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Abstract 

Focal brainstem lesions can disrupt arousal and cause coma, yet the exact 

location of the brainstem region critical to arousal and its associated network are 

unknown. First, we compare brainstem lesions between 12 patients with coma and 24 

patients without coma to identify a region specific to coma-causing lesions. Second, we 

determine the network connectivity of this brainstem region and each individual coma-

causing lesion using resting state functional connectivity MRI data acquired from 98 

healthy subjects. Third, we evaluate the functional connectivity of this network in 

patients with disorders of consciousness (51 patients versus 21 controls). These 

analyses reveal a small, coma-specific region in the left pontine tegmentum, near the 

medial parabrachial nucleus. This brainstem region, and each individual coma-causing 

lesion, is functionally connected to the left agranular, anterior insula (AI), and pregenual 

anterior cingulate cortex (pACC). These cortical sites align poorly with previously 

defined functional networks but match the distribution of von Economo neurons (VENs). 

Finally, functional connectivity between AI and pACC is disrupted in patients with 

impaired awareness. These results show that coma-causing lesions overlap a specific 

brainstem location that is functionally connected to specific cortical areas, defining a 

unique human brain network. The brainstem node, if lesioned, disrupts arousal while the 

VEN-containing cortical nodes exhibit abnormalities in patients with disrupted 

awareness. We propose that this network may represent a neuroanatomical substrate 

linking arousal and awareness, the two principal components of human consciousness.  
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Glossary 

AI = anterior insula 

ARAS = ascending reticular activating system 

EEG = electroencephalogram 

MCS = minimally conscious state 

MRI = magnetic resonance imaging 

pACC = pregenual anterior cingulate cortex 

PBN = parabrachial nucleus 

REM = rapid eye movement 

rs-fcMRI = resting state functional connectivity magnetic resonance imaging 

VEN = von Economo Neuron 

VS/UWS = vegetative state/unresponsive wakefulness syndrome  
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Introduction 

Though fundamental to cognition and behavior, consciousness remains an 

elusive function of the human brain. The mere endeavor to define consciousness, let 

alone to identify its neurobiological basis, has been pursued by centuries of philosophy 

and science. Understanding how the brain generates consciousness remains one of the 

greatest challenges of modern science, and one with profound implications for both 

basic neuroscience and clinical care.  

Consciousness is thought to consist of two interrelated but conceptually distinct 

parts: arousal (i.e., wakefulness) and awareness (i.e.,the content of one’s 

experience)1,2. Awareness requires arousal, in that one must be awake in order to be 

aware1,2 (though dreaming during rapid eye movement [REM] sleep might appear to 

violate this relationship, REM sleep in fact shares many neuronal characteristics with 

wakefulness3). However, one can be awake without being aware, as exemplified by the 

vegetative state/unresponsive wakefulness syndrome, in which patients maintain sleep-

wake cycles without demonstrating awareness of themselves or their environments4. 

The neuroanatomical substrates supporting these components of consciousness, and 

supporting their integration, remain unclear. However, arousal is thought to depend 

predominantly upon the brainstem, whereas awareness is thought to depend more upon 

the cerebral cortex1.  

The neurobiology of arousal 

The importance of the brainstem in sustaining arousal has been appreciated for 

several decades. This topic was first formally studied in 1935, when a Belgian 

neurophysiologist Frederic Bremer investigated how different brainstem transections 

affected arousal in cats5. He found that, whereas transections between the medulla and 

spinal cord did not disrupt arousal, transections between the superior and inferior 

colliculus – at the level of the midbrain – produced behavioral unresponsiveness and a 

pattern of electrical discharges from the cortex indicative of slow-wave sleep, as 

measured with an electroencephalogram (EEG). In 1949, this brainstem system was 

termed the ascending reticular activating system (ARAS) by neurobiologists Moruzzi 

and Magoun6, who demonstrated that electrical stimulation of the midbrain tegmentum 
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produced EEG patterns resembling wakefulness in anesthetized cats, and that large 

electrolytic lesions of the midbrain tegmentum suppressed cortical arousal and 

produced behavioral unresponsiveness6,7. The ARAS was termed as such based on the 

notion that neurons from a broad “reticulum” (i.e., net-like distribution) of neurons 

“ascended” from the brainstem to the cortex to produce an “activating,” or arousing, 

effect8. Subsequent studies in animal models further refined the brainstem region 

important for arousal, demonstrating that lesions below the level of the mid-pons did not 

impair arousal, while lesions between the rostral pons and midbrain caused behavioral 

unresponsiveness and EEG patterns characteristic of sleep2. Thus, it became clear that 

the tegmentum between the rostral pons and caudal midbrain – also termed the 

mesopontine tegmentum – contained neural structures critical to sustaining arousal2.  

Further investigation of the ARAS revealed that this region of the mesopontine 

tegmentum was in fact not an amorphous “reticulum,” but rather a series of discrete 

brainstem nuclei, each contributing to arousal through distinct neurotransmitter systems 

(for this reason, alterative names, such as the “ascending arousal system,” are often 

considered more appropriate than “ARAS”2). For example, the mesopontine tegmentum 

includes the pedunculopontine and laterodorsal tegmental nuclei, whose cholinergic and 

other neuronal subtypes project through the paramedian midbrain reticular formation to 

thalamic nuclei9. Their thalamic targets include the midline/intralaminar nuclei, which 

project more diffusely to the cerebral cortex10, and the reticular nucleus, which is 

thought to coordinate synchrony of the cortical activity observed on EEG11. Activity of 

some neurons within the pedunculopontine and laterodorsal tegmental nuclei also 

varies with different behavioral states12. During wakefulness, neurons in these nuclei fire 

rapidly, and during slow-wave sleep, they fire more slowly; moreover, during REM sleep 

(a state resembling wakefulness on EEG), these neurons fire rapidly again13,14.  

In addition to these cholinergic nuclei, there are at least three monoaminergic 

nuclei also contained within the mesopontine tegmentum with ascending influence on 

the cortex. The locus coeruleus, located in the pontine tegmentum, synthesizes and 

distributes norepinephrine diffusely throughout the cerebral cortex15. Neurons in the 

locus coeruleus fire more rapidly during states of wakefulness, and particular in 

response to highly arousing stimuli16. Their firing slows during slow-wave sleep, and 
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they become silent during REM sleep16. Optogenetic stimulation of the locus coeruleus 

produces immediate arousal from sleep in mice, extends periods of wakefulness and 

increases locomotion17. The dorsal raphe nucleus, extending from the midbrain to the 

pons, synthesizes and distributes serotonin throughout the cerebral cortex, and has 

been implicated in the stress response18. Neurons from the ventral tegmental area, 

located in the midbrain, synthesize and distribute dopamine to select prefrontal and 

limbic regions of cortex19. Some neurons in this region are most active during 

wakefulness, slowing during slow-wave and REM sleep20. 

Given the associations between their activity patterns and states of sleep and 

arousal, neurons from these cholinergic and monoaminergic nuclei were thought to play 

an important role in sustaining wakefulness2. However, studies later revealed that, 

though these nuclei may promote arousal, they are not strictly necessary for it: 

eliminating these cell groups does not significantly disrupt sleep-wake states or cortical 

EEG21–24. 

In contrast, recent studies have pointed to a region in or near the medial 

parabrachial nucleus (PBN) as necessary for arousal. The PBN is a complex of neurons 

spanning the pons-midbrain junction and surrounding the superior cerebellar peduncle 

in the dorsolateral pontine tegmentum25. Most PBN neurons are glutamatergic26,27, and 

some project to subcortical regions implicated in arousal, such as the thalamus, 

hypothalamus, basal forebrain, amygdala, and the bed nucleus of the stria 

terminalis25,28,29. Studies in mice and rats have shown that the PBN also projects 

directly to two cortical areas: the insular cortex and prefrontal cortex29,30. In 2001, Devor 

and colleagues identified a region in or near the rostral margin of the PBN where 

microinjections of pentobarbital (a GABA-A receptor anesthetic) produced deep and 

reversible anesthesia in rats31. In 2011, Fuller and colleagues demonstrated that 

ablating the region of the medial PBN in rats abruptly caused coma: the rats became 

behaviorally unresponsive, and exhibited EEG patterns indicative of coma (power in the 

<1 Hz range)22. In 2013, Kaur and colleagues demonstrated that deleting the vesicular 

glutamate transporter type 2 (Vglut2) gene from neurons in the PBN, thereby hampering 

glutamate release from PBN neurons, also diminished arousal in mice27. In addition, 
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studies in cats have shown that neurons in the parabrachial region exhibit selective 

activity during wakefulness32,33. 

The neurobiology of arousal in humans 

As these studies of arousal have been largely conducted in animal models, the 

brainstem structures supporting arousal in humans have remained poorly defined. 

Traumatic injury of the pons and midbrain is associated with the loss of consciousness 

in humans34–40. In 2003, Parvizi and Damasio investigated which human brainstem 

region is critical to arousal by studying lesions that caused coma41. Coma represents 

the total loss of arousal, and therefore also awareness, and can be caused by metabolic 

derangement, extensive injury to both cerebral hemispheres, and/or injury of the 

brainstem2. In rare instances, such brainstem injury is due to small, focal lesions. Such 

lesions can lend insight into the neuroanatomical regions that comprise the human 

ARAS, and therefore are necessary for human arousal. Recognizing this, Parvizi and 

Damasio managed to collect 9 cases of coma caused by focal brainstem lesions41. After 

overlapping these lesions in a normalized brainstem template, they observed that 8 of 

the 9 lesions involved the rostral pontine tegmentum, suggesting that this region is 

critical to arousal in humans, just as it is in experimental animals. 

Though Parvizi and Damasio’s study improved our understanding of the 

brainstem region important for human arousal, the exact localization of this region has 

remained unclear. The region of the pontine tegmentum identified by their lesion overlap 

was in the midline, which did not correspond to the more lateral brainstem regions 

implicated in arousal in experimental animals. There were methodological limitations 

that may have hampered the precision of localization in their study. First, while cases of 

coma caused by focal brainstem lesions are quite rare, 9 cases remains a small sample 

size. Second, it is unclear whether all patients included in this retrospective study were 

strictly comatose; several were only unresponsive for ~2 hours, or were capable of 

behaviors (e.g., “odd muttering sounds”) inconsistent with coma, suggestive instead of 

the vegetative state/unresponsive wakefulness syndrome. Including such cases may 

have clouded the localization. Third, though Parvizi and Damasio did report examining a 

set of control lesions – brainstem lesions that did not cause disorders of consciousness 
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– such lesions were not formally incorporated into their analysis. They mention that 

control lesions tended to occur in the anterior brainstem, but also acknowledge that 

these lesions sometimes involved the tegmentum. Accounting for these lesions in their 

analysis – for example, by subtracting out regions that, when lesioned, did not disrupt 

consciousness – may have further refined the brainstem region(s) truly critical to 

arousal. 

Moreover, though Parvizi and Damasio’s study helped to identify the brainstem 

area important for human arousal, the brainstem does not maintain arousal in isolation. 

Rather, as indicated by the work in experimental animals, the brainstem region 

maintains human arousal through ascending projections to additional brain 

regions6,7,22,42. As previously mentioned, several brain regions have been implicated in 

arousal, including the thalamus, hypothalamus, basal forebrain, amygdala, and bed 

nucleus of the stria terminalis8,10,22,25,42,43. However, the extent to which these areas are 

necessary for arousal, and/or communicate with brainstem structures necessary for 

arousal, remains unclear in humans. Edlow and colleagues recently investigated this 

question using diffusion tractography, a technique for imaging fiber tracts44. By 

measuring the directionality of water diffusion across axonal bundles, this imaging 

modality enabled the investigators to identify tracts communicating between brainstem 

nuclei potentially important for arousal (e.g., PBN, locus coeruleus, dorsal raphe, 

pedunculopontine nulcues, ventral tegmental area) and other brain regions. With this 

method, they found tracts between these brainstem nuclei and other regions implicated 

in arousal, such as the thalamus, hypothalamus and basal forebrain. However, this 

approach remains limited. First, it remains unclear which nucleus or nuclei are critical to 

human arousal. Second, it is unclear which tracts between them and their several 

targets are functionally relevant to arousal. Lastly, this tract-based imaging methodology 

is limited in detecting tracts with small numbers of axons, circuitous courses, crossing 

fibers, or polysynaptic connections between regions45. 

The neurobiology of awareness 

As compared to arousal, the neurobiology of awareness has remained an 

especially challenging topic of investigation. Due in part to its inherently subjective 
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nature, and the absence of any clearly measurable features, awareness is difficult to 

operationalize and study in a rigorous fashion. Nonetheless, whereas arousal is thought 

to depend upon the brainstem, awareness is thought to depend more upon the cerebral 

cortex, such that information is integrated across sensory and cognitive modalities into a 

unitary conscious experience1. However, which cortical regions, if any, are particularly 

critical to supporting awareness remain largely unknown.  

