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The mechanism by which the healthy heart and brain die rapidly in
the absence of oxygen is not well understood. We performed
continuous electrocardiography and electroencephalography in rats
undergoing experimental asphyxia and analyzed cortical release of
core neurotransmitters, changes in brain and heart electrical activity,
and brain–heart connectivity. Asphyxia stimulates a robust and sus-
tained increase of functional and effective cortical connectivity, an
immediate increase in cortical release of a large set of neurotrans-
mitters, and a delayed activation of corticocardiac functional and
effective connectivity that persists until the onset of ventricular fibril-
lation. Blocking the brain’s autonomic outflow significantly delayed
terminal ventricular fibrillation and lengthened the duration of de-
tectable cortical activities despite the continued absence of oxygen.
These results demonstrate that asphyxia activates a brainstorm,
which accelerates premature death of the heart and the brain.

asphyxic cardiac arrest | autonomic nervous system | coherence |
directed connectivity | near-death experience

Sudden cardiac arrest occurs in more than 400,000 Americans
annually, with a high rate of mortality. Fatal cardiac ar-

rhythmias and sudden unexpected death occur in patients with
cardiovascular disease (1) as well as those with no known history
of heart disease (2–4). This latter class of patients includes in-
dividuals with ischemic stroke, traumatic brain injury, brain hem-
orrhage, epilepsy, and asphyxia. The physiological progression of
a healthy heart to death is not well understood.
Asphyxia-induced cardiac arrest occurs in patients with airway

obstruction, respiratory failure, pulmonary embolism, gas poi-
soning, drowning, and choking. Experimental asphyxia in animal
models results in cardiac arrest within a few minutes. In all cases
following the onset of asphyxia, electroencephalogram (EEG)
amplitudes become extremely low before the disappearance of
electrocardiogram (EKG) signals (5–8). Although no reports of
EEG and EKG recordings are available from asphyxia in humans,
loss of external consciousness and sensory responsiveness is often
the first sign of clinical cardiac arrest and always precedes the
termination of all cardiac electrical signals. Whether the extremely
low levels of EEG signals at near death can support meaningful
brain functions including internal states of consciousness has not
been investigated until recently. Previously, we have found that the
mammalian brain is surprisingly highly aroused within a few sec-
onds of asphyxia despite nearly isoelectric intracortical EEG sig-
nals (9). The functional role of the highly coherent cerebral
activity in the dying animals is unknown. One possibility is that the
near-death cortical activation represents a homeostatic mecha-
nism of the brain that serves to revive vital functions in the
dying animals.
Circadian and emotional regulation of cardiac output is con-

trolled by the central nervous system. Fluctuations in heart rate
are mediated by autonomic input, with parasympathetic suppres-
sion and sympathetic elevation of heart rate (10). Parasympathetic

suppression of heart rate is mediated by the synaptic release of
acetylcholine from vagus nerve terminals, whereas sympathetic
elevation of heart rate is mediated by norepinephrine release
controlled by the neural signals traveling down the spinal cord
from the brainstem. Sudden death induced by a life-threatening
stressor is postulated to result from a generalized sympathetic
storm within the autonomic nervous system (3). Consistent with
this view, exposure to carbon dioxide leads to an immediate sys-
temic surge of neurally released norepinephrine in the asphyxic
rats (11); human patients with sustained ventricular arrhythmias
exhibit higher levels of plasma norepinephrine levels (12). Despite
the hypothesized role of brain–heart connections in sudden death,
however, simultaneous and detailed analysis of the dying brain and
heart has not been reported.
Brainstem nuclei mediate reflex control of the autonomic

nervous system (13). Stimulation of locus coeruleus neurons, the
site of norepinephrine synthesis critical in generating alertness,
leads to activation of GABAergic neurotransmission and in-
hibition of parasympathetic cardiac vagal neurons via the ac-
tivation of brainstem adrenergic receptors (14). Overexpression
of a serotonin receptor in raphe nuclei results in sporadic
autonomic crises including bradycardia (15). In addition to
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autonomic control, brainstem nuclei mediate a relay of cardiac
(and other visceral) information to higher brain regions (13).
A hierarchy of representations of cardiac function has been
traced from brainstem to anterior cingulate and insular corti-
ces, where conscious awareness of heartbeat is associated with
enhanced cortical activity (16, 17). In patients with cardiac
disease, heartbeat-evoked potentials are detectable in multiple
cortical loci within the left hemisphere that reflect the proar-
rhythmic status of the heart (18).
The emerging theme from these and other studies supports

the notion that the autonomic nervous system is under constant
surveillance by the cerebral cortex to ensure functional integrity
of vital organs. A life-threatening crisis of the heart, with a rapid
and steep change of the heart rate and reduction of cardiac
output, is therefore expected to markedly activate and recruit the
cerebral cortex to form a hierarchical circuit of cardiac survival.
When transient homeostatic feedback from the brain to the
heart is insufficient to restore cardiac function, the brain may
exhibit a sustained activation such that it may cause a premature
and rapid death of the heart. In this paper, we examined cardiac
and cortical responses to asphyxia by examining beat-to-beat
changes of cardiac electrical signals, measuring brain neuro-
transmitter levels, analyzing cardiac event-related potentials, and
calculating corticocortical/corticocardiac coherence and con-
nectivity in dying animals. We also tested the effect of de-
centralization of the heart on lethal cardiac arrhythmias and
brain electrical activity during asphyxia.

Results
A Marked Fluctuation of Heart Rate Dominates the Early Period of
Asphyxia. To determine the time course of cardiac responses to
asphyxia, we monitored EKG signals in rats during wakefulness
and following carbon dioxide inhalation. The time course of
EKG changes in a typical rat (ID5768; Fig. 1) shows that the
amplitude of raw EKG signals declined gradually until asystole
was observed 320 s later (Fig. 1A). Heart rate changes exhibited
four distinct phases (Fig. 1 B and C): asphyxia phase I (A1; 3–25 s)
consisted of a marked fluctuation of heart rate displaying an
initial steep decline (3–10 s) followed by a rapid recovery (10–25 s).
Asphyxia phase II (A2; 25–50 s) consisted of a second steep decline
of heart rate, whereas phase III (A3; 50–265 s) was dominated by
a low but stable heart rate of 1–2 Hz. During phase III, the heart
rate continued to exhibit a mild fluctuation of ±0.5 Hz between the
peak and the trough. Phase IV (A4; 265–320 s) was dominated by a
fast heart rate that fluctuated between 9 and 15 Hz. The phase I
response was robust in 8/10 rats and nearly undetectable in 2/10
rats (ID5745 and ID5769), whereas the phase II–IV responses
were reproducible in all rats, although there was slight variation in
the length for phases III and IV segments (Fig. S1).

