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Cortical arousal from sleep is associated with autonomic activation
and acute increases in heart rate. Arousals vary considerably in
their frequency, intensity/duration, and physiological effects. Sleep
and arousability impact health acutely (daytime cognitive function)
and long-term (cardiovascular outcomes). Yet factors that modify
the arousal intensity and autonomic activity remain enigmatic. In
this study of healthy human adults, we examined whether reflex
airway defense mechanisms, specifically swallowing or glottic
adduction, influenced cardiac autonomic activity and cortical arousal
from sleep. We found, in all subjects, that swallows trigger rapid,
robust, and patterned tachycardia conserved across wake, sleep,
and arousal states. Tachycardia onset was temporally matched to
glottic adduction—the first phase of swallow motor program. Mul-
tiple swallows increase the magnitude of tachycardia via temporal
summation, and blood pressure increases as a function of the de-
gree of tachycardia. During sleep, swallows were overwhelmingly
associated with arousal. Critically, swallows were causally linked
to the intense, prolonged cortical arousals and marked tachycardia.
Arousal duration and tachycardia increased in parallel as a function
of swallow incidence. Our findings suggest that cortical feedback
and tachycardia are integrated responses of the swallowmotor pro-
gram. Our work highlights the functional influence of episodic, in-
voluntary airway defense reflexes on sleep and vigilance and
cardiovascular function in healthy individuals.
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The ability to arouse from sleep is essential for survival (1–3).
Arousals are characterized by abrupt changes in the activity

of the central nervous system, as observed by electroencephalo-
gram (EEG). Cortical EEG arousals can occur spontaneously or
be elicited by virtually any sensory stimuli, if of adequate magni-
tude. They are accompanied by rapid marked activation of the
autonomic and respiratory systems, resulting in transient in-
creases in heart rate (HR), blood pressure (BP), sympathetic
vasomotor activity, and ventilation which then decline in sub-
sequent sleep or wakefulness (4–7). These short-lived bursts of
autonomic activity do not have a clear physiological function
and are driven by integrated mechanisms that remain incompletely
understood.
Several chronic sleep disorders are characterized by excessive

arousals and fragmented sleep and lead to daytime cognitive
impairments, including obstructive sleep apnea (OSA), Cheyne–
Stokes breathing, restless leg syndrome, and periodic limb move-
ment disorder. Frequent arousals and associated autonomic acti-
vation may also contribute to cardiovascular and metabolic
comorbidities that are a common feature of these sleep disorders
(8–11). The number of arousals per hour of sleep and the arousing
stimulus are useful clinical measures of sleep quality. Arousals also
greatly vary in intensity, duration, and EEG morphology, and in
their physiological consequences. More intense arousals are
longer in duration (12), impair sleep resumption and sleep stability
(13, 14), and are associated with greater surges in cardiorespira-

tory activity (5, 15) that may contribute to OSA pathogenesis
(16–18). Little is known about the factors that modify the arousal
intensity or magnitude of the cardiac autonomic response to arousal.
Interestingly, respiratory stimuli (hypercapnia, hypoxemia, resistive
loading) have minimal effect on arousal intensity (12) or the heart
rate response (6, 19–24). We wondered whether the reflex motor
acts that protect the airway during sleep, principally swallowing, but
also laryngeal adduction, influence arousability, arousal intensity,
or the cardiac autonomic response to arousal.
Swallowing is a vital protective response against aspiration,

including aspiration of saliva during sleep (25). It is a complex
motor act, requiring precisely coordinated sequential activation
and inhibition of various respiratory and nonrespiratory muscles
regulated by a brain stem neuronal network, the so-called swallow
central pattern generator (CPG) (26–28). Swallowing occurs epi-
sodically, triggered by sensory inputs or cortical commands, and is
coordinated with rhythmic breathing, mastication, and other mo-
tor behaviors by the brainstem CPGs (27), and by feedback to
higher level centers for sensorimotor planning and control (29, 30).
Thus, during quiet wakefulness, involuntary or reflexive swallows
produce patterns of cortical and subcortical activation via sensory
and central feedback (29–34). Swallows also trigger autonomic
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activation, including a rapid, transient increase in heart rate
(35–37) and increased sweat secretion (sympathetic sudomotor
activation) (38). During sleep, swallowing occurs episodically in
association with cortical EEG arousal, and rarely in stable sleep
(39–41). The effects of sleep on cortical and autonomic acti-
vation by swallowing are unknown.
The relationship between swallowing, arousal, and arousal tachy-

cardia is not clear. Our basic hypothesis is that spontaneous swal-
lowing in sleep causes cortical arousal and tachycardia. Our objectives
were to 1) determine the effects of swallowing on tachycardia and
identify the mechanism, and 2) examine the temporal relationship
between swallowing, arousal from sleep, and tachycardia.