One approach to investigating the cortical substrates of awareness is to study the 

regions that are dysfunctional in patients with disrupted awareness. Patients in the 

vegetative state/unresponsive wakefulness syndrome, or in the minimally conscious 

state, maintain arousal but have impaired awareness. While metabolism and structural 

integrity of the brainstem is intact in these patients, cortical metabolism is reduced by 

50-60%46,47. Some have found particular dysfunction of certain cortical regions, though 

results have been mixed; a meta-analysis of functional neuroimaging from patients with 

disorders of consciousness found reduced activity in a variety of regions, including the 

cingulate cortex, precuneus, frontal cortex, and medial temporal cortex, as well as the 

thalamus48. Numerous studies have also investigated patterns of disrupted connectivity 

between brain regions in patients with disorders of consciousness49–58, and while also 

mixed, have often demonstrated dysfunction and impaired connectivity of the default 

mode network – a network active in the absence of goal-directed tasks, and associated 

with self-reflection and internal cognition59,60. 

The cortical substrates of awareness have also been investigated in healthy 

individuals, through a variety of methods aimed at dissociating sensory perception from 

awareness of stimuli47,61. For example, in ‘visual masking’, a visual stimulus (the 

“target”) is presented briefly, followed by a second visual stimulus (the “mask”)62; by 

adjusting the duration of the target presentation, experimenters can modulate whether 

stimuli are consciously or unconsciously perceived. Similarly, in ‘attentional blink’, a 

target visual stimulus is often not consciously perceived if presented within a few 

hundred milliseconds after an initial visual stimulus63. In ‘binocular rivalry’, different 

visual stimuli are presented to each eye, and only one can be consciously perceived at 

a time64. Investigators have used such methods to compare which cortical regions are 

active not only during exposure to visual stimuli, but during awareness of visual stimuli, 
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through neuroimaging techniques and even neuronal recordings in non-human 

primates: while primary visual cortex tends to be active during exposure to all visual 

stimuli, several other regions become selectively active during awareness of stimuli, 

such as the anterior insula, anterior cingulate, inferior parietal lobe, lateral frontal cortex, 

and inferior temporal cortex47,61,65–67. 

Given inconsistency in the cortical regions implicated in awareness, others have 

explored temporal, rather than spatial, mechanisms of awareness47. While both 

consciously and unconsciously perceived visual stimuli elicit early event-related 

potentials on EEG associated with sensory processing, consciously perceived stimuli 

elicit a prolonged wave of activity68,69, leading some to propose that awareness depends 

upon sustained neuronal activity in response to stimuli. Others have suggested that 

while all stimuli elicit an initial wave of neuronal activity (i.e., a “feedforward sweep”), 

awareness only occurs after a second wave is returned from higher to lower cortical 

areas (i.e., a “reentrant” or “recursive” wave)70. Yet others have theorized that 

awareness requires synchronous oscillations in activity across the cortex to bind various 

sensations into a unitary sensory experience47,71. 

In addition, some have explored the possibility that certain cell types in the brain 

play a role in supporting awareness. In 1918, an Austrian neuroanatomist, Constantin 

von Economo, discovered peculiar neurons in the anterior insula and anterior cingulate 

of the human brain, which he later described as “Stäbzellen” (rod cells) and 

“Korkzieherzellen” (corkscrew cells)72–74. These spindle-shaped cells have since been 

renamed von Economo Neurons (VENs)72,75,76, and have been found in the anterior 

insula and anterior cingulate of particular mammals, including other great apes75,77, 

whales78, dolphins79 and elephants79. Based on their large size and narrow dendritic 

arborization spanning the cortical layers, VENs have been proposed to rapidly integrate 

and transmit information across large brains77. Intriguingly, it has also been noticed that 

species with VENs in the anterior insula and anterior cingulate are generally capable of 

passing the mirror test80–82. (In the mirror test, a mark is typically placed on the head of 

the animal, and the animal is presented with a mirror; if the animal uses its reflection to 

locate the mark, and proceeds to touch the mark on its own head, it is thought capable 

of a degree of self-recognition, or self-awareness80.) In addition, selective degeneration 
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of VENs has been observed in frontotemporal dementia, a condition in which cognition 

and self-regulation are impaired76. Thus, though the precise function of these neurons 

remains unknown, it has been speculated that they play a role in some form of self-

awareness76,83.  

As reviewed, many diverse neuroanatomical substrates and mechanisms have 

been proposed to support human awareness. Yet, the results of such investigations 

have been mixed, and thus the neurobiology of awareness remains poorly defined. In 

comparison, the neurobiology of arousal has been more rigorously studied and better 

characterized, likely in part because arousal can be more objectively measured and 

more easily operationalized. Thus, arousal serves as a more tractable entry point in 

investigating the neurobiology of consciousness. 

Purpose of inquiry 

This paper aims to elucidate the neuroanatomical substrates of human arousal 

through several complementary approaches. First, we aim to identify the brainstem 

region critical for human arousal. Drawing from but expanding on the methodology of 

Parvizi and Damasio, we conduct the largest lesion overlap analysis of coma-causing 

brainstem lesions to date. We improve the specificity of this analysis by using strict 

clinical criteria for coma and incorporating control lesions that do not impair arousal.  

The second aim is to identify the forebrain regions associated with this brainstem 

region, which together may form a brain network critical for arousal. Resting state 

functional connectivity magnetic resonance imaging (rs-fcMRI) is a modality well suited 

for this aim. Rs-fcMRI identifies spatially disparate regions of the brain that exhibit 

synchronous (i.e., correlated) fluctuations in the blood-oxygen-level dependent fMRI 

signal84. Such regions with synchronous fluctuations in activity are considered to be 

‘functionally connected’84. In comparison to structural tract imaging, rs-fcMRI is better 

able to identify functionally connected regions across polysynaptic and circuitous 

connections. Rs-fcMRI has already proven useful in identifying a variety of functionally 

important brain networks85, including networks functionally connected to regions of the 

brainstem86,87.  
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To identify the network associated with the brainstem region critical to arousal, 

we will use rs-fcMRI in a non-traditional way. Rather than using rs-fcMRI from patients 

with disorders of consciousness, as numerous studies have done before49–58, we will 

first investigate this network in the healthy brain. We will input the brainstem region 

critical to arousal into a rs-fcMRI dataset acquired from healthy individuals, in order to 

identify which regions are normally functionally connected to this brainstem region. 

Existing evidence suggests that such an approach may be useful; inputting the locations 

of lesions into a normative rs-fcMRI dataset can predict which networks will be affected 

by those lesions88.  

Our third aim is an exploratory one: once we have identified the brainstem region 

critical to arousal and its associated network, we will conduct additional analyses to 

investigate the properties of this network, including its connectivity pattern, laterality and 

relation to previously identified networks. We will also use histological analyses to 

examine this network’s neuronal composition.  

Our final aim is to apply these findings to patients by assessing the relationship 

between connectivity of this identified network and disorders of consciousness. Based 

on the rs-fcMRI studies previously conducted in such patients, disorders of 

consciousness have frequently been attributed to dysfunction of the default mode 

network49,51,53,55,56,58,89–91. Thus, we will compare how connectivity of our identified 

network compares to that of the default mode network in a cohort of patients with 

disorders of consciousness.  

This work has significant implications for basic and clinical neuroscience. 

Identifying the brainstem region critical to arousal and its associated network may help 

to elucidate the neuroanatomical underpinnings of human consciousness, one of the 

most fundamental yet enigmatic functions of the human brain. Understanding the 

brainstem region affected by coma-causing lesions, as well as the network disrupted in 

disorders of consciousness, would improve our understanding of these disorders, some 

of the most devastating in neurology. A neurobiological characterization of these 

disorders, in turn, may help to advance diagnosis and therapy. Moreover, as both 

invasive92 and noninvasive93 methods of brain stimulation have been investigated for 



 14 

treating disorders of consciousness, a better characterization of these neuroanatomical 

substrates may lead to more effective targets for therapeutic brain stimulation. 

 

Materials and Methods 

Lesion acquisition 

We collected coma-causing lesions from cases either encountered by the 

authors or previously reported in the literature41,94–97. We defined coma by the absence 

of wakefulness, auditory/visual response, communication, spontaneous movement, or 

response to noxious stimuli, according to accepted guidelines4. We considered only 

coma cases attributable to an acute-onset brainstem lesion, where the lesion was 

clearly visualized through brain imaging or autopsy. Exclusion criteria for coma cases 

included: brief episodes of unresponsiveness (<3 hours), extensive injury elsewhere in 

the brain that could account for coma, concurrent toxic-metabolic disturbances, seizure, 

extensive distortion of brainstem anatomy, or poorly delineated lesion boundaries. We 

identified literature cases through a systematic search of www.pubmed.gov, with search 

terms of “coma,” “brainstem,” “human,” and “lesion.” Some cases diagnosed as coma in 

the literature did not meet our criteria and were thus excluded (e.g., cases S.A., T.G., 

H.R., L.P. and V.S. from Parvizi and Damasio, 2003).  

Inclusion criteria for control cases required an acute-onset brainstem lesion that 

did not impair arousal or cause a disorder of consciousness. Exclusion criteria for 

control lesions included extensive distortion of brainstem anatomy, poorly delineated 

lesion boundaries, or lesions limited to the medulla (as all coma lesions involved the 

pons or midbrain). We selected controls from local cases and previous reports of 

brainstem lesions causing motor deficits, using such search terms as “lesion,” “pons,” 

“midbrain,” “motor,” and “locked-in”95–97. The Partners Institutional Review Board 

approved this study.  

Lesion analysis  

Using anatomical landmarks as a guide, we manually reproduced the two-

dimensional contour from every lesion onto comparable slices of a template brain 
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(MNI152 atlas, 1 mm x 1 mm x 1 mm) using FSL 

(http://fsl.fmrib.ox.ac.uk/fsldownloads/). Two investigators jointly evaluated each 

reproduction to ensure accuracy. Next, we transformed the lesions into three 

dimensions by viewing the two-dimensional reproductions in orthogonal planes and 

connecting the lesion edges. See Supplementary Fig. 1B-F for an overview of the lesion 

processing method. 

To identify the coma-specific brainstem region (an area maximally involved by 

coma lesions and minimally involved by control lesions), we separately overlapped all 

coma and control lesions, and subtracted the control lesions from the coma lesions98. 

We also conducted voxel-based lesion-symptom mapping to compare coma and control 

lesions, using the Liebermeister approach for binomial data99. We thresholded the Z-

score results at 3.54 (p < 0.05, correcting for false discovery rate). For display purposes, 

results were overlaid on a high-resolution template brain (0.5 mm x 0.5 mm x 0.5 mm) 

using FSL and MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron/). 

To identify the brainstem nuclei that approximate the coma-specific region, we 

analyzed Nissl cytoarchitecture in thionin-stained brainstem sections prepared in a 

previous study100. Using a flatbed photo scanner (Epson V700), we acquired 1200 dpi 

images of 20 slices (50 µm-thick, spaced 1 mm apart) between the mid-pons and 

caudal midbrain. We selected the rostral pontine slice that best approximated the axial 

MRI level containing the coma-specific region, and then labeled brainstem structures 

atop it in Adobe Illustrator while referring to the section in the microscope. 

Network analysis 

We used rs-fcMRI to investigate the brain network associated with the coma-

specific brainstem region, as well as with each individual lesion84,88. For this analysis we 

utilized a normative rs-fcMRI connectome dataset acquired from 98 right-handed, 

healthy subjects (48 males, ages 22 ± 3.2 years); dataset details have been reported 

previously88,101. 

We subsampled the coma-specific region to 2 mm x 2 mm x 2 mm resolution (to 

match the resolution of the rs-fcMRI data), binarized it, and entered it as a seed within 

the rs-fcMRI connectome dataset. We correlated the BOLD signal time course within 
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this region to that of every other brain voxel, for each of the 98 subjects. We converted 

each voxel correlation r value to a z-score via Fisher’s r-to-z transformation, and then to 

a t-score through a random effects one-sample t-test across all 98 participants. We 

thresholded the resulting network at a t-value of 4.25 (indicating regions of correlation at 

p < 0.00005, uncorrected101), and restricted results to a brain mask (MNI152 brain 2 mm 

x 2 mm x 2 mm, available in FSL). We identified functionally connected nodes of at least 

100 voxels, or 800 mm3, with a cluster identification algorithm in FSL. Because the 

global signal has been associated with arousal102, we re-assessed functional 

connectivity of the coma-specific region without global signal regression (threshold t 

>10.5, p < 0.00001, uncorrected). For display purposes, rs-fcMRI results (2 mm x 2 mm 

x 2 mm resolution) were overlaid on a high resolution template brain (0.5 mm x 0.5 mm 

x 0.5 mm resolution) using FSL and MRIcron. 

We next identified nodes functionally connected to each individual lesion using 

the recently described lesion network analysis88. We entered each lesion (coma or 

control) as a seed in the rs-fcMRI dataset, thresholding each resulting network at a t-

value of 4.25 and binarizing above this value88. We identified regions functionally 

connected to all coma lesions, as well as regions significantly more connected to coma 

lesions than control lesions (voxel-wise t-test, threshold t > 2.04 and < -2.04, p < 0.05, 

DF = 34, uncorrected). The voxel-wise t-test results comparing coma to control lesions 

were masked to show only voxels that were also significantly connected to coma 

lesions. We repeated this voxel-wise t-test replacing each lesion with a sphere (radius 5 

mm) at the lesion’s center of gravity to eliminate any confounding effect of size 

difference between coma and control lesions. 