Cardiac Electrical Signals, Visualized by Electrocardiomatrix, Reveal
Temporally Distributed Cardiac Arrhythmias During Asphyxia. EKG
signals exhibit a dynamic and ordered sequence of arrhythmias
during asphyxia. To visualize the beat-to-beat features of cardiac
signals monitored over a long period, we developed a new method
of displaying long streams of EKG signals, called the electro-
cardiomatrix (ECM) (Fig. S2). The ECM graphs two or more
consecutive P-QRS-T waves on the y axis, the numbers of heart-
beats or time lapsed on the x axis, and signal intensity of heartbeats
on the z axis. This display method preserves all features of cardiac
electrical signals decipherable from raw EKG data in a compact
manner and permits a single-glance view of time-dependent
changes of heart rate and the occurrence of cardiac arrhythmias.
As shown in Fig. 1D, a, the beat-to-beat changes of cardiac

electrical activity, displayed on the ECM, captured the RR in-
terval (RRI) changes shown in Fig. 1C and identified all relevant
cardiac features. Asphyxia-induced cardiac demise begins with a
rapid induction of cardiac arrhythmias (2–16 s) followed by

alternating sinus rhythm and second-degree heart block (Mobitz
type II) (16–20 s) before reaching a brief restoration of RRI (20–
30 s; Fig. 1D, b and c). This short recovery phase is marked by
sinus rhythm with an ectopic peak and a premature ventricular
beat (Fig. 1D, c). The transition to further rhythm deterioration
begins with several consecutive beats of Mobitz II type (Fig. 1D,
c) followed by unstable (32–37 s; Fig. 1D, c) and stable (37–90 s;
Fig. 1D, c and d) third-degree atrioventricular block with junc-
tional escape rhythms. This period of relative stability is termi-
nated by another segment of cardiac turbulence, which contains
alternating junctional and ventricular escape beats (90–120 s; Fig.
1D, d). During this period, RRIs showed another round of pro-
longation (decreasing heart rate; 80–95 s) and shortening (in-
creasing heart rate; 95–125 s). Cardiac rhythms then transitioned
completely from junctional escape beats to ventricular escape beats
(or idioventricular rhythms) with a slowly declining heart rate

Fig. 1. Asphyxia results in a marked fluctuation of heart rate and stimulates
temporally distributed and well-defined sequence of cardiac arrhythmias.
(A) Carbon dioxide administration at time 0 leads to a gradual decline of the
amplitude of EKG signals. Representative data from one adult outbred
Wistar rat (ID5768) are shown. (B) Heart rate (HR) changes during asphyxia-
induced cardiac arrest. Heart rate data were obtained from a 10-s epoch of
EKG data with 9.9 s of overlap between two consecutive values. (C) Time
intervals between two consecutive QRS complexes (RRIs) over the course
of asphyxia. Asphyxia-induced cardiac failure progressed in four distinct
phases (asphyxia stages 1–4, or A1–A4), as labeled on top of A. RRIs of all
rats showed similar lawful progression of changes from A1 to A4 (Fig. S1). In
two rats (ID5745 and ID5769), RRI changes in A1 phase were not as dra-
matic as in other rats. (D) ECM display of the EKG signals shown in A. The
method of the ECM construction is detailed in SI Text and Fig. S2. Time-
dependent features of P-QRS-T complexes of two or more consecutive
heartbeats are displayed in y axis with amplitude of each peak (P, QRS, T)
represented in Z-domain in color. Warmer color denotes higher signal
strength. During baseline (−60 s to 0 s; D, a), eight consecutive QRS complexes
are shown vertically in time domain with their R peak displaying the highest
voltage (warmest color). Consecutive R peaks aligned at time 0 s in x axis ex-
pand horizontally with the P waves situated below the R-peak line and the T
waves immediately above the R-peak line. Changes in the RRIs and intervals
between various peaks and changes in the amplitude are readily apparent.
Transitions between critical phases in D, a are further expanded in D, b–e.
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(Fig. 1D, a and d). Toward the end of the idioventricular rhythm
period, the rhythmic and dissociated P waves were mixed with and
eventually replaced by fast fluttering and low-amplitude atrial
rhythms (Fig. 1D, e). The bradyarrhythmia period (32–265 s) was
followed by polymorphic ventricular tachycardia rhythms
(274–320 s; Fig. 1D, a and e), which degenerated subsequently
into ventricular fibrillation. Asystole was reached 400 s after the
onset of asphyxia in this animal.
As in the case of heart rate changes, the progression of ECM-

derived electrical profiles during asphyxia is conserved in all rats.
The second drop in heart rate (or rise in RRIs) in A2 occurred
between 25 and 35 s of asphyxia in all rats, which paralleled
precipitous drops in blood oxygen content measured by MouseOx.
The heart rate during the period of bradyarrhythmia (mainly in
A3) dropped to about 24% (±4%) of the baseline values and
never dipped below 1 Hz. Ventricular tachycardia onset varied
from 180 s to 340 s with some rats showing long pauses in their
cardiac electrical signals during this period. All rats reached
asystole within 6 min of asphyxia (Fig. S1).

Asphyxia Activates a Global Cortical Coherence That Persists Until the
Onset of Ventricular Fibrillation. Previously, we have reported a
marked and brief surge of cortical coherence induced by asphyxia

in anesthetized rats (9). A robust increase of global coher-
ence induced by carbon dioxide inhalation is evident in the
absence of anesthesia and progresses with a temporally well-
defined sequence (Fig. 2). The mean coherence, measured by
averaging all pairwise coherence values between six cortical sites
(left and right frontal lobes, left and right parietal lobes, and left
and right occipital lobes), increased immediately following the
onset of asphyxia for gamma bands above 150 Hz and for the
theta band (5–10 Hz). In addition, a cluster of increased co-
herence within the gamma-2 frequency band (65–115 Hz) is
prominent during A1 (defined above) phase, whereas a cluster of
increased coherence within gamma-1 (25–55 Hz) dominates the
A2 phase (Fig. 2A). The gamma band clusters at 100 Hz and 50 Hz
coincide with the two phases of steep RRI changes: the 100-Hz
cluster occurs during A1 (when RRI increases from 0.18 s to
0.63 s), and the 50-Hz cluster occurs during A2 (when RRI in-
creases from 0.18 s to 1.1 s to 0.58 s). Both clusters of coherence
were diminished during the period of transient recovery of heart
rate that lasted for just a few seconds (between A1 and A2).
During the third phase of asphyxia (A3) when RRI hovers be-
tween 0.5 and 1 s (heart rate of 1–2 Hz; bradyarrhythmia with
complete heart block), cortical signals showed intense coherent
activities at lower-frequency ranges, mostly below 50 Hz (100–
280 s after asphyxia in Fig. 2A). Cortical coherence exhibited
altered temporal patterns during ventricular tachycardia (A4)
and declined precipitously at the onset of ventricular fibrillation.
Before the induction of asphyxia, coherence levels at baseline

are significantly higher during active waking (B1; defined in Fig.
S3A) than quiet waking (B2; Fig. S3A) for theta, alpha, beta,
gamma-3, and gamma-4 bands (Fig. 2B). During asphyxia, a
significant increase in mean corticocortical coherence in com-
parison with the B2 state was found for the following frequency
bands: theta during A1, A2, and A3; alpha (10–15 Hz) during
A1, A2, and A3; beta (15–25 Hz) during A2 and A3; gamma-1
for A2 and A3; gamma-3 (125–175 Hz) for A1 and A2; and
gamma-4 for A1 and A2. Compared with B1, a significant in-
crease in mean cortical coherence was observed for beta and
gamma-1 during both A2 and A3 periods (Fig. 2B).