Results
Effects of Swallowing on Heart Rate and Blood Pressure during Quiet
Wakefulness. The hemodynamic effects of swallowing have not
been described. Here, we determined the blood pressure (BP) and
heart rate responses to swallows in 14 participants during wake-
fulness, resting supine. In all individuals, volitional swallowing
evoked a rapid, robust, and highly reproducible tachycardia (Fig. 1
A and B) with a small increase in systolic BP (SBP), diastolic BP
(DBP), and mean arterial BP (MBP). A single swallow produced
an increase in heart rate of 12 ± 5 beats per minute (bpm) (mean,
SD) (Fig. 1A). Two swallows in quick succession had an additive
effect (Fig. 1B) and produced a larger, stereotypic increase in heart
rate of 17 ± 7 beats per minute from rest, with larger pressor re-
sponses (see SI Appendix, Table S2 for all resting and peak values).
The change (Δ) in all hemodynamic measures was positively line-
arly related to the magnitude of the swallow tachycardia, including
Δmean BP (Fig. 1C) (r2 = 0.60, P < 0.001), ΔDBP (r2 = 0.64, P <
0.0001), and ΔSBP (r2 = 0.46, P < 0.001). For every +1 ΔHR
(bpm) above a threshold of +6 bpm (ΔMBP = 0 [x-intercept]),
blood pressure variables increased +1 mmHg (Fig. 1C).

Coordination of Breathing, Swallowing, and Cardiac Activation during
Wakefulness: Swallow Tachycardia Mechanism. Swallowing requires

a precise sequence of oropharyngeal–esophageal motor pattern-
ing. The timing of the tachycardia and its relationship to specific
phases of swallowing and breathing have not been examined and
may yield insight to the mechanism(s) that trigger tachycardia.
During wakefulness and sleep, swallows were observed in ex-

piration in all individuals. For some, swallows occurred in early
expiration, followed by brief exhalation. In others, swallows oc-
curred in mid-to-late expiration, preceding inspiration. The onset
of the tachycardia coincided with earliest phase of swallowing,
the glottic closure and the cessation of airflow (Fig. 2). During
wakefulness, resting supine, the latency from the onset of the
glottic adduction and tachycardia to the peak increase in epiglottic
pressure (pharyngeal constriction peristaltic phase) was 0.9 ± 0.4 s
and 0.8 ± 0.4 s, respectively.
The swallow tachycardia was observed as a rapid, automatic,

and patterned response initiated simultaneously with glottic closure,
the first phase of the involuntary pharyngeal swallow motor act (27).

Nocturnal Swallowing Effects on Cortical Arousal and the Arousal
Tachycardia.
Participant sleep and respiratory parameters. Baseline sleep and re-
spiratory characteristics are reported in SI Appendix, Table S1.
Average total sleep time was 369 min (range, 277 to 491 min),
with normal sleep stage distribution and EEG arousals randomly
occurring across all sleep stages. Most EEG arousals were spon-
taneous (86%), with a small proportion preceded by respiratory
events, including hypopnea (12%) or apnea (2%) (SI Appendix,
Table S1). The total number of EEG arousal events per individual
varied considerably (range, 29 to 227).
Nocturnal swallows increase cortical arousal duration and arousal
tachycardia. Arousal intensity and the arousal tachycardia varied
considerably within an individual. Yet, factors that influence
the arousal intensity and/or arousal tachycardia remain enig-
matic (5, 6, 12, 42). Next, we examined if swallows in sleep cause
arousal or modify arousal durations or the heart rate response
to arousal.