Network refinement 

We conducted a variety of sub-analyses to further investigate the anatomy of the 

identified network. First, we used partial correlation to assess the directness of 

connectivity between network nodes103. Correlations between pairs of nodes were 

computed while partialling out the third, both on a regional and voxel-wise basis. 

Analyses were computed using both weighted and binarized regions of interest, to 

ensure that this did not influence the results. 
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Second, we assessed the connectivity of the cortical nodes to the pons by 

entering each cortical node as a seed in a rs-fcMRI analysis. To identify peak 

correlations in the pons, results were thresholded (t > 9, p < 0.00001, uncorrected) and 

masked using an anatomical template of the pons (Harvard-Oxford Subcortical 

Structural Atlas, threshold 35).  

Third, as our coma-specific brainstem region was left-lateralized, we investigated 

the impact of this laterality on our identified cortical network. We flipped our coma-

specific region to the right, repeated our rs-fcMRI analysis, and compared the results to 

the original results obtained using the left-sided brainstem node. 

Von Economo neuron plots and imaging 

The cortical regions identified by our network analysis resembled previously 

reported locations of von Economo Neurons (VENs). To assess the correspondence 

between the identified network nodes and the distribution of VENs in the human brain, 

we developed a brain-wide mask of the VEN distribution. We imaged a post-mortem 

brain with MRI, then sliced that brain into 50 µm thick, coronal frozen sections. We 

Nissl-stained the sections on glass slides. Based on established morphological 

criteria72, we identified and plotted VENs (1 in 10 sections, or 0.5 mm resolution) with a 

computer-aided plotting system (MD Plot, Accustage). We outlined the plots and 

superimposed them onto the MR images, creating a binarized brain-wide mask. Using 

anatomical landmarks (e.g., sulci and gyri), we manually transformed the mask into MNI 

space.  

To illustrate the relative restriction of VENs to the agranular region of the insula, 

we analyzed thionin-stained (Nissl) human brain tissue sections prepared in a previous 

study104. We selected for further analysis a brain slice with a section angle best 

approximating the standard coronal MRI plane. Using a flatbed photo scanner (Epson 

V700), we acquired whole-slide images from a series of insular sections (50 µm, spaced 

1 mm apart). For plotting VENs, we chose the section that most closely corresponded to 

the center of the insular node identified in our network analysis. We plotted brain 

structures at 50x and VENs at 10x in Neurolucida (MBF Bioscience) using a Zeiss light 

microscope with a motorized stage. We imported the resulting Neurolucida plot into 
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Adobe Illustrator, overlaid it on the whole-slide image and re-drew both as filled, smooth 

contours and red dots. 

We quantitatively evaluated the correspondence of the identified cortical nodes to 

the brain-wide VEN distribution, as well as to previously defined resting state networks, 

such as the salience and default mode networks85,105. For this analysis, we binarized 

the identified cortical nodes and computed their overlap with binarized masks of the 

brain-wide VEN distribution and of resting state networks previously defined by two 

different techniques85,106. For each node, we expressed overlap as: (number of voxels 

within both the node and mask) / (number of voxels within the node). 

Subcortical network analyses 

At our relatively strict statistical threshold (t > 4.25), the primary rs-fcMRI analysis 

of our coma-specific brainstem region failed to identify functional connectivity to several 

subcortical sites previously implicated in arousal8,22,25,42. We therefore relaxed statistical 

thresholds and examined connectivity specifically to some of these structures, such as 

the thalamus (t > 3.75, p < 0.0005, uncorrected) as well as the hypothalamus, basal 

forebrain, amygdala, and bed nucleus of the stria terminalis  (t > 2, p < 0.05, 

uncorrected). Anatomical masks were derived from the MNI Structural Atlas available in 

FSL (thresholded at 35), or from histology/high-resolution imaging43,107,108. Each 

subcortical structure was also tested for connectivity to individual coma lesions versus 

control lesions as described above.   

Network connectivity in disorders of consciousness 

To assess connectivity of the identified network in disorders of consciousness, 

we used an independent rs-fcMRI dataset acquired from 26 patients in a minimally 

conscious state (MCS), 19 patients in a vegetative state/unresponsive wakefulness 

syndrome (VS/UWS), 6 patients in coma (with etiologies other than focal brainstem 

lesion), and 21 healthy controls (dataset details reported elsewhere54). We restricted our 

analysis to the cortical nodes of this network, given poor signal-to-noise ratio in the 

brainstem in this dataset and to facilitate direct comparison with other networks. We 

compared connectivity between the two cortical nodes of our network to connectivity 

between nodes of the default mode network (medial prefrontal cortex and posterior 
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cingulate cortex) and motor network (hand area of the left and right motor cortex). We 

represented each node with a sphere (radius 5 mm) placed at the node’s center of 

gravity; we obtained node coordinates for the default mode85 and motor network109 from 

prior work. We then compared network connectivity between healthy controls, patients 

with coma, and patients with disorders of consciousness characterized by impaired 

awareness (MCS and VS/UWS). We collapsed across MCS and VS/UWS in our main 

analysis to maximize statistical power and because connectivity between our cortical 

nodes did not significantly differ between these conditions. To standardize across 

networks, we expressed inter-node connectivity as a ratio of connectivity in healthy 

controls. We used t-tests to identify whether network connectivity differed from zero, 

differed between groups, or differed between networks.  

 

Results 

Lesion analysis 

We collected 36 focal brainstem lesions from patients encountered locally or 

described in the literature41,94–97. Twelve lesions caused coma (7 local cases, 5 

literature cases; mean age 57.3±16.5; mean lesion volume 3540±2988 mm3), while 24 

control lesions did not (8 local cases, 16 literature cases; mean age 58.1±12.8; mean 

lesion volume 2364±2644 mm3). There was no significant difference in volume between 

the coma and control lesions (p = 0.26). See Supplementary Table 1 and 

Supplementary Fig. 1A for additional case details. 

Coma-causing lesions maximally overlapped in the pontine tegmentum (10 of 12 

cases; Fig. 1A). In contrast, control lesions primarily involved the pontine base (11 of 

24; Fig. 1B). Subtracting control lesions from the coma lesions, or performing voxel-

based lesion-symptom mapping, revealed a 2 mm3 ‘coma-specific region,’ (p < 0.05, 

corrected for false discovery rate). This coma-specific region was lateralized to the left 

pontine tegmentum, approximating the medial PBN (Fig, 1C, D, E). Ten of 12 coma 

lesions, but only the periphery of 1 of 24 control lesions, involved this region 

(Supplementary Fig. 2A). The 2 coma lesions that spared this region involved the 

midbrain immediately rostral to it, potentially disrupting ascending tracts (Supplementary 
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Fig. 2B, C, 3A). Several coma-causing lesions involved this left-lateralized region alone, 

without extending into the right pontine tegmentum or midline midbrain. 

Network analysis 

To identify brain regions in the network of the coma-specific region, we 

performed a resting state functional connectivity analysis using MRI data from a large 

cohort of healthy subjects. This analysis revealed two nodes functionally connected to 

our brainstem region: one node was located in the left agranular, anterior insula (AI; in a 

subregion also known as frontoinsular cortex), and the second was located in the 

pregenual anterior cingulate cortex (pACC; Fig. 2, Supplementary Fig. 3B, C, 

Supplementary Table 2). These findings were similar with or without regression of the 

global signal, which has been associated with arousal102 (Supplementary Fig. 4). Voxels 

within both nodes were functionally connected to all 12 coma lesions (Fig. 2C), and 

were significantly more connected to coma lesions than to control lesions (p < 0.05; Fig. 

2D), even after lesion volumes were normalized (Supplementary Fig. 5).  

These nodes do not correspond well to any cortical network previously defined 

by rs-fcMRI analysis85,105: the AI node straddles the salience network, limbic network 

and default mode network, while the pACC node falls mostly within the default mode 

network. Rather, the AI and pACC nodes are histologically unique as the two primary 

sites of von Economo neurons (VENs), spindle-shaped neurons found in a select group 

of mammalian species (see discussion). Microscopic plotting of VENs in a human brain 

revealed that the currently-identified AI and pACC nodes correspond more closely to the 

VEN distribution than to any major resting state network (Fig. 3, Fig. 4, Supplementary 

Fig. 6). 

In experimental animals, neurons in the brainstem region corresponding to our 

coma-specific region project to several subcortical sites implicated in arousal, including 

the thalamus, hypothalamus, basal forebrain, central nucleus of the amygdala, and bed 

nucleus of the stria terminalis8,22,25,42. None of these regions appeared in our initial 

analysis (t > 4.25), so we relaxed our statistical threshold in these regions. Doing so 

revealed connectivity to the midline and lateral thalamus, posterior hypothalamus and 

basal forebrain (Supplementary Fig. 7); there was virtually no connectivity to the 
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amygdala or bed nucleus of the stria terminalis. However, unlike the AI and pACC 

nodes, none of these regions were significantly more functionally connected to coma 

lesions than control lesions.  

We conducted additional analyses to investigate the network organization 

between the coma-specific brainstem region, AI, and pACC. First, we used partial 

correlations to assess the directness of connectivity between each node103. Stronger 

correlations were observed between the brainstem node and AI (r = 0.15) and between 

the AI and pACC (r = 0.26), than between the brainstem node and pACC (r = 0.06). This 

pattern persisted when using unweighted (i.e., binarized) seeds (Supplementary Fig. 8). 

Second, we investigated the brainstem connectivity of the AI and pACC nodes. 

The AI node exhibited connectivity to the original brainstem node, and less so to a 

symmetric region of the contralateral pontine tegmentum (Fig. 5A). In contrast, the 

pACC node exhibited connectivity to the midline pontine base, not the tegmentum (Fig. 

5B). These findings suggest more direct connectivity between the brainstem node and 

AI, and between the AI and pACC within this network. 

Third, we investigated the laterality of our findings by flipping the brainstem node 

to the right and re-running the connectivity analysis. The left AI and pACC remained the 

only cortical sites with significant connectivity to the right-flipped brainstem node. 

However, compared to the network analysis of the original left-sided brainstem node, 

connectivity was weaker: the volumes of significant connectivity were smaller (AI 2.0 

versus 3.4 cm3; pACC 1.6 versus 5.6 cm3) and mean t-scores were reduced (AI 5.43 

versus 5.89; pACC 4.75 versus 4.85). The stronger connectivity of the left-sided 

brainstem node and the left-lateralization of the AI node, even when defined by the 

flipped right-sided brainstem node, further support a left-lateralization of the identified 

network.  

 Network connectivity in disorders of consciousness 

Next, we investigated AI-pACC cortical connectivity in patients with disorders of 

consciousness using rs-fcMRI54. We compared AI-pACC connectivity with that of the 

default mode network, a network previously implicated in disorders of 

consciousness49,51,53,55,56,58,89–91, and the motor network, which served as a control. In 
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comatose patients, connectivity was absent (not significantly different from zero) across 

all three networks. In patients with disrupted awareness (MCS or VS/UWS), connectivity 

was reduced in all networks (p < 0.001), but only absent between the AI and pACC (Fig. 

6). The reduction in AI-pACC connectivity in this group exceeded that of the other 

networks (p < 0.05). Splitting MCS and VS/UWS into separate groups, AI-pACC 

connectivity was absent in both groups, default mode network connectivity was present 

in MCS but not VS/UWS, and motor network connectivity was present in both MCS and 

VS/UWS (Supplementary Fig. 9). 

 

Discussion 

Here we identify a human brainstem region causally related to disruption of 

consciousness and its associated neural network in the healthy brain. First, using coma-

causing brainstem lesions we implicate a small region of the left pontine tegmentum, 

approximating the medial PBN, in human arousal. Second, we show that this brainstem 

region is functionally connected to the left AI, and secondarily to the pACC, the primary 

sites of VENs. Finally, we show that patients with disorders of consciousness 

characterized by impaired awareness exhibit a connectivity deficit between the AI and 

pACC.  

Neuroanatomical substrates for human arousal 

Disrupting neurons bilaterally in or near the medial PBN impairs arousal in 

rodents22,27,31. Our findings suggest that a similar brainstem region is necessary for 

arousal in humans, extending those of Parvizi and Damasio by refining the precise 

localization of this region. This advance was made possible by a larger group of coma-

causing lesions and statistical comparisons to control lesions99. Somewhat 

unexpectedly, in our results this arousal-promoting brainstem region was left-lateralized. 

Several patients had coma-causing lesions in the left PBN region without extending into 

the right pontine tegmentum or midbrain. This finding runs counter to conventional 

wisdom that a lesion must destroy midline or bilateral brainstem tissue to impair 

consciousness2,41. As such, this finding should be interpreted with caution and requires 

replication. However, there are reasons to think this result may be important. The left 
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PBN region exhibited stronger connectivity to the identified network than the 

homologous PBN region on the right, suggesting brainstem connectivity in this region 

may be asymmetric. Moreover, prior work has shown that the left (but not right) PBN 

region is more active during wake relative to sleep110, and that hemorrhages can occur 

in the right pontine tegmentum without disruption of consciousness111,112.  