Cortical Effective Connectivity Increases During Asphyxic Cardiac
Arrest. Effective connectivity measures explore causal relation-
ship between two or more connected neural networks (19).
Feedback (frontal to parietal/occipital areas) and feedforward
(occipital/parietal to frontal areas) connectivity analyses (9, 20)
were applied to eight frequency bands in consecutive 2-s bins
(Fig. 3). During A1 (see Fig. 3A for a representative rat), there
was a marked surge of connectivity in theta band in both feed-
forward and feedback directions and a mild increase of con-
nectivity for gamma-2, gamma-3, and gamma-4 bands. For the
theta band, feedforward values were greater than that of the
feedback. During A2, theta continued to exhibit higher levels of
connectivity, and gamma-2 to gamma-4 bands also showed in-
creased connectivity values. Gamma-1 band showed a marked
increase in connectivity in both directions in A2. During A3, the
increase in feedforward connectivity was seen for delta (0–5 Hz)
broadly and for theta to gamma-1 bands during a restricted period
(80–100 s). A mild increase in both feedback and feedforward
connectivity was detected for theta, alpha, beta, and gamma-1
bands. During A4, a further surge of cortical connectivity was
seen for alpha, beta, and gamma-1 bands (Fig. 3A).
Under baseline conditions, feedforward connectivity in the

active B1 state was elevated in comparison with the quiet B2
state for the theta, alpha, beta, gamma-3, and gamma-4 bands,
whereas feedback connectivity in the B1 state was significantly
elevated over the B2 state for alpha, gamma-3, and gamma-4
bands (Fig. 3B). Theta connectivity in A1 showed a significant
increase over B1 in both feedforward and feedback directions.
A significant elevation of gamma-1 connectivity was detected in

Fig. 2. Corticocortical coherence, stimulated by asphyxia, persists until the
onset of ventricular fibrillation. (A) Mean cortical coherence values, aver-
aged over the six EEG channels before and following the onset of asphyxia
at time 0, were measured in 2-s bins with 1 s overlap. Coherence showed
cardiac stage-specific features (indicated by the change of RRI above the
coherence plot from the same animal, ID5768). In both A1 and A2, a marked
elevation of high-frequency coherence (gamma-3, 125–175 Hz; gamma 4,
185–235 Hz) and theta (5-10 Hz) coherence was evident. In addition, a
cluster of gamma-2 (65–115 Hz) coherence centered at 100 Hz was prom-
inent in A1, whereas a cluster of gamma-1 (25–55 Hz) coherence centered at
50 Hz was distinct in A2. During A3, cortical coherence transitioned to lower-
frequency range and persisted below 50 Hz for the later A3 stage. During
A4, coherence was found above theta and below gamma-3 waves with al-
tered patterns. An intense band at 60 Hz and a faint band at 180 Hz were
generated by ambient electromagnetic noise and persisted for as long as
recording continued (30 min after asphyxia). (B) The mean and SD of EEG
coherence computed for eight frequency bands at baseline of B1 (active
waking period; Fig. S3), B2 (quiet waking period; Fig. S3), and A1–A4 states
(n = 10). Significant change over B1 period is indicated using an asterisk over
the data, whereas significant values over B2 period are marked by a pound
sign. Error bars denote SD (*/#P < 0.05, **/##P < 0.01, ***/###P < 0.001).
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both feedforward and feedback directions during A2. During A1
and A2, gamma-3 and gamma-4 bands exhibited significant in-
crease in connectivity in both directions compared with the B2
baseline. During A3, significant feedforward connectivity eleva-
tion was seen for beta and gamma-1 bands, whereas significant
feedback connectivity elevation was seen for the alpha band.
During A4, beta band connectivity showed increased values in
both feedback (vs. B2) and feedforward (vs. B1 and B2) di-
rections, whereas gamma-1 band showed significant connectivity
elevation only in feedforward direction (vs. B1 and B2). Theta
bands showed significantly higher feedforward connectivity than
feedback connectivity during both A1 and A2 (P < 0.001),
whereas gamma-1 showed higher levels in the feedback direction
than in the feedforward direction (P < 0.001). When cardiac
conditions worsened during A3 and A4 (progressing from bra-
dyarrhythmia to ventricular tachycardia), cortical connectivity
increased in the beta band in both feedback and feedforward
directions (P < 0.01) and in the gamma-1 band in the feedfor-
ward direction (P < 0.05).

Asphyxia Stimulates a Rapid and Dramatic Release of Core
Neurotransmitters in the Cerebral Cortex. To probe the neuro-
chemical basis of the heightened cortical activities, we performed
minute-by-minute microdialysis in the frontal and occipital lobes
of unanesthetized rats (n = 7) before and during asphyxiation and
analyzed cortical dialysates using liquid chromatography-mass
spectrometry (LC-MS) (21). As expected, levels of brain glucose
dropped rapidly in both frontal and occipital areas (Fig. 4A, a) and
fell below 50% of the baseline values within 2 min of asphyxia
(Fig. 4A, b). In both frontal and occipital cortices, a dramatic and
significant surge of secretion was detected for as long as 20 min of
asphyxia for all neurotransmitters tested (Fig. 4 B, a throughH, a).
As early as time 0, a significant elevation was already evident for
dopamine (Fig. 4C), increasing an average of fourfold in both
frontal and occipital lobes (4x/FL and 4x/OL; Fig. 4C, b), nor-
epinephrine (12x/FL and 9x/OL; Fig. 4E, b), and GABA (8x/FL
and 7x/OL; Fig. 4F, b). Within the first minute of asphyxia, a

significant increase of release was found for adenosine (18x/FL
and 26x/OL; Fig. 4B, b), glutamate (1.3x/FL and 1.2x/OL; Fig. 4G,
b), aspartate (1.6x/FL and 1.4x/OL; Fig. 4H, b), and serotonin
(13x/FL; Fig. 4E, b). By the second minute of asphyxia, serotonin
release in occipital lobe began to show a significant increase
(22x/OL; Fig. 4E, b). Compared with the occipital lobe, frontal
lobe secretion is significantly higher for serotonin starting from the
fourth minute (Fig. 4E, b) and for norepinephrine (Fig. 4D, b)
beginning from the first minute of asphyxia. Adenosine (Fig. 4B,
b) and dopamine (Fig. 4C, b) also exhibited higher levels of
secretion in the frontal lobe than the occipital lobe. In contrast,
GABA (Fig. 4F, b), glutamate (Fig. 4G, b), and aspartate (Fig. 4H,
b) did not show regional differences in secretion following as-
phyxia. A temporal–spatial order of secretion was uncovered for
several neurotransmitters: peak occipital secretory activity pre-
ceded frontal activity for adenosine (2 min/OL and 4 min/FL; Fig.
4B, b), norepinephrine (2 min/OL and 4 min/FL; Fig. 4D, b), and
serotonin (4 min/OL and 5 min/FL). Although adenosine (Fig. 4B,
a), dopamine (Fig. 4C, a), norepinephrine (Fig. 4D, a), and se-
rotonin (Fig. 4E, a) secretion tapered after 3–5 min of asphyxia,
levels of secretion continued to climb mildly for GABA (Fig. 4F, a),
glutamate (Fig. 4G, a), and aspartate (Fig. 4H, a).

Fig. 3. Cortical connectivity surges following asphyxia onset. (A) Time
course of cortical connectivity for the eight indicated bands 60 s before and
400 s after the onset of carbon dioxide asphyxia. Connectivity between
frontal lobes and posterior areas was measured in 2-s bins with 1 s overlap
using the NSTE technique. The vertical dashed bar denotes the onset of
asphyxia. Cardiac stage (A1–A4, defined in Fig. 1) is indicated on top of the
graph. (B) The average (n = 10) feedforward (Upper) and feedback (Lower)
connectivity for all eight frequency bands during baseline (B1 and B2) and
each of the cardiac stages (A1–A4) during asphyxia. Significant changes
over the B1 period are indicated using an asterisk over the data, whereas
significant values over B2 period are marked by a pound sign. Error bars
denote SD (*/#P < 0.05, **/##P < 0.01, ***/###P < 0.001). A significant decline of
connectivity index from A2 to A3 was detected for gamma bands (P < 0.001)
in both directions and for theta band in feedforward direction (P < 0.001).
Significant increase from A3 and A4 was seen for beta bands in both direc-
tions (P < 0.01) and feedforward direction for gamma-1 band (P < 0.05).