Fig. 1. Swallows elicit a robust, patterned tachycardia and pressor response. (A) Individual examples of heart rate and blood pressure measured by finger
photoplethysmography showing rapid reproducible tachycardia and pressor responses elicited by a single swallow. (B) Two swallows in quick succession
produce larger increases in heart rate and blood pressure from the same individual in A. (C) Group data from 14 participants plotting average increase in
heart rate (ΔHR) and mean blood pressure (ΔMean BP) with one swallow (unfilled circle) or two swallows in quick succession (filled circle). Note mean blood
pressure increased as function of the swallow tachycardia (ΔHR).
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Most swallows in 10 individuals (98%) occurred in association
with spontaneous EEG arousal. All swallows were in expiration,
and most occurred within the first few breaths of the EEG arousal
in a probabilistic pattern: 58% of all swallows occurred within two
breaths of EEG arousal; 76%, <3 breaths; 88%, <4 breaths; and
94%, <5 breaths (Fig. 3 A and D–G) (see also SI Appendix, Fig. S1
for the temporal pattern of swallows and arousal for each par-
ticipant). A minority of swallows coincided with onset of the
arousal, and a minority of swallows preceded the onset of arousal
(SI Appendix, Figs. S1 and S4). The coincidence of swallowing with
EEG arousal varied between individuals from 8 to 67% of all
EEG arousals, and this proportion was inversely associated with
the arousal index (4 to 38 EEG arousal per hour; r2 = 0.66; P =
0.004) (SI Appendix, Fig. S2).
The heart rate response to arousal increased markedly if

swallowing also occurred (Fig. 3 C–G). The arousal tachycardia
further increased as a function of the frequency of swallows, as
depicted in Fig. 3C. The swallows were temporally linked with
the large increases in heart rate, more so than the arousal itself.
Fig. 3 D–G shows four examples of arousal and the effects of the
timing and frequency of swallowing on the arousal tachycardia.
(Note the timing of the swallow tachycardia in Fig. 3F and the
effects of multiple swallows in Fig. 3G.)
For all individuals, spontaneous arousal without swallows mod-

estly increased heart rate by 6 ± 3 bpm (n = 10) (Fig. 4A) whereas
EEG arousal with a single swallow increased heart rate by 18 ±
4 bpm (n = 10) (Fig. 4A), EEG arousal with two swallows in-
creased heart rate by 26 ± 5 bpm (n = 10) (Fig. 4A), and EEG
arousal with >2 swallows further increased the magnitude of
tachycardia, as observed in a subset of participants (n = 5 of 10)
(Fig. 4A). The effect of swallows on the magnitude of the arousal
tachycardia was similar across all sleep stages (Fig. 4B). In the
absence of a swallow, arousal from rapid eye movement (REM)
sleep was associated with a greater magnitude of tachycardia
compared to arousal from non-REM sleep (Fig. 4B).
Arousal duration also increased as a function of swallows, as

observed in the individual examples (Fig. 3 B and D–G) and at
the group level (Fig. 4C). Swallows were associated with prolonged
arousal durations across all sleep stages (Fig. 4D). Arousals longer
than 15 s are considered full awakenings by American Academy of

Sleep Medicine (AASM) scoring rules (43). Only 11 ± 6% of all
EEG arousals without swallows lasted >15 s (SI Appendix, Fig. S3).
By contrast, 55 ± 9% of arousals with a single swallow were >15 s,
85 ± 7% of arousal with two swallows >15 s, and 91 ± 8% of
arousals with more than two swallows >15 s in duration (P <
0.001 for the effect of swallow incidence on EEG arousals >15 s).

Reflex Swallows in Sleep Trigger Tachycardia and EEG Arousal.
Swallow-related feedback stimuli may be sufficient to produce
EEG arousal. We observed in six of the 10 participants examples
of swallowing immediately prior to clear cortical arousal from
sleep (SI Appendix, Figs. S1 and S4). No other arousing stimuli
were detected, including respiratory, auditory/snort, and body/leg
movements that might explain the tachycardia in these instances.
Swallows without cortical arousal were rare during sleep (2%

of all nocturnal swallows) but were observed in six of the 10
participants (SI Appendix, Fig. S5). The swallow tachycardia in
stable sleep exhibited the stereotypic, rapid pattern elicited during
wakefulness although the peak increase in heart rate was less in
sleep (SI Appendix, Fig. S4). Thus, swallowing triggers a patterned
increase in heart rate that is highly reproducible across wakeful-
ness and sleep and in association with arousal from sleep.