 Functional connectivity of this brainstem region to the AI and pACC is consistent 

with direct axonal projections from the PBN to both of these cortical sites (the only direct 

cortical projections from the PBN)25,29, and from the AI to ACC113, previously identified in 

experimental animals. Diffusion tensor imaging has identified tracts between the AI and 

ACC in humans as well114. Given that the identified brainstem region is critical to 

arousal, these functionally connected cortical regions may also play a role in arousal, a 

notion consistent with existing evidence. The pACC and a region including AI are more 

active during wakefulness110,115, the AI is overactive in patients with insomnia116, and 

lesions of the insula have been associated with fatigue117. These regions are linked to 

situational arousal: the AI becomes more active during anticipatory periods of a 

gambling task118, and the AI and ACC, along with the amygdala, are the brain regions 

most commonly implicated in neuroimaging studies of anxiety119. The AI and ACC have 

both been implicated in autonomic arousal as well: the sympathetic component of heart 

rate variability and pupillary dilation are correlated with activity in the AI and ACC120–123, 

AI activity increases with increased galvanic skin responses124, and patients with ACC 

injury show diminished autonomic cardiovascular responses to cognitive effort122.  

Neuroanatomical substrates for human awareness 

Though such studies suggest that the AI and ACC are involved in arousal, 

mounting evidence has also implicated these cortical regions, and particularly the AI, in 

awareness, or the content of experience. Activity in the AI has been associated with 

awareness of stimuli across a range of modalities83,121,125, including pain/temperature 

(the objective intensity of a painfully hot stimulus is correlated with activity in the 

posterior insula, but the subjective evaluation of the heat is correlated with activity in the 

AI83,126), interoception (AI activity predicts awareness of one’s own heartbeat127, and is 

associated with sensations such as fullness, bladder distension and thirst83,128), auditory 
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stimuli129,130, and visual stimuli130–132. Injury of the insula has also been associated with 

altered awareness, such as anosognosia (the unawareness of deficits)133,134.  

Moreover, the AI is the only identified human brain region where electrical 

disruption has been found to selectively impair conscious awareness135. In an epileptic 

patient undergoing depth electrode evaluation, Koubeissi and colleagues inadvertently 

found that high-intensity stimulation in the region of the left AI produced immediate 

unresponsiveness: the patient, though awake, ceased all behaviors, stared blankly, and 

did not respond to any auditory or visual commands. Immediately after the stimulation 

was stopped, the patient returned to baseline with no recollection of the events during 

the stimulation period. It is important to note that the stimulation never produced 

epileptiform discharges on EEG surface or intracortical leads, so this phenomenon 

could not be explained as partial-complex seizure activity. Further, the effect was highly 

focal; no other stimulation sites, including adjacent contacts on the same electrode, 

elicited the same phenomenon. The investigators were able to render the patient 

unconscious with high intensity AI stimulation on 10 separate occasions, on 2 separate 

days of testing. Each time, the patient became entirely unresponsive, occasionally 

repeating 1 or 2 incomprehensible syllables (further demonstrating that the effects were 

not purely attributable to motor suppression). We have modeled the spread of current 

from their electrode contact, relative to the location of the AI node identified here, in 

Supplementary Fig. 10.  

The relationship of the AI to the rest of the brain has also been investigated in the 

epilepsy literature. Injection of neuroexcitatory agents in a region near the AI in rodents, 

referred to as the “area tempestas,” reliably induces generalized clonic seizures in 

rats136. Adjacent regions of the insular cortex and claustrum are similarly 

epileptogenic137. In humans with focal or secondarily generalized seizures, a region 

near the AI has been identified as a common site of origination for epileptic discharges, 

based on EEG/fMRI and flumazenil binding138. The AI’s capacity to trigger seizures may 

reflect diffuse connectivity with other brain regions, as would be expected of a region 

that integrates diverse sensory modalities into a unitary conscious experience. 

Moreover, the capacity of seizures to interrupt awareness may be attributable to 

dysfunction of this region.  
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Diffuse connectivity of the AI to the rest of the brain is also suggested by the AI’s 

close proximity to the claustrum135. This proximity is evolutionarily conserved; 

anatomists use the overlying claustrum to define the boundaries of insular cortex across 

species. The claustrum, a thin sheet of neurons between the external and extreme 

capsules, projects to and receives input from across the cortex, and thus was proposed 

to play an integrative role in consciousness by Francis Crick in his later career139. While 

this proposal has yet to be substantiated, it is notable that the AI and claustrum are not 

only in close proximity, but exchange neuronal projections140. It is therefore possible 

that the capacity of the AI to integrate sensory information across distributed cortices is 

related to the AI’s communication with the nearby claustrum. The anterior-medial extent 

of the claustrum, which is included within the AI node identified here, may be uniquely 

important in this capacity. 

The ACC has been shown to communicate closely with the AI, as these regions 

are directly interconnected and frequently co-activate in functional neuroimaging 

studies83,121,125,141,142. Like the AI, the ACC becomes active during awareness of stimuli, 

albeit less consistently than the AI83. In addition, the ACC is thought to monitor and 

process sensory information to alter behavioral and autonomic function83,121,141, which is 

congruent with evidence that information flows predominantly from the AI to ACC143. 

Based largely on functionally neuroimaging data, the ACC has been implicated in 

allocating attention to external stimuli144,145, and in processing sensory information to 

initiate volitional responses83,141. These roles have been invoked to explain why lesions 

of the ACC frequently cause abulia (or in extreme cases, akinetic mutism)146 and slower 

responses across cognitive tasks147, as well as why cingulotomy impairs spontaneous 

initiation of behavior and intention formation148. There are also reports of lesions in the 

region of the ACC causing loss of consciousness, though such outcomes are rare146. In 

aggregate, this evidence suggests that the ACC plays a role in maintaining conscious 

responsiveness, perhaps by processing sensory information from the AI. 

Our connectivity findings in patients with disorders of consciousness add to 

existing evidence implicating the AI and pACC in awareness. In our cohort of comatose 

patients, who have lost both arousal and awareness, cortical networks are globally 

depressed, consistent with the impaired ARAS function and loss of cortical arousal 
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characteristic of coma2. In contrast, patients with MCS and VS/UWS, who have 

disrupted awareness but preserved arousal, maintain some network connectivity but 

have lost connectivity between AI and pACC. These findings suggest that AI-pACC 

connectivity may play an important role in maintaining awareness, a possibility that 

warrants further experimental testing. 

The brainstem-AI-pACC network 

The regions of the AI and pACC identified here do not correspond to any 

previously identified resting state cortical network. They do, however, overlap nodes of 

the default mode and salience networks, which may account for the reduced 

connectivity previously observed in these networks in patients with persistent coma, 

other disorders of consciousness, and loss of consciousness due to sleep or general 

anesthesia49,51–53,55,56,89–91. Indeed, in deep sleep, diminution of default mode network 

connectivity is primarily due to decreased connectivity of the ACC node90. It is notable 

that while AI-pACC connectivity is absent in both MCS and VS/UWS, default mode 

network connectivity is only absent in VS/UWS. Whereas VS/UWS patients lack any 

signs of conscious awareness, MCS patients retain a small and intermittent level of 

conscious awareness4. Thus, loss of AI-pACC connectivity may sensitively indicate 

gross perturbations in awareness, while loss of default mode network connectivity may 

specifically indicate more severe loss of awareness.  

Though this cortical network does not correspond to previously defined resting 

state networks, it does, intriguingly, correspond to the distribution of VENs72,75,76. As 

described earlier, these large, spindle-shaped neurons span the cortical layers, and are 

found in the AI and ACC of particular mammals, such as humans72, other great 

apes75,77, whales78, dolphins79 and elephants79. These mammals are generally capable 

of self-recognition in the mirror test80–82, and when VENs are present in species 

incapable of self-recognition, they are often indiscriminately distributed throughout the 

brain149. Moreover, selective degeneration of VENs has been observed in 

frontotemporal dementia, a condition in which self-regulation is impaired76. For these 

reasons, VENs have been speculated to play a role in some form of self-awareness76,83. 
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Our results quantitatively demonstrate that the locations of these neurons closely 

coincide with the locations of the AI and pACC nodes identified here. 

In the network we have identified, the AI node is left-lateralized, even when 

generated from a right-sided brainstem seed. Although unexpected, the implication of 

left-lateralized cortical regions in sustaining consciousness is supported by several prior 

findings in humans: left hemispheric inhibition with intracarotid amobarbital more 

frequently disrupts consciousness than right-sided injections150; impairment of the left 

cerebral hemisphere (with relative preservation of the right) has been reported in 

patients with disorders of consciousness151; decreased connectivity within the left 

hemisphere, but not the right, predicts diminished levels of consciousness152; seizures 

that impair consciousness tend to originate in the left hemisphere153; some evidence, 

though mixed, suggests that left-sided strokes are more likely to cause disorders of 

consciousness150,154; and it was the left AI that, when electrically disrupted, eliminated 

consciousness135. Collectively, these results are consistent with the theorized role of the 

left hemisphere in integrating modular brain functions into a unified conscious 

experience, as derived from studies in split-brain patients155. 

Although the brainstem node did exhibit connectivity to the thalamus, posterior 

hypothalamus and basal forebrain – subcortical structures connected to the PBN region 

and previously implicated in arousal8,10,22,25,42 – these structures were not specifically 

associated with coma-causing lesions over control lesions. It is possible that the closer 

proximity of these structures to the brainstem may have magnified the variance of 

connectivity, thereby obscuring group differences. However, some of these structures 

may in fact not be necessary for maintaining consciousness: large thalamic ablations, 

for instance, cause no impairment in wakefulness in experimental animals22,156,157. In 

addition, it is notable that the AI node is located in the agranular region of insular cortex, 

which lacks a layer IV, or internal granular layer. Layer IV is the primary target of 

thalamocortical afferents, and its absence from this region suggests that thalamic 

information may have relatively little influence over communication between the 

brainstem, AI node and pACC node.  



 28 

In light of the evidence provided, it is worth considering whether the brainstem-

AI-pACC network identified based on coma-causing lesions may play a role in human 

consciousness. As discussed, consciousness is comprised of two components: arousal 

and awareness1,2. While arousal is sustained through ascending projections of 

brainstem structures, awareness is thought to depend more upon the cerebral 

cortex1,2,46. Though these two processes are thought to be interdependent, no neuronal 

association between these two systems has been established in humans to date. The 

network defined here links an arousal-promoting brainstem region to cortical regions 

implicated in both arousal and awareness, providing a neuroanatomical interface 

between these two fundamental components of human consciousness.  

Limitations and suggestions for future work 

There are several limitations to the current work, some of which provide 

important avenues for further investigation. First, due to the relative rarity of brainstem 

coma, several cases were acquired from a retrospective literature review, creating 

potential for selection and reporting bias. Prospective validation in an independent and 

larger cohort may further refine the brainstem region necessary for arousal.  

Second, the functional connectivity results, though compelling in aggregate and 

in the context of prior research, are associational. Interventional studies would help to 

further establish the causal importance of this network in sustaining consciousness. 

One potential approach to such investigation, and one with profound clinical relevance, 

might involve stimulating regions of this network in patients with disorders of 

consciousness. Brain stimulation in such patients has already been investigated, with 

mixed results. Deep brain stimulation of the thalamus has occasionally resulted in 

transiently increased cortical arousal on EEG and improved behavioral responsiveness 

in patients with disorders of consciousness, but inconsistently and often without 

improving clinical outcomes92,158–160. While outcome heterogeneity may reflect 

differences in method and patient population92, it is also possible that the thalamus is 

not the optimal stimulation site, particularly given recent evidence that the thalamus may 

not be critical to sustaining consciousness22. Deep brain stimulation of the AI, pACC, or 

even the brainstem node may prove more efficacious (though, as illustrated by 
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Koubeissi and colleague’s case report135, high intensity stimulation of these regions may 

be detrimental). More recently, noninvasive methods of brain stimulation have also been 

tested in patients with disorders of consciousness: in a double-blind, sham-controlled, 

randomized crossover study, Thibaut and colleagues found that anodal transcranial 

direct current stimulation of the left dorsolateral prefrontal cortex led to transient 

improvements in consciousness in patients in MCS93. It is interesting to note that the left 

dorsolateral prefrontal cortex shows weak functional connectivity (less than the AI and 

pACC) to the parabrachial brainstem node identified here (Supplementary Fig. 11). 

Thus, while the AI and pACC are too deep for most methods of noninvasive brain 

stimulation, using transcranial direct current stimulation to target more superficial nodes 

of this network, such as the dorsolateral prefrontal cortex, may indirectly excite this 

network. This approach of noninvasively and indirectly stimulating deep regions of a 

network by targeting superficial nodes has been previously explored, and may hold 

promise86. 

The importance of this network in sustaining consciousness could also be 

assessed through lesions of the AI or pACC. However, though naturally occurring 

lesions of the AI and ACC can disrupt aspects of consciousness (e.g., anosognosia 

from AI lesions133,134 or akinetic mutism from ACC lesions146), it is noteworthy that 

lesions of the AI or ACC do not routinely obliterate awareness. In experimental animals, 

ACC lesions can impair arousal associated with exposure to novel stimuli24, and AI 

lesions can suppress fear-related arousal161, but such lesions are also not typically 

associated with frank loss of consciousness. Thus, a third limitation of this study is that 

our findings do not account for the relatively benign impact of lesions to these forebrain 

nodes on consciousness. There are, however, possible explanations that could be 

investigated with further research. Whereas arousal appears to depend on a rather focal 

region of the brainstem, support for awareness may be distributed, with some 

redundancy, between the AI and pACC. Thus, while AI or pACC lesions alone may be 

insufficient to significantly impair awareness, disruption of both may be more detrimental 

(potentially explaining why left hemispheric inhibition with intracarotid amobarbital 

disrupts consciousness150). This possibility may be explored further with simultaneous 

lesions of both the AI and pACC in experimental animals.  
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Fourth, resting state functional connectivity, despite its advantages, cannot 

determine whether functional associations are mediated by mono- or polysynaptic 

connections, or the directionality of these connections. Previous studies have shown 

that there are monosynaptic neuronal connections between the PBN and AI29, and 

between the AI and ACC113, but we cannot verify that these connections subserve the 

functional associations identified here. Ablating these axonal connections in an animal 

model may lend insight into the importance of these tracts in sustaining consciousness. 