Fig. 4. Cortical neurotransmitter secretion shows immediate and marked
surge in response to asphyxia. In A–G, concentration graph in nM or μM is
shown in a for the entire sampling period (25 min), and normalized (to the
baseline) graph in fold changes is shown in b for a total of 10 min. Glucose
concentration showed marked decline in both frontal (red tracing) and oc-
cipital (blue tracing) areas (A). Extracellular concentrations of measured
neurotransmitters, including adenosine (B), dopamine (C), norepinephrine
(NE; D), serotonin (E), GABA (F), glutamate (G), and aspartate (H), all showed
marked elevation in response to asphyxia (n = 7). In comparison with the
baseline values, significant surge was detected as early as time 0 for dopa-
mine, norepinephrine, and GABA in both frontal and occipital lobes. At 1 min
of asphyxia, all seven neurotransmitters showed significant (P < 0.05) elevation
in both cortical sites, except serotonin in occipital lobe, where significant el-
evation was found at 2 min of asphyxia. A significant (P < 0.05, n = 7) regional
difference (frontal vs. occipital lobes) in the degree of elevation from baseline
was found for serotonin at 4–7 min of asphyxia and for norepinephrine at
1 min, both of which weremore elevated in the frontal areas than the occipital
areas (D, b and E, b). Adenosine (B, b) and dopamine (C, b) also showed a
similar trend. Error bars denote SEM. The first time point that shows significant
elevation over baseline is marked by asterisks, with red indicating frontal
cortex release and blue denoting occipital cortex secretion. The black pound
signs in D, b and E, b indicate significant difference in release between the
frontal and occipital cortices.
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In addition to the neurotransmitters described above, acetyl-
choline, taurine, histamine, and glycine release was also signif-
icantly stimulated by asphyxia (Fig. S4 A–D). Glutamine and serine
showed a mild elevation, whereas phenylalanine and tyrosine
showed no change (Fig. S4 E–H). Dopamine metabolites, 3-MT
(3-methoxytyramine) and DOPAC (3,4-dihydroxyphenylacetic
acid), showed biphasic responses with increased 3-MT and de-
creased DOPAC concentration. The norepinephrine metabolite,
NM (normetanorphrine), showed increased concentration, whereas
the serotonin metabolite, 5-HIAA (5-hydroxyindoleacetic acid),
displayed reduced levels (Fig. S4 I–L).

Asphyxia Activates Asymmetric Cardiac Event-Related Potentials in
the Cerebral Cortex. Cortical coherence and directed connectiv-
ity both exhibited marked increase that paralleled the changes of
cardiac rhythms (Figs. 1–3). This finding prompted us to examine
the relationship between heart and brain electrical signals in
detail. EEG signals collected from six cortical regions (left and
right frontal lobes, left and right parietal lobes, and left and right
occipital lobes) from a typical rat showed a rapid decline in
amplitude within the first minute of asphyxia, whereas the EKG
raw signals were readily visible for about 5 min (Fig. 5A). In an
expanded view (Fig. 5B), stage-specific features of cortical signals
become apparent: during the first minute of asphyxia (A1 and
A2), the appearance of cortical oscillations underwent stage-
specific changes in all channels (Fig. 5B, Left). No cardiac event-
related potentials are detected during this period. When the EEG
amplitude fell below 5% of the baseline levels during A3 phase,
EEG signals were mixed with spikes that were synchronized with
EKG peaks in all six cortical loci (Fig. 5B, Right). Disappearance
of the cortical potential was in sync with the loss of all cardiac
signals in A5 (asystole).
EEG raw signals from the left parietal lobe (normalized by

subtracting the temporal mean and dividing by the temporal SD
to facilitate the visual display of EEG morphology) were aligned
to the heartbeat of the same rat to form an EEG matrix with
methods used to generate ECM (Fig. S2) and were compared
with the ECM from the same animal (Fig. 5C). EKG and
EEG matrices had little similarity under baseline conditions
(time before 0 s; Fig. 5C). Following the onset of asphyxia during
A1, EEG signals underwent an intriguing series of oscillatory
changes that maintained a dynamic phase relationship with heart
rhythms (0 to 80th beat). During the temporary stabilization of
the heart rate to baseline levels, the EEG signals exhibited
prominent phase relations with the EKG (80th to 150th beat).
The subsequent turbulence in cortical oscillations coincided with
destabilized heart rhythms and a marked reduction of heart rate
from 5.7 Hz to 1.6 Hz (150th to 180th beat). Following the steep
fall of the heart rate, cortical signals became strongly synchronized
with heartbeat rhythms and displayed cardiac event-related po-
tential from the 185th EKG spike onward (Fig. 5C, Lower). The
transition from junctional escape rhythms (A3a) to idioventricular
rhythms (A3b) at the 310th heartbeat was associated with the
change of cardiac event-related potential morphology in EEG
signals (Fig. 5C). The morphological differences between the A3a
and A3b were evident when EKG and EEG signals were placed
side by side (Fig. 5D). With each junctional escape beat in A3a,
cortical signals showed prolonged elevation of potential that lasted
for more than 160 ms. This pattern was distinct from the cortical
signals during the idioventricular rhythm period (A3b), which dis-
played a steep negative potential following each heartbeat and a
marked elevation of a positive potential that lasted a short period
(25–60 ms; Fig. 5D). The cardiac event-related potential during the
A3b period lasted on average over 200 heartbeats, which exhibited
a waveform of an event-related potential that included a cardiac
positive peak 1 (cP1), negative peak 1 (cN1), and positive peak 2
(cP2; Fig. 5E). Cardiac event-related potential amplitude (defined
as potential difference between cN1 and cP2 peaks) was signifi-
cantly higher in the left hemisphere compared with the right
hemisphere (P < 0.05 for all three pairs) and higher in the occipital
cortex than parietal and frontal cortex (Fig. 5F; n = 10).