Reflex Glottic Closure without Swallowing during EEG Arousal Also
Increases the Tachycardia and Arousal Duration. The laryngeal ad-
ductor reflex, or glottic closure reflex, is vital for preventing as-
piration of materials into the trachea and lungs. Adduction occurs
prior to the spontaneous swallow. We observed that the onset of
the swallow tachycardia was temporally matched to glottic adduc-
tion, the first involuntary phase of swallow motor program. Next,
we examined all cases of reflex glottic adduction not accompanied
by swallowing to assess the associated tachycardia and arousal.
Reflex glottic closures were frequently observed during EEG

arousal events that also triggered swallowing activity (Fig. 3 F
and G). Arousal with reflex glottic closure without swallows oc-
curred in only 7% of all arousals (range, 1 to 11%) in eight of the
10 participants studied. Arousal duration and arousal tachycardia
were significantly greater when associated with glottic closure with-
out swallows versus spontaneous arousals (Fig. 5). The magnitude of

Fig. 2. Coordination of breathing, swallow, and tachycardia. Single (Left) and ensemble averages (Right) of heart rate (HR), airflow (Flow), and epiglottic
pressure (Pepi) recorded from one supine participant during a single dry swallow. Note the rapid increase in heart rate occurs with glottic adduction (zero
flat-lining airflow; gray shading) and precedes changes in epiglottic pressure. Mean (black line) ± SE (red lines). bpm, beats per minute; ECG, electro-
cardiogram; L/s, liters per second; Vt, tidal volume.
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this effect was comparable to that observed when glottic closure was
accompanied by a swallow.

Discussion
The major finding of this study in healthy adults is that swallowing
during sleep drives patterned cardiac and cortical activation that

produces marked increases in heart rate, blood pressure, and
prolonged arousal. We describe a robust and reproducible
tachycardia that is evoked by swallowing that persists across
wakefulness, stable sleep, and during arousal from sleep. The
tachycardia is a rapid, patterned response, with an onset linked to
glottic adduction, the earliest phase of involuntary swallowing.

Fig. 3. Nocturnal swallows occur with arousal from sleep; swallows cause marked increases in heart rate and prolong EEG arousal duration. (A) This summary
displays the overnight sleep stage hypnogram, arousals, swallow incidence, and heart rate (beats per min [bpm]) in a single participant. Swallows occurred with
arousal, and not in stable sleep. Single swallows were most frequently observed during an EEG arousal. Two or more swallows observed on occasion. (B) Electro-
encephalography (EEG) arousal duration stratified by the incidence of involuntary swallowing with arousal from the same participant displayed inA (i.e., no swallow,
single swallow, two or more swallows). Arousals associated with one or more swallows were significantly longer in duration (P < 0.0001; one-way ANOVA), mean ±
SD. (C) Ensemble averages of the heart rate responses to all EEG arousals from participant A grouped by swallow incidence (no swallow, single swallow, two or more
swallows). The arousal tachycardia increases as a function of the swallow incidence. Mean (black line) ± SE (gray). (D–G) Four example traces of EEG arousal duration
(gray shading), heart rate, and respiratory responses to spontaneous EEG arousal with no swallow (D), one (E and F), or multiple swallows (G). Note the rapid increase
in heart rate is triggered by the swallow (i.e., compareD and E). (F) Note the timing of themarked increase in heart rate is linked to the swallow, not the EEG arousal.
(G) Note the effects of multiple swallows. EEG, electroencephalography (EEG electrodes: O2/A1, C3/A2); ECG, electrocardiogram; Pepi, epiglottic pressure (cmH2O);
submental EMG (Chin); Pmask, pressure of nasal mask; Flow, airflowmeasured by pneumotach. Reflex glottic adduction identified by the “flatlining” (zero value) on
the airflow and mask pressure waveforms. Swallows identified by the positive spike in epiglottic pressure and increase in submental EMG.
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We show that repeated swallows increase the magnitude of the
tachycardia via temporal summation and that blood pressure
increases as a function of the degree of tachycardia. During sleep,
swallowing was overwhelmingly associated with arousal. Most
swallows follow arousal, some occur simultaneously, and few
precede it. Importantly, the swallows were temporally linked to
marked tachycardia and EEG arousals of longer duration. We also
found occasional examples where swallowing during sleep
appeared sufficient to evoke EEG arousal. Reflex laryngeal
adduction with EEG arousal was also associated with marked
tachycardia and prolonged EEG arousal, similar to the effects
of swallowing. Collectively, these observations suggest that a
common trigger for the cardiac and cortical activation is the
reflex motor action which closes the glottis, stops airflow, and
protects the lower airway from tracheal aspiration.
Thus, we propose that the central integration of reflex swal-