Regarding directionality, the canonical conception of the ARAS, as projections from the 

brainstem to the cortex that sustain arousal, predicts that communication occurs 

predominantly in an ascending (bottom-up) direction. However, it is certainly feasible 

that communication occurs in a descending (top-down) manner as well, permitting 

perceptual content to modulate arousal, as in cases of fear or excitement. Indeed, the 

axonal projections between the PBN and AI are bidirectional29. The question of 

directionally could be assessed with statistical techniques such as the Granger causality 

analysis162, which assesses lag between fMRI signal fluctuations of functionally 

connected regions to infer which region “drives” communication. Such a technique could 

be applied to fMRI data collected at rest, and again during exposure to a fear stimulus, 

in order to assess the directionality of communication between the brainstem node, AI, 

and pACC. 

Fifth, while our results implicate the left hemisphere in sustaining consciousness, 

handedness was difficult to ascertain from the comatose patients, and our rs-fcMRI 

dataset was obtained from a right-handed cohort. Thus, it is unknown whether 

lateralization of this network depends upon hemispheric dominance. This could be 

further explored by identifying and comparing coma-causing brainstem lesions in 

patients known to be left-handed, as well as by assessing the connectivity of this 

network in a left-handed cohort. 

Sixth, while the correspondence between this network and the VEN distribution is 

intriguing given the theorized role of VEN’s in self-awareness76,83, these results are only 

associational. Selectively activating or inhibiting VENs in the AI and pACC would help to 

clarify their relevance to consciousness and other functions. However, such 

investigations have been impeded by the selectivity of these neurons to humans and 
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other mammals not readily subject to experimentation. Recently, though, VENs have 

been discovered in the AI and ACC of macaque monkeys163, which are also capable of 

self-recognition in the mirror test (albeit less robustly than great apes)164. As 

experimentation in macaque monkeys is more common, this discovery may permit more 

rigorous investigation into the function, physiology and connectivity of these neurons. 

Seventh, our analysis in patients with disorders of consciousness revealed that 

AI-pACC connectivity did not differ between MCS and VS/UWS, as it was strongly 

diminished in both. Though both conditions involve severe impairments in awareness, 

MCS patients do demonstrate intermittent signs of awareness, whereas VS/UWS 

patients demonstrate no such signs. A larger cohort may be necessary to reveal subtle 

differences in AI-pACC connectivity between these two groups. It should be noted that 

since this network is profoundly suppressed in both MCS and VS/UWS patients, 

assessing connectivity of this network in patients with disorders of consciousness may 

be of limited clinical value, given that distinguishing between these groups remains 

perhaps the greatest diagnostic challenge in such disorders.  

Eighth, while this study identifies possible neuroanatomical substrates for 

supporting human consciousness, it remains unknown how these regions might operate 

to maintain consciousness. It is unlikely that these regions, or any particular brain 

regions, act as solitary “seats of consciousness.” Rather, this network may integrate or 

coordinate information from across the cortex, and across sensory and cognitive 

modalities, to produce a unified conscious experience. As the AI and pACC nodes 

straddle multiple networks, and given prior evidence that these regions act as hubs 

between networks143, the network identified here is well positioned to process 

information in this manner. While the neural processing that produces consciousness 

will be challenging to investigate, single unit recordings of these network regions in 

experimental animals may lend insight into how this network responds to sensory stimuli 

or to activity in lower order sensory-association cortices. 

 

Summary 
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The brainstem is classically thought to sustain consciousness, but in humans, the 

precise brainstem region important for sustaining consciousness and its associated 

network have been poorly defined. First, we investigated the locations of coma-causing 

brainstem lesions to identify this region. Second, by analyzing spontaneous fluctuations 

in brain activity, we identified the brain network that communicates with this brainstem 

region. Third, we evaluated the connectivity of this network in patients with disorders of 

consciousness. These analyses identified a small region in the left pontine tegmentum 

critical to sustaining human consciousness. This brainstem region communicates with 

the left agranular, anterior insula (AI; also known as the frontoinsular cortex) and the 

pregenual anterior cingulate cortex (pACC), which themselves are highly connected. 

These cortical sites are implicated in human awareness and match the histologic 

distribution of von Economo neurons, which are found in the same distribution in a 

select group of mammals including humans and great apes. Connectivity between the 

AI and pACC is disrupted in patients with impaired awareness. These results identify a 

unique human brain network, which may play an important role in integrating arousal 

and awareness, the two principal components of human consciousness.  

 

References and Notes: 

1.  Laureys S, Boly M, Moonen G, Maquet P. Two dimensions of consciousness: 

arousal and awareness. Encycl Neurosci. 2009;2:1133–1142.  

2.  Posner J, Saper C, Schiff N, Plum F. Plum and Posner’s Diagnosis of Stupor and 

Coma. Fourth Edi. Oxford: Oxford University Press; 2007.  

3.  Steriade M, McCormick DA, Sejnowski TJ. Thalamocortical oscillations in the 

sleeping and aroused brain. Science. 1993;262(5134):679–685.  

4.  Giacino JT, Ashwal S, Childs N, et al. The minimally conscious state: definition 

and diagnostic criteria. Neurology. 2002;58(3):349–353.  

5.  Bremer F. Cerveau isole et physiologie du sommeil. Soc Biol. 1935;1235–1241.  

6.  Moruzzi G, Magoun HW. Brain stem reticular formation and activation of the EEG. 

Electroencephalogr Clin Neurophysiol. 1949;1(1-4):455–473.  



 33 

7.  Starzl TE, Taylor CW, Magoun HW. Ascending conduction in reticular activating 

system, with special reference to the diencephalon. J Neurophysiol. 

1951;14(6):461–477.  

8.  Magoun HW. An ascending reticular activating system in the brain stem. Arch 

Neurol Psychiatry. 1952;67(2):145–154.  

9.  Hallanger AE, Levey AI, Lee HJ, Rye DB, Wainer BH. The origins of cholinergic 

and other subcortical afferents to the thalamus in the rat. J Comp Neurol. 

1987;262(1):105–124.  

10.  Van der Werf YD, Witter MP, Groenewegen HJ. The intralaminar and midline 

nuclei of the thalamus. Anatomical and functional evidence for participation in 

processes of arousal and awareness. Brain Res. Rev. 2002.  

11.  Papez JW. Central reticular path to intralaminar and reticular nuclei of thalamus 

for activating EEG related to consciousness. Electroencephalogr Clin 

Neurophysiol. 1956;8(1):117–128.  

12.  Saper CB, Chou TC, Scammell TE. The sleep switch: hypothalamic control of 

sleep and wakefulness. Trends Neurosci. 2001;24(12):726–731.  

13.  Strecker R, Morairty S, Thakkar M, et al. Adenosinergic modulation of basal 

forebrain and preoptic/anterior hypothalamic neuronal activity in the control of 

behavioral state. Behav Brain Res. 2000;115:183–204.  

14.  El Mansari M, Sakai K, Jouvet M. Unitary characteristics of presumptive 

cholinergic tegmental neurons during the sleep-waking cycle in freely moving 

cats. Exp Brain Res. 1989;76:519–529.  

15.  Jones BE, Moore RY. Catecholamine-containing neurons of the nucleus locus 

coeruleus in the cat. J Comp Neurol. 1974;157:43–52.  

16.  Aston-Jones G, Bloom FE. Activity of norepinephrine-containing locus coeruleus 

neurons in behaving rats anticipates fluctuations in the sleep-waking cycle. J 

Neurosci. 1981;1(8):876–886.  

17.  Carter ME, Yizhar O, Chikahisa S, et al. Tuning arousal with optogenetic 



 34 

modulation of locus coeruleus neurons. Nat Neurosci. 2010;13(12):1526–1533.  

18.  Amat J, Baratta M V, Paul E, Bland ST, Watkins LR, Maier SF. Medial prefrontal 

cortex determines how stressor controllability affects behavior and dorsal raphe 

nucleus. Nat Neurosci. 2005;8(3):365–371.  

19.  Lu J, Jhou TC, Saper CB. Identification of wake-active dopaminergic neurons in 

the ventral periaqueductal gray matter. J Neurosci. 2006;26(1):193–202.  

20.  Wu M-F, John J, Boehmer LN, Yau D, Nguyen GB, Siegel JM. Activity of dorsal 

raphe cells across the sleep-waking cycle and during cataplexy in narcoleptic 

dogs. J Physiol. 2004;554(1):202–215.  

21.  Lu J, Sherman D, Devor M, Saper CB. A putative flip-flop switch for control of 

REM sleep. Nature. 2006;441:589–594.  

22.  Fuller P, Sherman D, Pedersen NP, Saper CB, Lu J. Reassessment of the 

structural basis of the ascending arousal system. J Comp Neurol. 

2011;519(5):933–956.  

23.  Jones BE, Harper ST, Halaris AE. Effects of locus coeruleus lesions upon 

cerebral monoamine content, sleep-wakefulness states and the response to 

amphetamine in the cat. Brain Res. 1977;124:473–496.  

24.  Gompf HS, Mathai C, Fuller PM, et al. Locus ceruleus and anterior cingulate 

cortex sustain wakefulness in a novel environment. J Neurosci. 

2010;30(43):14543–14551.  

25.  Saper C, Loewy A. Efferent connections of the parabrachial nucleus in the rat. 

Brain Res. 1980;197(2):291–317.  

26.  Niu J-G, Yokota S, Tsumori T, Qin Y, Yasui Y. Glutamatergic lateral parabrachial 

neurons innervate orexin-containing hypothalamic neurons in the rat. Brain Res. 

2010;1358:110–122.  

27.  Kaur S, Pedersen NP, Yokota S, et al. Glutamatergic signaling from the 

parabrachial nucleus plays a critical role in hypercapnic arousal. J Neurosci. 

2013;33(18):7627–7640.  



 35 

28.  Fulwiler CE, Saper CB. Subnuclear organization of the efferent connections of the 

parabrachial nucleus in the rat. Brain Res Rev. 1984;7(3):229–259.  

29.  Saper CB. Reciprocal parabrachial-cortical connections in the rat. Brain Res. 

1982;242(1):33–40.  

30.  Shipley MT, Sanders MS. Special senses are really special: evidence for a 

reciprocal, bilateral pathway between insular cortex and nucleus parabrachialis. 

Brain Res Bull. 1982;8(5):493–501.  

31.  Devor M, Zalkind V. Reversible analgesia, atonia, and loss of consciousness on 

bilateral intracerebral microinjection of pentobarbital. Pain. 2001;94(1):101–112.  

32.  Sieck GC, Harper RM. Discharge of neurons in the parabrachial pons related to 

the cardiac cycle: changes during different sleep-waking states. Brain Res. 

1980;199(2):385–399.  

33.  Saito H, Sakai K, Jouvet M. Discharge patterns of the nucleus parabrachialis 

lateralis neurons of the cat during sleep and waking. Brain Res. 1977;134(1):59–

72.  

34.  Adams JH, Graham DI, Murray LS, Scott G. Diffuse axonal injury due to 

nonmissile head injury in humans: an analysis of 45 cases. Ann Neurol. 1982 

Dec;12(6):557–563.  

35.  Blumbergs PC, Jones NR, North JB. Diffuse axonal injury in head trauma. J 

Neurol Neurosurg Psychiatry. 1989;52:838–841.  

36.  Kampfl A, Franz G, Aichner F, et al. The persistent vegetative state after closed 

head injury: clinical and magnetic resonance imaging findings in 42 patients. J 

Neurosurg. 1998;88(5):809–816.  

37.  Loeb C. Electroencephalographic changes during the state of coma. 

Electroencephalogr Clin Neurophysiol. 1958;10(4):589–606.  

38.  Chase TN, Moretti L, Prensky AL. Clinical and electroencephalographic 

manifestations of vascular lesions of the pons. Neurology. 1968;18(4):357–368.  



 36 

39.  Skandsen T, Kvistad KA, Solheim O, Lydersen S, Strand IH, Vik A. Prognostic 

value of magnetic resonance imaging in moderate and severe head injury: a 

prospective study of early MRI findings and one-year outcome. J Neurotrauma. 

2011;28(5):691–699.  

40.  Firsching R, Woischneck D, Klein S, Reißberg S, Döhring W, Peters B. 

Classification of severe head injury based on magnetic resonance imaging. Acta 

Neurochir (Wien). 2001;143(3):263–271.  

41.  Parvizi J, Damasio AR. Neuroanatomical correlates of brainstem coma. Brain. 

2003;126(7):1524–1536.  

42.  Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep and circadian 

rhythms. Nature. 2005;437(7063):1257–1263.  