A Marked Surge of Corticocardiac Coherence Is Identified During
Asphyxia Cardiac Arrest. The detection of cardiac event-related
potentials (Fig. 5 D–F) prompted us to examine long-range co-
herence between the heart and the brain electrical signals during
asphyxia. Although no detectable corticocardiac (between the ce-
rebral cortex and the heart) coherence was found before asphyxia,
high levels of brain–heart coherence were found in dying animals
(Fig. 6). Corticocardiac coherence was undetectable during A1 and

Fig. 5. Asphyxia stimulates a surge in cardiac event-related potential in
cerebral cortices. (A) EEG raw signals (in blue tracings) from left frontal (LF),
right frontal (RF), left parietal (LP), right parietal (RP), left occipital (LO), and
right occipital (RO) lobes are displayed side by side with EKG signals (in red
tracing) from the same animal (ID5768). The onset of asphyxia at time 0 s is
marked by a red dashed line. (B) Short segments [at baseline (B) and at A1, A2,
A3a, A3b, A4, and A5 stages] marked by gray vertical lines in A are further
expanded for a more detailed look. (C) Matrix display of EKG (Upper) and EEG
(Lower; LP) signals. The x axis is shown in numbers of QRS peaks (# R-peak).
Color bars denote the signal strength in mV in EKG matrix and indicate
normalized values in EEG matrix. (D) EKG and EEG matrices in A3a and A3b
in C are further expanded and aligned top (EKG matrix) to bottom (EEG
matrix) for a more detailed look. The EEG spikes that aligned with the
heartbeats are termed “Cardiac Event-Related Potential (CERP).” (E) CERP
obtained from 185 beats in A3b is averaged for one rat (in blue tracing) and
displayed along with the averaged heartbeat (in red tracing) to show the
general features. CERP amplitude is displayed using the left y axis, and
heartbeat amplitude is according to the right y axis. Three prominent peaks
in CERP are named as cardiac positive potential 1 (cP1), cardiac negative
potential 1 (cN1), and cardiac positive potential 2 (cP2). (F) CERP difference
between the cN1 and cP2 peaks (cN1 − cP2), computed for each cortical site
in each rat (n = 10), shows marked left-right asymmetry. Error bars denote
SD (*P < 0.05, **P < 0.01).
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A2 (Fig. 6A). A surge of corticocardiac coherence emerged during
the A3 period of bradyarrhythmia and persisted for as long as the
heart was beating. The pattern of brain–heart coherence was dis-
tinct during early (50–80 s featuring junctional escape rhythms) and
late (100–265 s with ventricular escape rhythms) A3. Corticocardiac
coherence exhibited altered patterns during ventricular tachycardia
(A4; Fig. 6A), which then declined precipitously at the onset of
ventricular fibrillation (290 s).
The near-death surge of corticocardiac coherence was signif-

icant over B2 for the following frequency bands (Fig. 6B): delta,
theta, alpha, beta, gamma-1, and gamma-2 during the period of
complete heart block (A3) and theta, alpha, beta, and gamma-1
during the ventricular tachycardia period (A4). Compared with
B1, significant levels of coherence were found for delta, theta,
alpha, beta, gamma-1, and gamma-2 bands during A3 and for
theta, alpha, beta, and gamma-1 waves during A4. Additional
coherence elevation was found for gamma-1 during A1 and A2,
relative to the active waking period. A significant elevation of
corticocardiac coherence was also detected during the active
waking period compared with the quiet waking in the theta band.

Asphyxia Activates Effective Connectivity Between the Cerebral
Cortex and the Heart. Directed connectivity analyses (9, 20) were
applied to the brain and heart electrical signals before and fol-
lowing asphyxia induction. Feedback (from each of the six cortical
areas to the heart) and feedforward (from the heart to each of
the six cortical sites) corticocardiac connectivity analyses were
applied to six frequency bands in consecutive 2-s bins with 1 s
overlap. A marked surge of corticocardiac directed connectivity was
detected in both feedback and feedforward directions and exhibited
frequency-dependent and cardiac stage-dependent changes during
asphyxia (Fig. 7). A clear increase in both feedback and feedforward
corticocardiac connectivity was evident in the theta band as early as
during the transition from A1 to A2 (Fig. 7A). Elevated connectivity

was also detected when cardiac conditions transitioned from the A2
to A3 for both delta and theta bands. During the late A3 period
(100–265 s) when cardiac activity was dominated by idioventricular
rhythms, a marked surge of feedback connectivity was evident for
theta, alpha, and beta bands. When cardiac signals transitioned to
ventricular tachycardia, a further surge of brain–heart connectivity
was seen for low- as well as high-frequency bands (Fig. 7A). The
onset of ventricular fibrillation invariably coincided with markedly
diminished corticocardiac connectivity.
Compared with baseline, heart-to-brain (Fig. 7B, Upper) and

brain-to-heart (Fig. 7B, Lower) effective connectivity values were
significantly elevated for multiple frequency bands. In compari-
son with B1, a significant surge in heart-to-brain connectivity was
found for theta in A4 and for alpha, beta, and gamma-1 in both
A3 and A4. In comparison with B2, delta in A1, theta, alpha,
beta, and gamma-1 in A3 and A4 showed significant elevation in
feedforward corticocardiac connectivity (Fig. 7B, Upper). Unlike
the feedforward direction where the significant levels of effective
connectivity were detected mostly during the A3 (complete heart
block) and A4 (ventricular tachycardia), feedback (from the brain
to the heart) corticocardiac connectivity was significantly ele-
vated as early as during A1 and A2 (vs. B2) for lower-frequency
bands (delta, theta, and alpha). During the advanced stages of
asphyxia in A3 and A4, the directed feedback corticocardiac
connectivity surge was significantly higher for all frequency bands
(Fig. 7B, Lower).
During asphyxia when heart signals transitioned from an in-

complete heart block in A1 and A2 to complete heart block in
A3, there is a marked and significant surge of feedback as well as
feedforward connectivity between the brain and the heart for all
frequency bands (A3 vs. A2: P < 0.001 for all frequencies). When
asphyxia-induced cardiac failure progressed from A3 to A4, con-
nectivity was decreased for low-frequency bands (delta and theta)
but was strengthened significantly for higher-frequency bands
(A4 vs. A3; beta: P < 0.001; gamma-1 and gamma-2: P < 0.01)
in the feedback direction (Fig. 7B). Thus, corticocardiac directed

Fig. 6. Asphyxia activates corticocardiac coherence at near-death. (A) Brain–
heart (corticocardiac) coherence, measured between the EKG signal and
EEG signal from each of the six cortical sites at 2-s bins with 1 s overlap, shows
a delayed surge. Corticocardiac coherence showed cardiac stage-specific fea-
tures (ID5768). (B) The mean and SD of brain–heart coherence at B1 and B2
baseline (Fig. S3) and A1–A4 states (n = 10). Significant change over B1
period is indicated using an asterisk over the data, whereas significant
values over B2 period are marked by pound signs. Error bars denote SD
(*/#P < 0.05, **/##P < 0.01, ***/###P < 0.001).

Fig. 7. Corticocardiac connectivity surges following asphyxia onset.
(A) Corticocardiac connectivity for a typical rat (ID5768). Effective connectivity
between the heart and each of the cortical sites was measured in 2-s bins with
1 s overlap using the NSTE technique. The vertical dashed bar denotes the onset
of asphyxia. Cardiac stage (A1–A4, defined in Fig. 1) is labeled on top of the
graph. The blue tracings mark the heart to brain (feedforward), and the red
tracings mark the brain to heart (feedback) connectivity. (B) The average (n =
10) heart-to-brain (Upper) and brain-to-heart (Lower) connectivity during as-
phyxia. Significant changes over B1 are indicated using an asterisk over the
data, whereas significant values over B2 are marked by a pound sign. A sig-
nificant decline from A2 to A3 was detected for all gamma bands (P < 0.001) in
both directions and for theta band in feedforward direction (P < 0.001). Sig-
nificant increase from A3 and A4was seen for beta bands in both directions (P <
0.01) and feedforward direction for gamma-1 band (P < 0.05). Error bars denote
SD (*/#P < 0.05, **/##P < 0.01, ***/###P < 0.001).
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connectivity peaked during ventricular tachycardia for higher-
frequency bands (beta, gamma-1, and gamma-2) and during
bradyarrhythmia for lower-frequency bands (delta and theta).