lowing triggers patterned cardiac and cortical responses that evoke
marked tachycardia and arousal. The physiological significance of
these responses remains to be elucidated. We suggest 1) the rapid
increase in heart rate and blood pressure synchronized with reflex
laryngeal adduction and swallowing boosts brain blood flow during
apnea, and 2) arousal from sleep enables other motor and behav-
ioral responses to airway protection, like coughing, if required. In
summary, our study makes a fundamental discovery by identifying
reflex swallowing, an essential protective mechanism, as the cause
of large increases in heart rate, awake and asleep, and to more
intense, prolonged arousals from sleep in healthy individuals.

Swallow Tachycardia Mechanism and Significance. A stereotyped
tachycardia with swallowing has been observed in humans con-
sistent with the present study (Fig. 1) (35, 37). The mechanism(s)
responsible, and the functional significance, remain poorly under-
stood. Several different concepts have been proposed, and there
remains issue as to whether the tachycardia is centrally generated
by the swallow motor program, or is reflexively triggered by feed-
back from pharyngeal and/or esophageal sensory afferents activated

with swallowing (27). There is also considerable literature on a
rare clinical disorder of cardiac tachyarrhythmia with swallowing
food more so than liquids (44), for which several distinct reflexive
mechanisms have been identified. These include vagovagal re-
flexes triggered by normal esophageal peristalsis (45, 46), vasova-
gal reflex originating from pulmonary veins (47), a cardio-sympathetic
effect (ill-defined) (48), or mechanical stimulation of the left atrium by
a distended esophagus (49). However, there has been little research
investigating mechanisms for the swallow tachycardia.
The current study supports the model of a central, patterned

heart rate response generated by the brainstem swallow central
pattern generator. This is based on the following findings. 1)
Through simultaneous recordings of airflow and epiglottic pres-
sure with ECG, we observed the onset of the tachycardia to be
temporally linked to glottic closure, the first sequence of the in-
voluntary swallow motor program. 2) The tachycardia onset pre-
cedes the pharyngeal constriction (peristatic) phase by ∼1 s. Peak

Fig. 5. Increased arousal tachycardia and arousal duration associated with
arousal and reflex glottic adduction (no swallow). Arousal tachycardia and
arousal duration were significantly greater when associated with reflex
glottic adduction vs. spontaneous arousals without reflex glottic adduction.
Mean ± SD. *P < 0.05; ***P < 0.001.

Fig. 4. Effects of swallow incidence and sleep stage on the arousal tachycardia and arousal duration. (A) The arousal tachycardia increases as a function of
the swallow incidence. (B) A single swallow increased the arousal tachycardia in all sleep stages. In the absence of swallows, arousals from REM sleep produced
a significantly larger tachycardia than arousals from non-REM sleep (N1 to N3) (C) Arousal duration increases as a function of the swallow incidence. (D) A
single swallow increased the arousal duration in all sleep stages. N1, stage 1 non-REM sleep; N2, stage 2 non-REM sleep; N3, stage 3 non-REM sleep; REM,
rapid eye movement sleep. Mean ± SD. *P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001.
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muscle activity and marked positive airway pressures (+100 cm
H2O) are generated during pharyngeal peristalsis, and afferents
encoding muscle force, pressure, and touch are robustly activated
here. Our findings do not make a temporal link to pharyngeal
afferent mechanisms, or esophageal feedback thereafter, in driving
reflexive increases in heart rate. 3) The tachycardia associated with
volitional or spontaneous swallowing in our awake participants was
essentially identical. This shows that volitional motor effort is not a
factor (50). 4) The tachycardia was reliably evoked across differ-
ent behavioral states—wakefulness, sleep, and arousal from
sleep—and exhibited a highly stereotypic temporal pattern and
peak response. This high degree of fidelity would not be expected
if dependent on afferent drive, or corticobulbar loops, or central
circuits with several layers of sensory filtering. Therefore, we
conclude that this is a fundamental feature of the swallow motor
program.
The rapid onset of the swallow tachycardia and its rapid reversal