43.  Avery SN, Clauss JA, Winder DG, Woodward N, Heckers S, Blackford JU. BNST 

neurocircuitry in humans. Neuroimage. Elsevier Inc.; 2014;91:311–323.  

44.  Edlow BL, Takahashi E, Wu O, Benner T, Kinney HC, Folkerth RD. 

Neuroanatomic connectivity of the human ascending arousal system critical to 

consciousness and its disorders. J Neuropathol Exp Neurol. 2013;71(6):531–546.  

45.  Jones DK. Studying connections in the living human brain with diffusion MRI. 

Cortex. 2008 Sep;44(8):936–952.  

46.  Silva S, Alacoque X, Fourcade O, et al. Wakefulness and loss of awareness: 

brain and brainstem interaction in the vegetative state. Neurology. 

2010;74(4):313–320.  

47.  Tononi G, Koch C. The neural correlates of consciousness: an update. Ann N Y 

Acad Sci. 2008;1124:239–261.  

48.  Hannawi Y, Lindquist M, Caffo B, Sair H, Stevens R. Resting brain activity in 

disorders of consciousness. Neurology. 2015;84:1272–1280.  

49.  Norton L, Hutchison RM, Young GB, Lee DH, Sharpe MD, Mirsattari SM. 

Disruptions of functional connectivity in the default mode network of comatose 

patients. Neurology. 2012;78(3):175–181. 



 37 

50.  Wu X, Zou Q, Hu J, et al. Intrinsic functional connectivity patterns predict 

consciousness level and recovery outcome in acquired brain injury. J Neurosci. 

2015;35(37):12932–12946.  

51.  Cauda F, Micon BM, Sacco K, et al. Disrupted intrinsic functional connectivity in 

the vegetative state. J Neurol Neurosurg Psychiatry. 2009;80(4):429–431.  

52.  Boveroux P, Vanhaudenhuyse A, Bruno M-A, et al. Breakdown of within- and 

between-network resting state functional magnetic resonance imaging 

connectivity during propofol-induced loss of consciousness. Anesthesiology. 

2010;113(5):1038–1053.  

53.  Demertzi A, Gómez F, Crone JS, et al. Multiple fMRI system-level baseline 

connectivity is disrupted in patients with consciousness alterations. Cortex. 

2014;52:35–46.  

54.  Demertzi A, Antonopoulos G, Heine L, et al. Intrinsic functional connectivity 

differentiates minimally conscious from unresponsive patients. Brain. 2015;1–13.  

55.  Vanhaudenhuyse A, Noirhomme Q, Tshibanda LJ-F, et al. Default network 

connectivity reflects the level of consciousness in non-communicative brain-

damaged patients. Brain. 2010;133:161–171.  

56.  Fernández-Espejo D, Soddu A, Cruse D, et al. A role for the default mode 

network in the bases of disorders of consciousness. Ann Neurol. 2012;72(3):335–

343.  

57.  Achard S, Delon-Martin C, Vértes PE, et al. Hubs of brain functional networks are 

radically reorganized in comatose patients. Proc Natl Acad Sci U S A. 

2012;109(50):20608–20613.  

58.  Silva S, Pasquale F De, Vuillaume C, Riu B, Loubinoux I, Geeraerts T. Disruption 

of posteromedial large-scale neural communication predicts recovery from coma. 

Neurology. 2015;85:1–9.  

59.  Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default network: 

anatomy, function, and relevance to disease. Ann N Y Acad Sci. 2008;1124:1–38.  



 38 

60.  Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL. A 

default mode of brain function. Proc Natl Acad Sci U S A. 2001;98(2):676–682.  

61.  Raffone A, Srinivasan N, van Leeuwen C. Perceptual awareness and its neural 

basis: bridging experimental and theoretical paradigms. Philos Trans R Soc Lond 

B Biol Sci. 2014;369(1641):20130203.  

62.  Breitmeyer B, Ogmen H. Visual masking: time slices through conscious and 

unconscious vision. Oxford, UK: Oxford University Press; 2006.  

63.  Raymond JE, Shapiro KL, Arnell KM. Temporary suppression of visual processing 

in an RSVP task: An attentional blink? J Exp Psychol Hum Percept Perform. 

1992;18(3):849–860.  

64.  Blake R, Logothetis NK. Visual Competition. Nat Rev Neurosci. 2002;3(1):13–21.  

65.  Logothetis NK. Single units and conscious vision. Philos Trans R Soc Lond B Biol 

Sci. 1998;353(1377):1801–1818.  

66.  Leopold DA, Logothetis NK. Activity changes in early visual cortex reflect 

monkeys’ percepts during binocular rivalry. Nature. 1996;379(6565):549–553.  

67.  Kranczioch C, Debener S, Schwarzbach J, Goebel R, Engel AK. Neural correlates 

of conscious perception in the attentional blink. Neuroimage. 2005;24(3):704–714.  

68.  Vogel EK, Luck SJ, Shapiro KL. Electrophysiological evidence for a 

postperceptual locus of suppression during the attentional blink. J Exp Psychol 

Hum Percept Perform. 1998;24(6):1656–1674.  

69.  Sergent C, Baillet S, Dehaene S. Timing of the brain events underlying access to 

consciousness during the attentional blink. Nat Neurosci. 2005;8(10):1391–1400.  

70.  Lamme VAF, Roelfsema PR. The distinct modes of vision offered by feedforward 

and recurrent processing. Trends Neurosci. 2000;23(11):571–579.  

71.  Tononi G, Sporns O, Edelman GM. Reentry and the problem of integrating 

multiple brain areas: Simulation of dynamic integration in the visual system. Cereb 

Cortex. 1992;2:310–335.  



 39 

72.  Seeley WW, Merkle FT, Gaus SE, Craig AD, Allman JM, Hof PR. Distinctive 

neurons of the anterior cingulate and frontoinsular cortex: a historical perspective. 

Cereb Cortex. 2012;22(2):245–247.  

73.  von Economo C. Die Encephalitis lethargica. Vienna, Austria: Deuticke; 1918.  

74.  von Economo C, Koskinas G. Die Cytoarchitektonik der Hirnrinde des 

Erwachsenen Menschen. Berlin, Germany: Springer; 1925.  

75.  Allman JM, Tetreault NA, Hakeem AY, et al. The von Economo neurons in 

frontoinsular and anterior cingulate cortex in great apes and humans. Brain Struct 

Funct. 2010;214(1):495–517.  

76.  Seeley WW, Carlin DA, Allman JM, et al. Early frontotemporal dementia targets 

neurons unique to apes and humans. Ann Neurol. 2006;60(6):660–667.  

77.  Allman JM, Tetreault NA, Hakeem AY, et al. The von Economo neurons in the 

frontoinsular and anterior cingulate cortex. Ann N Y Acad Sci. 2011;1225(1):59–

71.  

78.  Hof PR, Van Der Gucht E. Structure of the cerebral cortex of the humpback 

whale, Megaptera novaeangliae (Cetacea, Mysticeti, Balaenopteridae). Anat Rec. 

2007;290(1):1–31.  

79.  Hakeem AY, Sherwood CC, Bonar CJ, Butti C, Hof PR, Allman JM. Von Economo 

neurons in the elephant brain. Anat Rec Adv Integr Anat Evol Biol. 

2009;292(2):242–248.  

80.  Anderson JR, Gallup GG. Mirror self-recognition: a review and critique of attempts 

to promote and engineer self-recognition in primates. Primates. 2015;56(4):317–

326.  

81.  Reiss D, Marino L. Mirror self-recognition in the bottlenose dolphin: A case of 

cognitive convergence. Proc Natl Acad Sci U S A. 2001;98(10):5937–5942.  

82.  Plotnik JM, de Waal FBM, Reiss D. Self-recognition in an Asian elephant. Proc 

Natl Acad Sci U S A. 2006;103(45):17053–17057.  



 40 

83.  Craig ADB. How do you feel--now? The anterior insula and human awareness. 

Nat Rev Neurosci. 2009;10(1):59–70.  

84.  Fox MD, Raichle ME. Spontaneous fluctuations in brain activity observed with 

functional magnetic resonance imaging. Nat Rev Neurosci. 2007;8(9):700–711. 

85.  Yeo BTT, Krienen FM, Sepulcre J, et al. The organization of the human cerebral 

cortex estimated by intrinsic functional connectivity. J Neurophysiol. 

2011;106:1125–1165.  

86.  Fox MD, Buckner RL, Liu H, Chakravarty MM, Lozano AM, Pascual-Leone A. 

Resting-state networks link invasive and noninvasive brain stimulation across 

diverse psychiatric and neurological diseases. Proc Natl Acad Sci U S A. 

2014;111(41):E4367–E4375.  

87.  Beissner F, Schumann A, Brunn F, Eisenträger D, Bär K-J. Advances in functional 

magnetic resonance imaging of the human brainstem. Neuroimage. 2014;86:91–

98.  

88.  Boes AD, Prasad S, Liu H, et al. Network localization of neurological symptoms 

from focal brain lesions. Brain. 2015;1–15.  

89.  Qin P, Wu X, Huang Z, et al. How are different neural networks related to 

consciousness? Ann Neurol. 2015;78(4):594–605.  

90.  Horovitz SG, Braun AR, Carr WS, et al. Decoupling of the brain’s default mode 

network during deep sleep. Proc Natl Acad Sci U S A. 2009;106(27):11376–

11381.  

91.  Boly M, Phillips C, Tshibanda L, et al. Intrinsic brain activity in altered states of 

consciousness: how conscious is the default mode of brain function? Ann N Y 

Acad Sci. 2008;1129:119–129. 

92.  Schiff ND, Giacino JT, Kalmar K, et al. Behavioural improvements with thalamic 

stimulation after severe traumatic brain injury. Nature. 2007;448(7153):600–603.  

93.  Thibaut A, Bruno M-A, Ledoux D, Demertzi A, Laureys S. tDCS in patients with 

disorders of consciousness: sham-controlled randomized double-blind study. 



 41 

Neurology. 2014;82(13):1112–1118.  

94.  Nyberg-Hansen R, Løken A, Tenstad O. Brainstem lesion with coma for five years 

following manipulation of the cervical spine. J Neurol. 1978;218(2):97–105. 

95.  Hawkes C. “Locked-in” syndrome: Report of seven cases. Br Med J. 1974;4:379–

382.  

96.  Dehaene I, Dom R. A mesencephalic locked-in syndrome. J Neurol. 

1982;227:255–259.  

97.  Lu J, Liu H, Zhang M, et al. Focal pontine lesions provide evidence that intrinsic 

functional connectivity reflects polysynaptic anatomical pathways. J Neurosci. 

2011;31(42):15065–15071.  

98.  Karnath HO, Berger MF, Küker W, Rorden C. The anatomy of spatial neglect 

based on voxelwise statistical analysis: a study of 140 patients. Cereb Cortex. 

2004;14(10):1164–1172.  

99.  Rorden C, Karnath H-O, Bonilha L. Improving lesion-symptom mapping. J Cogn 

Neurosci. 2007;19(7):1081–1088.  

100.  Saper CB, Petito CK. Correspondence of melanin-pigmented neurons in human 

brain with A1-A14 catecholamine cell groups. Brain. 1982;87–101.  

101.  Fox MD, Buckner RL, White MP, Greicius MD, Pascual-Leone A. Efficacy of 

transcranial magnetic stimulation targets for depression is related to intrinsic 

functional connectivity with the subgenual cingulate. Biol Psychiatry. 

2012;72(7):595–603.  

102.  Wong CW, Olafsson V, Tal O, Liu TT. The amplitude of the resting-state fMRI 

global signal is related to EEG vigilance measures. Neuroimage. 2013;83:983–

990.  

103.  Marrelec G, Krainik A, Duffau H, et al. Partial correlation for functional brain 

interactivity investigation in functional MRI. Neuroimage. 2006;32(1):228–237.  

104.  Kalanithi PSA, Zheng W, Kataoka Y, et al. Altered parvalbumin-positive neuron 



 42 

distribution in basal ganglia of individuals with Tourette syndrome. Proc Natl Acad 

Sci U S A. 2005;102(37):13307–13312.  

105.  Seeley WW, Menon V, Schatzberg AF, et al. Dissociable intrinsic connectivity 

networks for salience processing and executive control. J Neurosci. 

2007;27(9):2349–2356.  

106.  Smith SM, Fox PT, Miller KL, et al. Correspondence of the brain’s functional 

architecture during activation and rest. Proc Natl Acad Sci U S A. 

2009;106(31):13040–13045.  

107.  Zaborszky L, Hoemke L, Mohlberg H, Schleicher A, Amunts K, Zilles K. 

Stereotaxic probabilistic maps of the magnocellular cell groups in human basal 

forebrain. Neuroimage. 2008;42(3):1127–1141.  

108.  Baroncini M, Jissendi P, Balland E, et al. MRI atlas of the human hypothalamus. 

Neuroimage. 2012;59(1):168–180.  

109.  Buckner RL, Krienen FM, Castellanos A, Diaz JC, Yeo BTT. The organization of 

the human cerebellum estimated by intrinsic functional connectivity. J 

Neurophysiol. 2011;106(5):2322–2345.  

110.  Jakobson AJ, Laird AR, Maller JJ, Conduit RD, Fitzgerald PB. Brain activity in 

sleep compared to wakefulness: a meta-analysis. J Behav Brain Sci. 