Corticocardiac Connectivity Intensifies as Cardiac Functions Deteriorate
During Asphyxic Cardiac Arrest. A3 stage of asphyxia-induced car-
diac arrest was dominated by slow heartbeats with a complete
heart block and sequential junctional and ventricular escape beats
(Fig. 1). To determine the levels of corticocardiac connectivity
during A3, we sorted cortical (Fig. 2) and corticocardiac (Fig. 6)
coherence data (0.5–55 Hz) according to the type of cardiac ar-
rhythmias the rats were exhibiting. As shown in Fig. 8A, junctional
escape beats (JEB) were confined in all tested rats (n = 8) within
early A3 (50–180 s), whereas ventricular escape beats (VEB)
dominated the latter half of A3 (100–320 s; Fig. 8A, a and b).
Higher levels of cortical coherence (Fig. 8A, a) and corticocardiac
coherence (Fig. 8A, b) were associated with VEB than with JEB.
A significant linear correlation (P < 0.001) was found between
cortical coherence and corticocardiac coherence during ventricu-
lar escape rhythms (Fig. 8A, c). No such relationship existed
during junctional escape rhythms. Coherence values during ven-
tricular escape rhythm period were significantly higher both within

the brain (cortical coherence) and between the brain and heart
(corticocardiac coherence) than during junctional escape rhythms
(Fig. 8A, d).
Effective connectivity within the brain and between the brain

and heart were also analyzed during VEB and JEB in A3 (Fig.
8B). Feedforward connectivity for gamma-1 band within the
brain (from parietal/occipital lobes to frontal lobes; Fig. 8B, a)
showed a slightly higher value for junctional beats than for
ventricular beats, whereas feedforward connectivity between the
heart and brain (from the heart to each of the six cortical loci;
Fig. 8B, b) was clearly higher with idioventricular rhythms than
with junctional rhythms. The same was noted for theta, alpha,
and beta bands (Fig. 8B, c). Within the brain, directed
feedforward connectivity in alpha and beta bands was higher
for junctional rhythms than for ventricular beats (Fig. 8B, c).
Brain-to-heart feedback connectivity in the gamma-1 band clearly
increased more during idioventricular rhythms than during junc-
tional beats (Fig. 8B, e), whereas slightly higher values were
detected during junctional escape beats for cortical feedback
connectivity than for ventricular beats (Fig. 8B, d). A signifi-
cant increase in brain-to-heart connectivity was detected for
theta, alpha, and beta bands during idioventricular rhythms com-
pared with junctional escape rhythms (Fig. 8B, f). For cortical
feedback connectivity, higher values were associated with junc-
tional rhythms than with the ventricular rhythms (Fig. 8B, d and f).
These data clearly demonstrate that worsening of cardiac func-
tion is strongly associated with increasingly tightened electrical
communication and elevated effective connectivity between the
brain and heart during asphyxia-induced cardiac arrest.

Blockade of Efferent Input Markedly Delays the Onset of Cardiac
Asystole and Prolongs Cortical Coherence. The massive and or-
derly release of a large set of neurotransmitters from the brain
(Fig. 4 and Fig. S4) and increasing functional (Figs. 6 and 8) and
effective (Figs. 7 and 8) corticocardiac connectivity during as-
phyxia prompted us to examine the role of the brain in the rapid
demise of the heart. The brain affects cardiac function via the
preganglionic sympathetic nerves as well as the vagus nerve. To
disconnect the heart from the efferent signals from the brain, we
performed spinal cord transection at cervical level 7 (C7) with or
without simultaneous blockade of parasympathetic action using
atropine before asphyxia. EKG signals persisted more than twice

Fig. 8. Brain and heart electrical communication intensifies as cardiac
conditions deteriorate during bradyarrhythmia. (A) Cortical and cortico-
cardiac coherence (0.5–55 Hz), sorted according to the arrhythmia types in
eight rats [complete heart block with junctional escape beats (JEB; green) or
with ventricular escape beats (VEB; red)]. Each coherence data point (red or
green circles) represents a nonoverlapping epoch of 2 s. Cortical (A, a) and
corticocardiac (A, b) coherence in A3 data are displayed for JEB and VEB
signals for eight rats. A linear correlation between the levels of cortical co-
herence and corticocardiac coherence was identified for ventricular beats
(VEB; Spearman’s r of 0.77, P < 0.001) (A, c). No such relationship was found
for junctional beats (JEB; Pearson’s r of 0.07) (A, c). Significantly higher co-
herence was found for VEBs within the brain (cortical coherence; open red
bar) and between the heart and brain (corticocardiac; solid red bar) than for
JEBs within the brain (open green bar) or between the heart and brain (solid
green bar) (P < 0.001) (A, d). (B) Corticocardiac directed connectivity,
sorted according to cardiac arrhythmia types (JEB and VEB; n = 8). Each
connectivity data point (red or green circles) represents a nonoverlapping
epoch of 2 s. Cortical feedforward (FF) connectivity (B, a), corticocardiac
feedforward connectivity (B, b), cortical feedback connectivity (B, d), and
corticocardiac feedback connectivity (B, e) were computed for the gamma-1
band for both JEB (green circles) and VEB (red circles). Cortical (B, c, open
bars) and corticocardiac (B, c, solid bars) feedforward connectivity and
cortical (B, f, open bars) and corticocardiac (B, f, solid bars) feedback
connectivity were computed for other indicated frequency bands for both
JEB (green bars) and VEB (red bars). Error bars denote SD (**P < 0.01,
***P < 0.001).

Fig. 9. Blockade of brain’s input to the heart prolongs the survival of both
the heart and brain during asphyxic cardiac arrest. Rats that received
sham surgery or C7 transection surgery were treated without or with atropine
(10 mg/kg, i.p.) 30 min before the onset of asphyxia. EKG duration (from the
onset of asphyxia to the end of ventricular tachycardia) was 310.6 (SD= ±51.15) s
in sham-operated rats, 857.6 (SD = ±195.5) s in C7x rats, 295.8 (SD = ±54.64) s in
sham rats with atropine (10 mg/kg) preinjection, and 913.2 (SD = ±169.6) s in C7x
rats with atropine treatment (A). The duration of mean cortical coherence
was 318.4 (SD = ±46.93) s in sham-operated rats, 839.8 (SD = ±192.6) s in
C7x rats, 308.4 (SD = ±63.08) s in sham rats with atropine (10 mg/kg)
preinjection, and 864. (SD = ±140.2) s in C7x rats with atropine treatment
(B). Five rats were tested in each cohort. Significant (P < 0.01) increases in EKG
signal duration (A) and mean cortical coherence (B) were found in rats with
C7 transection, compared with sham-operated rats, and this effect was in-
dependent of atropine treatment.
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as long in C7x (C7 transection) rats than in sham-operated rats,
and atropine did not further enhance this beneficial effect of
C7x (P < 0.01; Fig. 9A). The lengthened cardiac survival by
decentralization of the heart also resulted in significantly longer-
lasting cortical coherence, and this effect was independent of
atropine (P < 0.01; Fig. 9B). These data suggest that asphyxia-
stimulated brain signaling, mediated mainly by the sympathetic
nervous system, severely shortens functional activity of the heart
and the brain in dying animals.

Discussion
These data demonstrate that asphyxia induces a robust and
sustained surge of functional and effective cortical connectivity,
an immediate surge of cortical release of a large set of critical
neurotransmitters, and delayed activation of corticocardiac (be-
tween the cortex and the heart) functional and effective con-
nectivity that persists until the onset of ventricular fibrillation.
We showed that blocking autonomic outflow from the brain
significantly lengthened survival time of the heart and potenti-
ated persistence of cortical activities despite the continued lack
of oxygen. These results demonstrate that asphyxia activates a
programmed brainstorm that is coupled to cardiac rhythmicity
and accelerates the death of the heart and the brain.