to resting heart rate are in all likelihood due to acute changes in
cardiovagal tone which is responsible for the beat-to-beat variability
(51). The kinetics of the sympathetic cardiac tone are much more
gradual (52) although it is quite possible that parallel activation of
cardiovascular sympathetic outflow occurs, like esophageal and
skin sudomotor activation (38).
Our model of the swallow motor program (Fig. 6) posits that

cardiovagal motor neurons of nucleus ambiguus are acutely inhibited
in parallel with the activation of laryngeal constrictor motor
neurons. This pattern of activation and inhibition couples the
glottic adduction and the tachycardia. It is evidenced by the re-
cordings of nucleus ambiguus vagal motor neurons in sheep that
identify several distinct clusters of motor neurons acutely activated
or inhibited by swallow (53). The inhibition of cardiovagal tone is
likely a direct, patterned command from the swallow central pat-
tern generator, and not indirectly related to a pause in breathing.
Normal cardiovagal–respiratory coupling activates cardiovagal
motor neurons in expiration to cause bradycardia and inhibits in
inspiration (respiratory sinus arrhythmia) (51, 54). In humans, the

swallow tachycardia supersedes the bradycardia of diving or breath
holding (37) and is further evidence for robust central patterning.
Our observations identify unique features of the swallow

motor program, with differential commands to vagal motor neu-
rons with cardiac function (inhibition) versus airway striated
muscle or enteric smooth muscle function (activation). In the
clinical setting, cardiac vagal tone is notoriously difficult to mea-
sure noninvasively and is usually done by measures of heart rate
variability (respiratory sinus arrhythmia), which remains a con-
troversial measure of vagal tone, in part due to influences of
breathing effort and rate. On the other hand, swallow tachycardia
appears to be exclusively vagal, and a simple test could be in-
corporated into clinical practice. The range of heart rate increases
we observed with a single swallow, or a quick series of swallows,
represents the full dynamic range of resting vagal tone (i.e., 65
to 100 bpm).

Swallow Feedback Increases Arousal Intensity and Arousability.
Functional brain imaging studies in awake humans consistently
show reflex swallowing engages higher level cortical and sub-
cortical sensorimotor integration and cognition (reviewed in ref.
31). Cortical feedback arises via the thalamus from ascending
sensory afferents and from the central feedback from the
brainstem swallow CPG. The thalamus is an essential locus for
integration and filtering of all sensory inputs relayed to the
cortex. Interestingly, oro-pharyngeal and tracheal airway mech-
anoreceptive afferents undergo minimal thalamic filtering (55,
56), unlike auditory and somatosensory tactile afferents (57).
This suggests that afferents encoding airway pressures and touch
are highly salient stimuli and that maintaining airway patency in-
volves higher order vigilance. The swallow motor act is under
constant somatosensory cortical surveillance (29), with neuronal
activity increasing immediately prior to an automatic saliva swal-
low, and two peaks of activation that relate to the pharyngeal (2 s)
and esophageal (15 to 20 s) swallow phases (29). Experts suggest
that cortical representation is an important modifier of the in-
voluntary swallow motor act and note problems with swallowing