2012;02(02):249–257.  

111.  Caplan LR, Goodwin JA. Lateral tegmental brainstem hemorrhages. Neurology. 

1982;32(3):252–260.  

112.  Kushner MJ, Bressman SB. The clinical manifestations of pontine hemorrhage. 

Neurology. 1985;35:637–643.  

113.  Saleem K, Kondo H, Price J. Complementary circuits connecting the orbital and 

medial prefrontal networks with the temporal, insular, and opercular cortex in the 

macaque monkey. J Comp Neurol. 2008;506(4):659–693.  

114.  Moisset X, Bouhassira D, Denis D, Dominique G, Benoit C, Sabaté JM. 

Anatomical connections between brain areas activated during rectal distension in 



 43 

healthy volunteers: a visceral pain network. Eur J Pain. European Federation of 

International Association for the Study of Pain Chapters; 2010;14(2):142–148.  

115.  Braun AR, Balkin TJ, Wesenten NJ, et al. Regional cerebral blood flow throughout 

the sleep-wake cycle: an H2(15)O PET study. Brain. 1997;120:1173–1197.  

116.  Chen MC, Chang C, Glover GH, Gotlib IH. Increased insula coactivation with 

salience networks in insomnia. Biol Psychol. 2014;97(1):1–8.  

117.  Manes F, Paradiso S, Robinson R. Neuropsychiatric effects of insular stroke. J 

Nerv Ment Dis. 1999;187:707–712.  

118.  Critchley HD, Mathias CJ, Dolan RJ. Neural activity in the human brain relating to 

uncertainty and arousal during anticipation. Neuron. 2001;29(2):537–545.  

119.  Damsa C, Kosel M, Moussally J. Current status of brain imaging in anxiety 

disorders. Curr Opin Psychiaty. 2009;22(1):96–110.  

120.  Critchley HD, Tang J, Glaser D, Butterworth B, Dolan RJ. Anterior cingulate 

activity during error and autonomic response. Neuroimage. 2005;27(4):885–895.  

121.  Medford N, Critchley HD. Conjoint activity of anterior insular and anterior cingulate 

cortex: awareness and response. Brain Struct Funct. 2010;214(5-6):535–549.  

122.  Critchley HD, Mathias C, Josephs O, et al. Human cingulate cortex and 

autonomic control: converging neuroimaging and clinical evidence. Brain. 

2003;126(10):2139–2152.  

123.  Joshi S, Li Y, Kalwani RM, Gold JI. Relationships between pupil diameter and 

neuronal activity in the locus coeruleus, colliculi, and cingulate cortex. Neuron. 

2016;89:221–234.  

124.  Critchley HD, Elliott R, Mathias CJ, Dolan RJ. Neural activity relating to 

generation and representation of galvanic skin conductance responses: a 

functional magnetic resonance imaging study. J Neurosci. 2000;20(8):3033–3040.  

125.  Deen B, Pitskel NB, Pelphrey KA. Three systems of insular functional connectivity 

identified with cluster analysis. Cereb Cortex. 2011;21(7):1498–1506.  



 44 

126.  Kong J, White NS, Kwong KK, et al. Using fMRI to dissociate sensory encoding 

from cognitive evaluation of heat pain intensity. Hum Brain Mapp. 

2006;27(9):715–721.  

127.  Critchley HD, Wiens S, Rotshtein P, Ohman A, Dolan RJ. Neural systems 

supporting interoceptive awareness. Nat Neurosci. 2004;7(2):189–195.  

128.  Stephan E, Pardo JV, Faris PL, et al. Functional neuroimaging of gastric 

distension. J Gastrointest Surg. 2003;7(6):740–749. 

129.  Kondo HM, Kashino M. Neural mechanisms of auditory awareness underlying 

verbal transformations. Neuroimage. 2007;36(1):123–130.  

130.  Pressnitzer D, Hupé J-M. Temporal dynamics of auditory and visual bistability 

reveal common principles of perceptual organization. Curr Biol. 

2006;16(13):1351–1357.  

131.  Sterzer P, Kleinschmidt A. A neural basis for inference in perceptual ambiguity. 

Proc Natl Acad Sci U S A. 2007;104(1):323–328.  

132.  Ploran EJ, Nelson SM, Velanova K, Donaldson DI, Petersen SE, Wheeler ME. 

Evidence accumulation and the moment of recognition: dissociating perceptual 

recognition processes using fMRI. J Neurosci. 2007;27(44):11912–11924.  

133.  Karnath H, Baier B, Nagele T. Awareness of the functioning of one’s own limbs 

mediated by the insular cortex? J Neurosci. 2005;25(31):7134–7138.  

134.  Spinazzola L, Pia L, Folegatti A, Marchetti C, Berti A. Modular structure of 

awareness for sensorimotor disorders: evidence from anosognosia for hemiplegia 

and anosognosia for hemianaesthesia. Neuropsychologia. 2008;46(3):915–926.  

135.  Koubeissi MZ, Bartolomei F, Beltagy A, Picard F. Electrical stimulation of a small 

brain area reversibly disrupts consciousness. Epilepsy Behav. 2014;37:32–35.  

136.  Piredda S, Gale K. A crucial epileptogenic site in the deep prepiriform cortex. 

Nature. 1985;317(6038):623–625.  

137.  Mohapel P, Zhang X, Gillespie GW, et al. Kindling of claustrum and insular cortex: 



 45 

comparison to perirhinal cortex in the rat. Eur J Neurosci. 2001;13(8):1501–1519.  

138.  Laufs H, Richardson MP, Salek-Haddadi A, et al. Converging PET and fMRI 

evidence for a common area involved in human focal epilepsies. Neurology. 

2011;77:904–910.  

139.  Crick FC, Koch C. What is the function of the claustrum? Philos Trans R Soc 

London B Biol Sci. 2005;360(1458):1271–1279.  

140.  Witter MP, Room P, Groenewegen HJ, Lohman AHM. Reciprocal connections of 

the insular and piriform claustrum with limbic cortex: an anatomical study in the 

cat. Neuroscience. 1988;24(2):519–539.  

141.  Craig A. How do you feel? Interoception: the sense of the physiological condition 

of the body. Nat Rev Neurosci. 2002;3(8):655–666.  

142.  Taylor KS, Seminowicz DA, Davis KD. Two systems of resting state connectivity 

between the insula and cingulate cortex. Hum Brain Mapp. 2009;30(9):2731–

2745.  

143.  Sridharan D, Levitin DJ, Menon V. A critical role for the right fronto-insular cortex 

in switching between central-executive and default-mode networks. Proc Natl 

Acad Sci U S A. 2008;105(34):12569–12574.  

144.  Paus T, Koski L, Caramanos Z, Westbury C. Regional differences in the effects of 

task difficulty and motor output on blood flow response in the human anterior 

cingulate cortex: a review of 107 PET activation studies. Neuroreport. 

1998;9(9):R37–R47.  

145.  Mesulam MM. A cortical network for directed attention and unilateral neglect. Ann 

Neurol. 1981;10(4):309–325.  

146.  Kennard MA. The cingulate gyrus in relation to consciousness. J Nerv Ment Dis. 

1955;121(1):34–39.  

147.  Fellows LK, Farah MJ. Is anterior cingulate cortex necessary for cognitive control? 

Brain. 2005;128(4):788–796.  



 46 

148.  Cohen RA, Kaplan RF, Moser DJ, Jenkins MA, Wilkinson H. Impairments of 

attention after cingulotomy. Neurology. 1999;53(4):819–824.  

149.  Raghanti MA, Spurlock LB, Robert Treichler F, et al. An analysis of von Economo 

neurons in the cerebral cortex of cetaceans, artiodactyls, and perissodactyls. 

Brain Struct Funct. 2015;220(4):2303–2314.  

150.  Glosser G, Cole LC, Deutsch GK, et al. Hemispheric asymmetries in arousal 

affect outcome of the intracarotid amobarbital test. Neurology. 1999;52(8):1583–

1590.  

151.  Bruno MA, Fernández-Espejo D, Lehembre R, et al. Multimodal neuroimaging in 

patients with disorders of consciousness showing “functional hemispherectomy.” 

Prog Brain Res. 2011;193:323–333.  

152.  Rosazza C, Andronache A, Sattin D, et al. Multimodal study of default-mode 

network integrity in disorders of consciousness. Ann Neurol. 2016;In press 

(published online March 11, 2016).  

153.  Englot DJ, Yang L, Hamid H, et al. Impaired consciousness in temporal lobe 

seizures: role of cortical slow activity. Brain. 2010;133(12):3764–3777.  

154.  Albert ML, Silverberg R, Reches A, Berman M. Cerebral dominance for 

consciousness. Arch Neurol. 1976;33(6):453–454.  

155.  Gazzaniga M. Organization of the human brain. Science. 1989;245(4921):947–

952.  

156.  Villablanca J, Salinas-Zeballos ME. Sleep-wakefulness, EEG and behavioral 

studies of chronic cats without the thalamus: The “athalamic” cat. Arch Ital Biol. 

1972;110(3):383–411.  

157.  Vanderwolf CH, Stewart DJ. Thalamic control of neocortical activation: a critical 

re-evaluation. Brain Res Bull. 1988;20(4):529–538.  

158.  Hassler R, Ore GD, Dieckmann G, Bricolo A, Dolce G. Behavioural and EEG 

arousal induced by stimulation of unspecific projection systems in a patient with 

post-traumatic apallic syndrome. Electroencephalogr Clin Neurophysiol. 



 47 

1969;27(3):306–310.  

159.  McLardy T, Ervin F, Mark V, Scoville W, Sweet W. Attempted inset-electrodes-

arousal from traumatic coma: neuropathological findings. Trans Am Neurol Assoc. 

1968;93:25.  

160.  Tsubokawa T, Yamamoto T, Katayama Y, Hirayama T, Maejima S, Moriya T. 

Deep-brain stimulation in a persistent vegetative state: follow-up results and 

criteria for selection of candidates. Brain Inj. 1990;4(4):315–327.  

161.  Morgan MA, LeDoux JE. Contribution of ventrolateral prefrontal cortex to the 

acqusition and extinction of condiioned fear in rats. Neurobiol Learn Mem. 

1999;72:244–251.  

162.  Liao W, Ding J, Marinazzo D, et al. Small-world directed networks in the human 

brain: multivariate Granger causality analysis of resting-state fMRI. Neuroimage. 

2011;54(4):2683–2694.  

163.  Evrard HC, Forro T, Logothetis NK. von Economo neurons in the anterior insula of 

the macaque monkey. Neuron. 2012;74(3):482–489.  

164.  Rajala AZ, Reininger KR, Lancaster KM, Populin LC. Rhesus monkeys (Macaca 

mulatta) do recognize themselves in the mirror: implications for the evolution of 

self-recognition. PLoS One. 2010;5(9):e12865. 

165.  Butson CR, Mcintyre CC. Current steering to control the volume of tissue 

activated during deep brain stimulation. Brain Stimul. 2008;1(1):7–15.  

 

 

 

 



 48 

 



 49 

 

Figure 1. Lesion analysis. (A) Twelve coma lesions exhibited greatest overlap in the 

upper pontine tegmentum. (B) Twenty-four control lesions exhibited greatest overlap in 

the pontine base. Subtracting the control lesion voxels from the coma lesion voxels (C) 

and voxel-based lesion-symptom mapping (p < 0.05, corrected) (D) yielded a coma-

specific region in the left pontine tegmentum (red). (E) Multiple nuclei implicated in 

arousal surround the coma-specific region, including the dorsal raphe (yellow dots), 

locus coeruleus (black dots), and parabrachial nucleus (red dashed line). Abbreviations: 

ml, medial lemniscus; mlf, medial longitudinal fasciculus; scp, superior cerebellar 

peduncle; 4V, fourth ventricle. 



