivity patterns within 591 

the medulla, pons, or midbrain.   592 

 593 

In conclusion, this is the first study to utilize muscle sympathetic nerve activity to link autonomic 594 

outflow with spontaneous cortical activity within the SN.  In a cohort of subjects with a wide 595 

range of inter-individual variability in resting sympathetic outflow we have demonstrated a 596 

strong positive correlation between BI and resting intrinsic connectivity within the salience 597 

network.  We did not observe a relationship between BI and the DMN and sensorimotor 598 

network, supporting specificity between BI and SN connectivity.  Finally, we have demonstrated 599 

that this relationship is not related to measures specific to the severity of OSA and the sleep state.  600 

These data support a sympatho-excitatory role for the SN in middle-aged humans. 601 

 602 
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 909 

Table 1: Participant Characteristics 910 

Characteristic All Subjects No or mild  

apnea 

Moderate or  

severe apnea 

p-value 

# Subjects (female) 36 (10) 17 (6) 19 (4)  

Age (yrs) 57 ± 4 57 ± 4 58 ± 4  0.592 

AHI (events/hr) 18 ± 3 6 ± 2  28 ± 2 < 0.001 

BI (bursts/100HB) 60 ± 4 49 ± 4 71 ± 4  < 0.001 

BMI (kg/m2) 29 ± 1 27 ± 1  30 ±1 0.311 

HR (bpm) 60 ± 2 59 ± 3  61 ± 2  0.440 

SBP (mmHg) 120 ±3 118 ± 3 122 ± 2  0.166 

DBP (mmHg) 69 ± 2 67 ± 7  70 ± 9  0.833 

ESS 5 ± 1 3 ± 3 6 ± 2  0.385 

Mean SaO2 (%) 95 ± 2 94 ± 2  95 ± 2  0.929 

Min SaO2 (%) 88 ± 4 87 ± 2  82 ± 2  0.103 

All values are Mean ± SE. P-values relate to between group differences. AHI = Apnea Hypopnea 911 

Index, BI = Burst Incidence; BMI = Body mass Index; HR = Heart Rate; SBP = Systolic Blood 912 

Pressure; DBP = Diastolic Blood Pressure; ESS = Epworth Sleepiness Scores; SaO2 = arterial 913 

oxyhemoglobin saturation 914 

 915 

 916 

  917 



41 
 

Table 2:  Prescribed Medications 918 

Medication N 
Angiotensin converting enzyme inhibitor 6 
Angiotensin II antagonist 1 
β-blocker 4 
Ca2+ channel blocker 1 
Diuretic 5 
Anticoagulant 2 
Statin 7 
Thyroid hormone 2 
Tapazole 1 
Allopurinol 1 
Non-steroidal anti-inflammatory 5 
Proton pump inhibitor 3 
Testosterone 1 

 919 

  920 
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Table 3:  Anatomical Location (including Brodmann Area), # voxels, and peak MNI coordinates 921 

for regions exhibiting positive correlations between sympathetic outflow and functional 922 

connectivity within the salience network. # vox = number of 4mm3 voxels.  923 

  MNI coordinates  
Anatomical Location (Brodmann Area) # vox X Y Z p-value (corr) 
L Anterior Insula  / Caudate 314 -38 18 -4 0.001 
L Cerebellum (Crus I) 46 -42 -66 -24 0.018 
L Cerebellum (Lobe V) 2 -14 -50 -16 0.041 
L Frontal Pole  (BA 9) 1 -30 50 32 0.043 
L Frontal Pole/Medial Frontal Gyrus  (BA9) 14 -26 38 32 0.037 
L Inferior Parietal Lobule (BA 40; TPJ) 121 -34 -46 24 0.004 
L Medial Frontal Gyrus  (BA6) 6 -34 22 60 0.027 
L Postcentral Gyrus (BA3/4) 73 -38 -26 72 0.015 
L Posterior Insula 19 -34 -18 8 0.03 
L Precentral Gyrus / Medial Frontal Gyrus (BA6) 1 -38 -2 48 0.05 
L Precentral Gyrus/Medial Frontal Gyrus (BA4) 2 -30 -6 52 0.047 
L Precuneous /Cuneus (BA 18) 15 -2 -74 28 0.019 
L Superior Frontal Gyrus (BA6) 16 -10 10 72 0.026 
L Superior Parietal Lobule 4 -14 -54 64 0.043 
L Superior Parietal Lobule (BA 5/7) 6 -30 -46 72 0.031 
L Superior Temporal Gyrus (BA42) 5 -58 -10 8 0.025 
L Supramarginal Gyrus / Angular Gyrus 1 -50 -50 20 0.05 