Fig. 6. Schematic model of swallow sensorimotor program incorporating effects on cardiac vagal tone, heart rate, and cortical EEG arousal. Inhibition of
cardiovagal tone and increase in heart rate occur in parallel with glottic closure and precede the pharyngeal constriction. EEG arousal occurs via ascending
feedback from the swallow central pattern generator (CPG) via thalamic relay, and possibly via brainstem monoamine arousal promoting networks, including
noradrenergic (NA) locus coeruleus, serotoninergic (5HT) dorsal and median raphe, and acetylcholine (Ach) mesopontine tegmentum neurons (71). Roman nu-
merals depict the cranial afferent nerves (□), central sensory nuclei (□), and motorneuronal nuclei (○) involved in swallowing. NTS, nucleus tractus solitarius.
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(dysphagia) following focal hemispheric stroke or with various
neurodegenerative disorders (30). The effects of sleep on
swallow-related thalamic and cortical feedback is unknown and
needs clarification. Sleep reduces the frequency of spontaneous
swallowing (39). This relates, in part, to reduced saliva production
with sleep (58), but also to sleep state-dependent increase in the
thresholds required to initiate swallowing (59), a common feature
of sleep on neural reflexes (60). Nocturnal spontaneous swallows
are mostly associated with arousal from sleep in adult humans
(39, 41, 59, 61) and mammalians (25, 62). This strong association
supports our thesis that the central integration of reflexively trig-
gered swallowing includes the activation of vigilance-regulating
neuronal networks sufficient to produce arousal from sleep
and/or prolong arousal and delay sleep resumption.
Our findings support a causal link between spontaneous swal-

lowing and arousal-promoting mechanisms. We suggest that the
following four observations establish causality. First, virtually all
swallows are associated with cortical arousal. Second, a single swal-
low prolonged the arousal durations by ∼100% compared to arousal
with no swallow. This effect was reliably found in arousals across all
sleep states. Third, a stimulus-response relationship exists: Cortical
arousal duration increased as a function of the number of swal-
lows. Fourth, in a minority of cases, swallows preceded arousals in
which no other arousing stimuli are identifiable. Further evidence
for reflex swallowing precipitating arousal from sleep is from
studies infusing a liquid bolus into the pharyngeal cavity, as de-
scribed in piglets (25), adult cats (62), and humans (59).

Reflex Glottic Adduction during Arousal Is Also Associated with
Increased Arousal Duration and Tachycardia. Reflex glottic adduc-
tion and swallowing provide the primary defense against airway
aspiration. Both motor behaviors adduct the vocal cords to
abruptly close the airway. They share a common sensorimotor
control system and function as an integrated or tiered response
to pharyngeal chemo- or mechanosensitive stimuli. Prior studies
reveal that stimulation of the pharyngeal mucosa with small
volumes of water induces vocal cord adduction at low threshold
volumes of ∼0.15 mL, and reflexive swallowing triggered with a
threshold ∼0.5 mL of water during wakefulness in healthy
young humans (63). This relationship is preserved in healthy
elderly adults although it requires larger volumes of water
(∼0.35 mL for glottic adduction and 1.7 mL to trigger swallowing)
(63). Experimental models in cat and rat also observe threshold-
dependent coactivation of reflex glottic adduction and swallowing
with pharyngeal provocation (64–66). Both reflexes can be in-
duced in all phases of the respiratory cycle and exert a potent
suppression of inspiratory CPG activity (28, 66).
We observed reflex glottic adduction during EEG arousal, most

commonly during arousal events that also featured swallowing
(Fig. 3 F and G). Reflex adduction was readily identified by the
clear, invariable zero flatlining observed in the airflow, mask, and
epiglottic pressure waveforms, without the spike in epiglottic
pressure that defines swallows. Arousals with reflex glottic closure
without swallows were relatively few (present in 7% of all arousals;
range, 1 to 11%; n = 8 of 10 participants studied). Arousal du-
ration and arousal tachycardia were significantly greater when
associated with glottic adduction without swallows versus sponta-
neous arousals. The magnitude of this effect was comparable to
arousals with swallowing. As valving the airway shut is the com-
mon motor outcome for both behaviors, we suggest that the
tachycardia and heighted arousal are the consequence of trigger-
ing this shared mechanism, perhaps to boost blood flow and vig-
ilance during an airway protective apnea. Our findings notably
contrast with observations of passive airway closure in obstructive
sleep apnea patients for which the airway collapse itself - nor the
various airway structures that can obstruct the airway e.g., tongue,
epiglottis, soft palate - does not trigger tachycardia (67–69).