Cardiac Death by Asphyxia Progresses in an Orderly Manner. Sentinel
abnormalities in the EKG that precede sudden cardiac death in
humans range from ventricular fibrillation, ventricular tachy-
cardia (including torsade de pointes), bradycardia, and pulseless
electrical activity (1). No reports are currently available that
document how EKG signals of a healthy heart become isoelectric
beat by beat, in the absence of external interventions. Our study,
aided by the newly invented ECM technology, demonstrates an
orderly progression of cardiac failure of rats in response to carbon
dioxide-mediated asphyxia (Fig. 1). An initial disruption of sinus
rhythm during the first few seconds was followed sequentially
by a transient recovery of heart rate, second-degree AV block
of Mobitz type II, complete AV block with bradyarrhythmia,
junctional escape and ventricular escape (or idioventricular)
rhythms, polymorphic ventricular tachycardia, ventricular fibril-
lations, and finally asystole. Despite continued oxygen depriva-
tion, the heart rate underwent several rounds of ups and downs
during asphyxia (Fig. 1 and Fig. S1): (i) the initial and rapid
drop of heart rate was followed by an equally rapid recovery of
heart rate during the first 20 s; (ii) the transition from the second-
to third-degree AV blocks was accompanied by a sharp drop in
heart rate, which subsequently showed an incomplete but sig-
nificant recovery during early A3; and (iii) transition from the
junctional escape rhythms to idioventricular rhythms was asso-
ciated with a further drop of heart rate, which again exhibited
some degree of recovery during the late A3. These data support
the notion that cardiac activity is under the influence of the
autonomic nervous system even during asphyxic cardiac arrest.

Asphyxia Triggers Brainstorm of Coordinated Activity. Cardiac arrest
is invariably associated with the loss of external consciousness
and sensory responsiveness, which has been interpreted to rep-
resent arrested brain function. The extremely low amplitude of
scalp EEG, in addition, has been used frequently as evidence for
the absolute absence of cortical function during cardiac arrest
(22–24). Contrary to this belief, we show here that mammalian
brain is highly activated at near-death. In fact, during cardiac
arrest, many aspects of cortical activities are much more robust
than during waking states. These include (i) the marked and
global surge of neurophysiological coherence in multiple fre-
quency bands and especially in the gamma-1 band (25–55 Hz)
within the cortex; (ii) the surge of feedforward and feedback di-
rected connectivity within the cortices especially in theta (5–10 Hz)
and gamma-1 bands; (iii) an immediate and large surge of or-

derly release of multiple neurotransmitters in both frontal and
occipital cortices; (iv) a surge of cardiac event-related potentials
that exhibit left–right asymmetry in the cortex; (v) a surge of
previously unknown neurophysiological coherence between the
cerebral cortex and the heart at multiple frequency bands; and
(vi) progressive elevation of feedforward and feedback cortico-
cardiac connectivity for alpha, beta, and gamma-1 bands even in
the face of inexorable cardiac failure. Each of these cortical
features was active even when intracortical EEG amplitudes fell
below 5% of normal levels. These results demonstrate that as-
phyxia triggers an increase in coordinated cortical activity and
that the associated decrease in raw EEG (scalp or intracortical)
signal amplitude is a poor indicator of cortical function (25–28).

Indices of Conscious Information Processing Surge During Asphyxic
Cardiac Arrest. The global surge of synchronized cortical gamma
activities stimulated by asphyxia signifies an internally aroused
brain and supports the concept that the mammalian brain is
capable of high levels of internal information processing at near-
death (9). Functional and effective connectivity in multiple fre-
quency bands, including gamma-1 oscillations, was markedly el-
evated during the entire period of asphyxic cardiac arrest. The
rapid and sustained surge of a large set of core neurotrans-
mitters within the cortex in response to asphyxia provides
neurochemical substrates for the elevated information pro-
cessing in the brain. Norepinephrine, for instance, whose frontal
cortex release exhibited more than 30-fold elevation within
the first minute of asphyxia, acts centrally to increase alertness,
arousal, and attentional performance (29–31). Cortical dopamine,
whose release surged more than 12-fold within the first minute of
asphyxia, plays important roles in arousal, attention, cognition, and
affective emotion (32, 33). Additionally, elevated signaling of
both norepinephrine and dopamine contributes to the arousal-
promoting actions of psychostimulants (34, 35). Serotonin, whose
release in the occipital cortex surged more than 20-fold within the
first 2 min of asphyxia, plays diverse central functions via serotonin
receptors. Activation of a subset of serotonin receptors, for
instance, induces visual hallucinations with mystical feelings
in humans (36). Internally generated visions and perceptions
apparently occur during cardiac arrest in 10–20% of survivors
(22, 24, 37). Although detailed neuronal mechanisms of these
realer-than-real (38) near-death experiences remain elusive, our
study suggests that the mammalian brain possesses a high capacity
for producing well-organized neurophysiological and neurochemical
activities and for generation of internal states of consciousness
at near-death.

Asphyxia Stimulates a Surge of Asymmetric Cardiac Event-Related
Potentials. In this study, a persistent cardiac event-related po-
tential dominated the advanced stages of asphyxia-induced car-
diac arrest in all six cerebral cortices in dying animals. Cardiac
event-related potential amplitudes on the left hemisphere during
cardiac arrest were significantly higher than on the right hemi-
sphere. In humans, the right cerebral cortex is associated with
sympathetic functions that convey stress and anxiety responses,
and the left cortex controls parasympathetic activity mediating
pleasant feelings (39, 40). Afferent neurotransmission from the
heart is associated with heartbeat-evoked potentials (41) and
represents cortical processing of cardiac afferent input (41–43).
Studies indicate that subjectively experienced feelings and emo-
tions could be based on cortical representations of afferent activity
in the human brain (33, 40, 44). Furthermore, in our experiment,
dopamine release exhibited a more than sevenfold increase in
both frontal and occipital lobes within the first minute of asphyxia,
and this release exhibited further increase to more than 20-fold
over the baseline levels globally in the brain during the late stage of
asphyxia. Studies indicate that elevated release of dopamine is
associated with positive affective states (45, 46), and hemispheric
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asymmetry was reported for the dopaminergic pathways with the
left hemisphere favored over the right hemisphere (47). The left
hemisphere is more active during feelings of love and maternal
attachment (40, 48, 49), whereas the right hemisphere is more
active during feelings of stress and anxiety (40). Many cardiac ar-
rest survivors report positive near-death experiences with pleasant
and peaceful feelings paradoxically during their unconscious period
(22, 37, 50). Our new data provide a neurophysiological frame-
work for understanding the positive feelings (51) reported by
cardiac arrest survivors.