 
R Anterior Insula 1 42 18 -4 0.05 
R Cerebellum (Crus I) 132 42 -54 -28 0.013 
R Cerebellum (Lobe V/VI) 10 18 -50 -16 0.021 
R Cerebellum (Lobe VI) 5 38 -38 -32 0.036 
R Frontal Pole (BA 11) 18 18 58 -16 0.026 
R Frontal Pole / Medial Frontal Cortex (BA11) 5 6 58 -12 0.045 
R Lateral Occipital Cortex (BA 19) 1 34 -74 40 0.042 
R Lateral Parietal Cortex (BA 7) 1 30 -66 60 0.051 
R Medial Frontal Gryus (BA6) 48 42 10 60 0.027 
R Medial Frontal Gyrus (BA9) 3 30 14 44 0.045 
R Medial Temporal Gyrus 10 34 -54 0 0.023 
R Postcentral Gyrus (BA 1/2) 3 42 -34 68 0.037 
R Precentral Gyrus (BA 4) 2 38 -10 56 0.044 
R Precuneous  24 26 -58 20 0.032 
R Precuneous (BA 18/31) 9 16 -66 28 0.032 
R Precuneous/ Superior Parietal Lobule (BA7) 100 18 -62 50 0.023 
R Precuneus (BA 7) 6 2 -34 52 0.044 
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R Precuneus (BA 7) 1 22 -42 56 0.05 
R Pregenual Anetrior Cingulate Cortex (BA 32) 189 6 46 0 0.006 
R Superior Fronal Gyrus (BA8) 17 2 26 60 0.029 
R Superior Frontal Gyrus (BA 8) 2 10 34 60 0.049 
R Superior Temporal Gyrus(BA 22) / Posterior Insula 105 50 -10 -5 0.014 
R Supramarginal Gyrus  2 38 -46 16 0.045 
R Supramarginal Gyrus / Angular Gyrus (BA 40) 1 46 -46 44 0.047 
R Supramarginal Gyrus/ Postcentral Gyrus (BA 3) 4 62 -22 40 0.047 
R Thalamus (peak on VPL) 33 18 -14 4 0.035 
 924 

  925 
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Figure 1: Correlation analysis between BI and AHI across all subjects.  A significant positive 926 

correlation is demonstrated.   927 

 928 

Figure 2 929 

The salience network identified by group independent component analysis (ICA) (n=36).  L, 930 

Left; R, right; pgACC, perigenual anterior cingulate cortex; MCC, mid-cingulate cortex; IC, 931 

insula; TPJ, temporoparietal junction. Coordinates (xyz) refer to mm in MNI space. 932 

 933 

Figure 3 934 

A: Dual regression analysis demonstrating positive correlations between resting efferent 935 

sympathetic burst incidence and the strength of connectivity within the salience network. B: Z-936 

score values were extracted from L aIC, R ACC, and L thal in all subjects and plotted against 937 

their BI to demonstrate specific regional correlations. aIC, anterior insula; dpIC, dorsal posterior 938 

insula; pgACC, perigenual anterior cingulate cortex; thal, thalamus.  Images are thresholded with 939 

a Threshold Free Cluster Enhancement corrected p < 0.025. Coordinates (xyz) refer to mm in 940 

MNI space. 941 

 942 

Figure 4 943 

Images are thresholded at a reduced uncorrected p = 0.001.  A: In the SN, connectivity within the 944 

paraventricular hypothalamus was correlated with resting BI. B: Likewise, SN connectivity 945 

within the midbrain (PAG), pons (PB) and medulla (RVLM) was also positively correlated with 946 

resting BI.  Note also, connectivity with the Precuneus.  PVN, Paraventricular nucleus of the 947 
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hypothalamus; PAG, Periaqueductal gray; PB, Parabrachial nucleus; RVLM, rostral ventral 948 

lateral medulla, D, dorsal; V, ventral. 949 
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