 50 

 

Figure 2. Network analysis. The coma-specific region of the brainstem exhibits 

functional connectivity to clusters in the anterior insula (AI) (A) and pregenual anterior 

cingulate cortex (pACC) (B). Voxels within these nodes were functionally connected to 

all 12 coma lesions (green) (C) and were more functionally connected to coma lesions 

(orange; p < 0.05) than control lesions (blue; p < 0.05) (D).  
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Figure 3. Von Economo neuron distribution. Von Economo neurons (VENs), 

identified by their spindle morphology (A), are located in the agranular region 

(demarcated with black arrows) of the anterior insula, represented by red dots (B). The 

distribution of VENs (red) closely corresponds to the regions of the network nodes 

(yellow) in the agranular anterior insula (C) and pregenual anterior cingulate cortex (D).  
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Figure 4. Network matches von Economo neuron distribution and overlaps 
several resting state cortical networks. The anterior insula (AI) and pregenual 

anterior cingulate (pACC) nodes correspond closely to the distribution of von Economo 

neurons (VENs), and not to any previously defined resting state network. Rather, the 

network spans several other resting state networks.  
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Figure 5. Brainstem connectivity of cortical nodes. (A) The anterior insula node 

exhibits functional connectivity to the coma-specific region, and to a lesser extent, the 

homologous region of the right pontine tegmentum. (B) The pregenual anterior cingulate 

node exhibits functional connectivity only to the pontine base. Images are shown from 

rostral to caudal. 
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Figure 6. Network connectivity in disorders of consciousness. In patients with 

disorders of consciousness (minimally conscious state [n=26] or vegetative 

state/unresponsive wakefulness syndrome [n=19]), connectivity was more diminished 

between the anterior insula (AI) and pregenual anterior cingulate (pACC) nodes than 

within the motor or default mode networks (p < 0.05). Error bars represent standard 

error of the mean. 
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Supplementary Figure 1. Lesions and processing method. (A) Sagittal and axial 

views of each lesion (12 coma lesions, 24 control lesions). For each case (B), the 

brainstem lesion was identified on all available views (C). Using anatomical landmarks, 

each two-dimensional contour of the lesion was reproduced in a comparable view of a 

template brain (D). Once all two-dimensional images of the lesion were reproduced, the 

lesion was viewed from orthogonal planes (E). The lesion edges were connected by the 

shortest distance and filled in, producing a three-dimensional lesion (F). 
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Supplementary Figure 2. Exceptional lesions. The coma-specific region (represented 

in red) was involved by the periphery of 1 of the 24 control lesions (in green) – Control 4 

(A) – and not involved by 2 of the 12 coma lesions (in pink) – Coma 10 (B) and Coma 

12 (C). See Supplementary Table 1 for case details. Axial views are shown from caudal 

to rostral.  
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Supplementary Figure 3. Additional views of brainstem node, anterior insula node 
and anterior cingulate node. (A) Axial views of the subtraction analysis, whereby 

control lesions were subtracted from coma lesions (rostral to caudal). (B) Coronal views 

of anterior insula node (anterior to posterior). (C) Sagittal views of pregenual anterior 

cingulate node (right to left).  
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Supplementary Figure 4. Functional connectivity analysis without global signal 
regression. Functional connectivity of the coma-specific region was repeated without 

global signal regression, which has been associated with arousal 102. The anterior insula 

and pregenual anterior cingulate nodes remain relatively unchanged. See 

Supplementary Table 2 for additional node details. 
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Supplementary Figure 5. Voxel-wise t-test with volume normalization. To ensure 

that lesion volume did not bias the voxel-wise t-test, each lesion was replaced with a 

sphere (radius 5 mm) at each lesion’s center of gravity. The results of the voxel-wise t-

test were masked with the pregenual anterior cingulate and anterior insula nodes. Both 

nodes remain more strongly functionally connected to coma lesions (in orange; p < 

0.05) than control lesions (in blue; p < 0.05). 
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Supplementary Figure 6. Von Economo neurons and network nodes. There is 

extensive overlap between the Von Economo neuron (VEN) distribution (red) and the 

network nodes (yellow) of the anterior insula (AI) (A, from rostral to caudal) and 

pregenual anterior cingulate (pACC) (B, from left to right). (C) A greater percentage of 

both network nodes is contained within the VEN distribution than within any resting state 

network.  
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Supplementary Figure 7. Subcortical connectivity. Statistical thresholds were 

relaxed to specifically investigate connectivity of the brainstem node to the thalamus, 

hypothalamus, basal forebrain, amygdala and bed nucleus of the stria terminalis. 

Functionally connected nodes were discovered in the lateral thalamus (A), midline 

thalamus (B) posterior hypothalamus (hypothalamus masks outlined in purple) (C), and 

basal forebrain (E). (D) All 12 coma lesions exhibited connectivity to the posterior 

hypothalamus (shared region represented in green). There was virtually no connectivity 

to the amygdala or bed nucleus of the stria terminalis. See Supplementary Table 2 for 

additional node details. 
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Supplementary Figure 8. Assessing inter-node connectivity with partial 
correlations. The voxel-wise correlation of the brainstem node to the anterior insula 

(AI) and pregenual anterior cingulate (pACC), with the other partialled out, was 

evaluated. With the AI partialled out, little connectivity between the brainstem node and 

pACC remained (A), whereas with the pACC partialled out, connectivity between the 

brainstem node and AI persisted (B), suggesting that the connectivity between the 

brainstem node and pACC is mediated by the AI. Results were nearly identical after the 

AI and pACC nodes were binarized, normalizing for voxel values (C, D, respectively). 
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Supplementary Figure 9. Network Connectivity in Disorders of Consciousness. 
Motor network connectivity was present in all but comatose patients. Default mode 

network connectivity was present in healthy controls and in the minimally conscious 

state. Connectivity between the anterior insula and anterior cingulate was present only 

in healthy controls. MCS = Minimally conscious state; VS = Vegetative state; AI = 

Anterior insula; pACC = Pregenual anterior cingulate cortex. There were 21 healthy 

controls, 26 in MCS, 19 in VS/UWS, and 6 in coma. Asterisks represent significant 

differences from 0 (p < 0.05). Error bars represent standard error of the mean. 
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Supplementary Figure 10. Modeling the electrical disruption of awareness. A 

previous case report described the disruption of awareness in a human patient after 

passing 14mA, but not 6mA, of current through a depth electrode placed in the region of 

the agranular anterior insula135. We modeled the effects of each of these current 

strengths in relation to the anterior insula node identified here (in orange), based on the 

estimation that the radius of activated neurons increases linearly with current strength 

(where the radius [mm] equals current [mA] plus 1 for a monopolar electrode)165. The 

depth electrode site was transformed into Montreal Neurological Institute space based 

on anatomical landmarks (in violet; coordinates: x = -37.5, y = 12, z = -3.5). This site 

was used as the center of a 15 mm radius sphere (light blue; modeling 14mA) and a 7 

mm radius sphere (dark blue; modeling 6mA). In this model, only the 14 mA current, 
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which was sufficient to disrupt awareness, substantially overlaps the anterior insula 

node. 

 

 

Supplementary Figure 11. Functional connectivity of the brainstem node to the 
dorsolateral prefrontal cortex. Removing statistical thresholds reveals positive 

functional connectivity between the brainstem node and the left dorsolateral prefrontal 

cortex (white arrow), a modestly successful target of noninvasive, therapeutic brain 

stimulation in patients with disorders of consciousness93. Figure constructed with Caret 

software. 
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Supplementary Table 1. Cases of coma and controls in chronological order. 
 
Case 

Number 

Age, 

Sex 

Location 

of Lesion 

Clinical Data Localization 

Method 

Citation 

Coma 1 38, F Pons & 

midbrain 

Sudden coma following 

trauma. See source for 

detail. 

Autopsy Nyberg-

Hansen et al., 

1978 

Coma 2 75, M Pons Dizziness and numbness 

followed by coma. See 

source for detail. 

MRI Parvizi & 

Damasio, 2003 

Coma 3 61, M Pons Somnolence then coma. See 

source for detail. 

MRI Parvizi & 

Damasio, 2003 

Coma 4 73, F Pons & 

midbrain 

Low alertness then coma. 

See source for detail. 

MRI Parvizi & 

Damasio, 2003 

Coma 5 53, M Pons & 

midbrain 

Slurred speech and 

weakness followed by coma. 
See source for detail. 

MRI Parvizi & 

Damasio, 2003 

Coma 6 50, M Pons Sudden coma. Became 

unresponsive while walking; 

hypertensive brainstem 

hemorrhage identified. 

Never regained 

consciousness. 

CT Local Case 

Coma 7 79, M Pons Found comatose. Found 

comatose in home; 

brainstem hemorrhage 

identified. Comatose for 

CT Local Case 
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more than a week before 

emerging to a vegetative 

state. 

Coma 8 31, M Pons Coma following trauma. 
Became comatose following 

motorcycle accident; 

brainstem hemorrhage 

identified. Recovered to full 

consciousness after ~1 

week. 

MRI Local Case 

Coma 9 81, M Pons Found comatose. Found 

comatose at home; 

traumatic brain injury 

identified with brainstem 

involvement. Never regained 

consciousness. 

MRI Local Case 

Coma 10 45, F Pons & 

midbrain 

Coma following trauma. 
Pedestrian struck by motor 

vehicle; traumatic brain 

injury identified with 

brainstem involvement. 

Encephalopathy on EEG. 

Become responsive weeks 

later. 

MRI Local Case 

Coma 11 51, M Medulla, 

pons & 

midbrain 

Found comatose. Found 

comatose at home, with 

pinpoint pupils; brainstem 

hemorrhage identified. 

Regained consciousness ~1 

week later. 

MRI Local Case 

Coma 12 50, M Pons, Obtundation then coma. MRI Local Case 



 73 

midbrain 

& 

thalamus 

Presented with left-sided 

hemiparesis and numbness; 

right vertebral and posterior 

cerebral artery occlusions 

identified. Six days later, he 

became obtunded then 

comatose; basilar artery 

occlusion identified. Never 

regained consciousness. 

Control 1 37, M Pons & 

midbrain  

Locked-in syndrome.  Autopsy Hawkes, 1974 

Control 2 52, F Pons & 

midbrain  

Locked-in syndrome.  Autopsy Hawkes, 1974 

Control 3 49, M Pons  Locked-in syndrome.  Autopsy Hawkes, 1974 

Control 4 35, F Pons  Locked-in syndrome.  Autopsy Hawkes, 1974 

Control 5 74, F Pons & 

midbrain  

Locked-in syndrome.  Autopsy Dehaene & 

Dom, 1982 

Control 6 34, F Pons & 

midbrain 

Weakness, dysarthria.  MRI Lu et al., 2011 

Control 7 48, M Pons & 

midbrain 

Weakness, dysarthria.  MRI Lu et al., 2011 

Control 8 59, M Pons & 

midbrain 

Weakness, dysarthria. MRI Lu et al., 2011 

Control 9 62, M Pons Weakness, dizziness.  MRI Lu et al., 2011 

Control 
10 

54, F Pons & 

midbrain 

Weakness.  MRI Lu et al., 2011 

Control 
11 

56, M Pons Weakness. MRI Lu et al., 2011 

Control 
12 

57, M Pons Weakness.  MRI Lu et al., 2011 

Control 60, M Pons Weakness, dizziness.  MRI Lu et al., 2011 
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13 
Control 

14 
61, M Pons Weakness, dysarthria.  MRI Lu et al., 2011 

Control 
15 

63, M Pons Weakness.  MRI Lu et al., 2011 

Control 
16 

68, M Medulla 

& pons 

Weakness, dizziness.  MRI Lu et al., 2011 

Control 
17 

44, M Pons & 

midbrain  

Locked-in syndrome MRI Local Case 

Control 
18 

71, F Pons Awake, no motor deficits CT Local Case 

Control 
19 

64, M Pons & 

midbrain 

Awake, no motor deficits CT Local Case 

Control 
20 

67, M Pons & 

midbrain 

Awake, no motor deficits CT Local Case 

Control 
21 

59, M Pons & 

midbrain 

Nausea, dysarthria, ataxia, 

weakness 

CT Local Case 

Control 
22 

71, M Pons & 

midbrain 

Weakness, dysarthria, 

vertigo 

MRI Local Case 

Control 
23 

62, M Pons & 

midbrain 

Confusion, nausea MRI Local Case 

Control 
24 

88, F Midbrain 

& 

thalamus 

Dizziness, weakness CT Local Case 

 
M = male, F = female, MRI = magnetic resonance imaging, CT = computed 

tomography. 
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Supplementary Table 2. Peak correlations and centers of clusters. 

 
 Peak 

Correlation 
Value  

Peak Correlation Voxel Cluster Center of Gravity 

t-score X Y Z X Y Z 

Coma-
Specific 
Region 

N/A N/A N/A N/A -4.5 -35 -26 

Brain-Wide Nodes (Defined by Connectivity of Coma-Specific Region) 

Anterior Insula 

(AI) 

8.96 -40 12 -16 -33.97 9.47 -15.43 

Pregnual 

Anterior 

Cingulate 

Cortex (pACC) 

6.64 0 38 12 -0.78 37.22 2.47 

Brain-Wide Nodes (Defined by Connectivity of Coma-Specific Region), with Global 
Signal Preserved 

Anterior Insula 

(AI) 

14.1 -30 8 -12 -32 -1.05 -12.6 

Precuneus 14.1 -6 -62 12 -1.17 -61.8 11.7 

Pregenual 

Anterior 

Cingulate 

Cortex (pACC) 

12 -2 38 12 -1.71 44.2 2.12 

Thalamic Nodes (Defined by Connectivity of Coma-Specific Region) 
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Left Lateral 

Thalamus 

5.58 -12 -16 -2 -11.2 -14.2 -0.67 

Right Lateral 

Thalamus 

4.57 18 -18 2 17.4 -16.9 2.17 

Midline 

Thalamus 

3.76 0 -14 8 0 -14 8 

Basal Forebrain Nodes (Defined by Connectivity of Coma-Specific Region) 

Left Basal 

Forebrain 

4.34 -28 2 -14 -23 1.17 -11.4 

Right Basal 

Forebrain 

3.81 28 4 -12 18.4 2.19 -9.88 

Medial Basal 

Forebrain 

2.85 -6 2 -8 -5.14 2 -7.14 

Brainstem Clusters (Defined by Connectivity of pACC Node) 

Midline 

Pontine Base 

12 0 -24 -28 -0.13 -24.9 -28.1 

Brainstem Clusters (Defined by Connectivity of AI Node) 

Left Pontine 

Tegmentum 

10.1 -6 -36 -26 -5.42 -37.4 -26.7 

Right Pontine 

Tegmentum 

9.91 8 -36 -32 7.02 -35.9 -29.9 

 

 