Asphyxia-Induced Cardiac Failure Is Associated with Elevated Cortico-
cardiac Coupling. The efferent homeostatic control of cardiac phys-
iology is mediated by the sympathetic and parasympathetic ner-
vous systems in the brainstem and the hypothalamus. Stimulation
of locus coeruleus noradrenergic neurons leads to activation of
GABAergic inhibition of parasympathetic cardiac vagal neurons
via the activation of brainstem adrenergic receptors (14). In our
studies, extracellular release of GABA and norepinephrine in-
creased more than 20-fold within the first minute of asphyxia in
both frontal and occipital lobes. The elevated norepinephrine re-
lease in response to asphyxia is predicted to act within the brain-
stem to inhibit parasympathetic cardiac vagal neurons. Serotonin
released from the raphe complex serves vital functions in the reg-
ulation of cardiovascular reflexes, controlling changes in para-
sympathetic drive to the heart (52). Overexpression of a serotonin
auto receptor in raphe nuclei results in sporadic autonomic dys-
regulation including bradycardia (15). Serotonin release surged
more than 70-fold in frontal lobe and 20-fold in occipital lobe
within 2 min of asphyxia in our study. The global and dramatic
increase of brain serotonin release may exert a powerful influence
on cardiovascular reflexes and precipitate a catastrophic auto-
nomic crisis in asphyxic animals.
Parallel to the remarkable central release of the large set of

neurotransmitters, bidirectional neurotransmission between the
brain and heart also intensified. During asphyxia, top-down ef-
ferent neuronal information processing from the cortex to the
heart and bottom-up afferent signaling from the heart to the
cortex escalated quickly as cardiac conditions deteriorated from
junctional escape beats to ventricular escape beats (Fig. 8) and
from bradyarrhythmia to ventricular tachycardia (Fig. 7). During
each period, the highest feedback connectivity was associated with
the highest heart rates. For ID5768, for instance, markedly ele-
vated theta feedback connectivity was seen when the first recovery
of heart rate occurred at 20–30 s of asphyxia; the mild increase in
heart rate during junctional escape rhythms was associated with
increased feedback connectivity in both delta and theta bands
(Figs. 1 and 7); the moderate peak of heart rate during idioven-
tricular rhythms was associated with elevated connectivity in theta,
alpha, and beta bands; and the highest connectivity values for all
frequency bands were detected when heart rate reached its highest
levels during ventricular tachycardia. These data indicate that rapid
deterioration of cardiac conditions during asphyxia is strongly as-
sociated with escalating corticocardiac coupling and suggest that
heightened efferent signaling could aggravate the cardiac ar-
rhythmia during asphyxia.

Brain Signaling at Near-Death Accelerates Cardiac Demise. Sudden
death can occur as a result of a life-threatening stressor in hu-
mans with previously normal heart and brain function (3, 53). The
sympathetic nervous system affects cardiac (and other visceral)
functions below the spinal segment T1 via the intermediolateral
columns of the spinal cord. The parasympathetic nervous system
affects cardiac function via the release of acetylcholine from the
vagus nerve. Pretreatment with C7 transection (which terminates all
sympathetic outflows traveling down the spinal cord) resulted in a
nearly threefold increase in cardiac survival time (or EKG signal
duration) and duration of detectable cortical coherence compared

with the sham operations. In the tested rats, atropine cotreatment
did not provide additional benefits. These data are consistent with
the idea that autonomic toxicity, induced by a life-threatening crisis,
accelerates a rapid demise of the heart (3) and suggest that phar-
macological blockade of efferent inputs to the heart may lead to an
increased survival of cardiac arrest patients.

Materials and Methods
Animals. Outbred Wistar rats from Harlan were acclimatized in our housing
facility for at least 1 wk before surgical implantation of electrodes. Following
electrode implantation, rats were allowed to recover for 1 wk before online
recording. On the morning of the terminal study and 2 h before the terminal
asphyxia induction, a subset of animals was subjected to cord transection at the
level of cervical 7 (C7) with a sterile razor blade as the cutting instrument under
isoflurane anesthesia. Sham-operated animals (no neural tissue damage) were
also used. The experimental procedures were approved by the University of
Michigan Committee on Use and Care of Animals. All experiments were con-
ducted using adult rats (300–400 g) maintained on a light:dark cycle of 12:12 h
(lights on at 6:00 AM) and provided with ad libitum food and water.

Electrode Implantation and Configuration. Rats were implanted with elec-
trodes for EEG recordings under surgical anesthesia (1.8% isoflurane). The
EEG signals were recorded through the screw electrodes implanted bilaterally
in the frontal (AP: +3.0 mm; ML: ±2.5 mm, bregma), parietal (AP: −4.0 mm;
ML: ±2.5 mm, bregma), and occipital (AP: −8.0 mm; ML: ±2.5 mm, bregma)
cortices. The electromyogram (EMG) and EKG were recorded through flex-
ible, insulated (except at the tip) multistranded wires (Cooner Wires) inserted
into the dorsal nuchal muscle (EMG) and s.c. muscles flanking the heart (EKG).
The EEG, EMG, and EKG electrodes were interfaced with two six-pin ped-
estals (Plastics One), and the entire assembly was secured on the skull using
dental acrylic.

Signal Acquisition. Before the data collection, rats were acclimatized in re-
cording chamber. Electrophysiological signals were recorded using Grass
Model 15LT physiodata amplifier system (15A54 Quad amplifiers, Astro-Med,
Inc.) interfaced with a BIOPAC MP-150 data acquisition unit and Acq-
knowledge (version 4.1.1) software (BIOPAC Systems, Inc.). The signals were
filtered between 0.1 and 300 Hz and sampled at 1,000 Hz. EEG/EMG/EKG
recording was initiated consistently at 10:00 AM to control for circadian
factors. Baseline (waking consciousness) EEG signals were recorded for
60min. At the end of this minimum1 hof baseline recording, asphyxia cardiac
arrest was induced by inhalation of carbon dioxide for 2 min beginning at
time 0 s. Recording was continued for an additional 30 min after the onset
of asphyxia.

Microdialysis and LC-MS Analysis of Cortical Neurochemicals. Two linear
transcranial microdialysis probes (membrane cutoff of 13 kDa) were surgically
implanted in each rat in the frontal (AP: +3.0 mm; depth of 2.5 mm) and
occipital (AP: −6.5 mm; depth of 2.0 mm) lobes of adult Wistar rats at least
2 d before planned studies. Microdialysis was performed with artificial CSF
solution containing 250 μM ascorbate flowing at 2 μL/min with the aid of
syringe pump and five-channel liquid swivels, which has a dead volume error
of ±1 μL (Instech). With the pump speed of 2 μL/min, the estimated time of
events would produce a 30-s error range. Dialysates collected in 1-min bins
were derivatized for further analysis (SI Text). To capture an array of neu-
rochemicals, we applied a variation of LC-MS analysis (21). Additional details
about analysis can be found in SI Text.

Signal Analysis Summary. For construction of the EKG matrix (Fig. 1D) and
EEG matrix (Fig. 5C), the preliminary step is the detection of EKG R peaks
using variable threshold method, and epochs centered on these R peaks
were extracted from the EKG or EEG signals, which were sorted in order of
R-peak time to form a colored rectangular image. For mean coherence of
six EEG channels (Fig. 2) or between EKG and each of the six EEG channels
(Fig. 6), electrical signals were segmented into 2-s epoch with 1 s overlapping
over all recorded signals. For each 2-s epoch, mean coherence was calculated
based on magnitude squared coherence estimate using Welch’s averaged
periodogram method with 0.5-Hz frequency bin. The directed connectivity
of EEG signals between frontal and posterior (parietal and occipital) brain
regions (Fig. 3) or between EKG signal and each of the EEG signals (Fig. 7)
was measured by normalized symbolic transfer entropy (NSTE), which
quantifies the causal relationship between two electrical signals in each
direction. Additional details about analysis can be found in SI Text.
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