Methodological Limitations: EEG Arousal and Swallow Interactions.
We highlight three methodological considerations for our study
and for the field. First, we did not perform fine-grained analyses
of the EEG power spectra to quantify arousal intensity because of
an associated muscle artifact with swallowing visible in a subset of
participants . The artifact is transient, but it does superimpose fast
frequency waves in EEG signals in the beta and gamma range.
However, it is well-established that arousal intensity covaries with
arousal duration (6, 12, 14). Second, temporal accuracy of manual
EEG arousal scoring is challenging and vulnerable to error.
However, scoring in this study was performed by a single experi-
enced sleep technician blinded to the pressure and flow signals
who paid careful attention to score arousal timing as accurately as
possible. Nonetheless, it remains possible that EEG arousals oc-
curred with different temporal timing at other regions of the
cortex that were not covered by our electrode array, which could
influence our temporal relation findings. Third, one of the tenets
of AASM criteria scores sleep/wake in 30-s epochs and class
arousals lasting longer than 15 s (>50% of 30-s epoch) as wake-
fulness/awakenings. If we constrain our data to arousals <15 s, we
arbitrarily exclude a significant proportion of arousals with ac-
companying swallows and/or reflex glottic adduction. Note that
earlier studies have excluded or stratified arousals lasting longer
than 15 s (15). There is growing interest in defining the arousal
intensity spectrum (13, 42). Despite this, factors influencing
arousal intensity remain largely unknown or are inconsequential
(i.e., age, sex, sleep stage, and respiratory feedback) (12, 15). For
instance, the arousal intensity and duration do not differ between
healthy individuals and people with OSA (15), nor between
spontaneous EEG arousals and those preceded by hypopnea or
apnea within an individual (12). Our findings identify reflex glottic
adduction and swallowing as motor acts causally linked to pro-
longed arousals. Thus, future studies should consider arousals >15
s as part of the continuous spectrum of EEG arousals and monitor
respiratory variables for signs of glottic adduction and swallowing,
especially if the study involves spectral analysis and quantifying the
beta power of EEG arousal.

Conclusion. In summary, our data suggest that swallowing-induced
tachycardia makes up a large component of the cardiovascular
activation during arousal from sleep and may also explain a con-
siderable degree of the variation in arousal duration and intensity.
We propose that the central integration of reflex swallowing trig-
gers patterned cardiac and cortical responses that evoke marked
tachycardia and prolonged arousal. The physiological significance
of these responses and their contribution to the cardiovascular and
cognitive sequelae of sleep disorders need further examination.

Methods
Participants. Swallow tachycardia was examined in 24 healthy adults (13 fe-
male; age 18 to 65 y), recruited from the community and local sleep clinics via
advertisement. Two subgroups were studied: One group (n = 14; 8 female)
was examined for supine blood pressure and heart rate responses to swal-
lows during wakefulness. The second group (n = 10; 5 female) undertook

Table 1. Participant characteristics

Experiment

HR + BP measures (wake) Polysomnography

N 14 10
Sex (F:M) 8:6 5:5
Age (range) 31 ± 6 (24 to 45 y) 35 ± 15 (20 to 63 y)
BMI (range) 24.7 ± 1.7 (22.1 to 28.7) 24 ± 3 (19.8 to 29.1)

Group anthropometric data acquired from participants undertaking the
overnight sleep study or blood pressure measurements. Values are means ±
SD of the mean. BMI, body mass index (kg/m2); F, female; M, male.
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overnight polysomnography to examine the relationships between EEG
arousal, swallows, heart rate, and breathing during sleep. Participants were
excluded if they were taking any medications that may affect breathing or
sleep; were pregnant or nursing mothers; or were currently using sleep apnea
therapies, either continuous positive airway pressure (CPAP) or mandibular
advancement splints. Group participant characteristics are reported in Table 1.

The study was approved by the South Eastern Sydney Local Health District
Human Research Ethics Committee and satisfied the Declaration of Helsinki.
All participants provided written informed consent prior to taking part.

Measurements and Equipment.
Cardiovascular measures. Noninvasive measurements of beat-to-beat blood
pressure (BP) were made via finger photoplethysmography (Finapres Medical
Systems, The Netherlands), verified by manual brachial artery sphygmoma-
nometry. Continuous measurements of BP, electrocardiogram (ECG) were ac-
quired via an analog-to-digital converter (Spike2; Cambridge Electronic Design,
United Kingdom) at 500 Hz per channel and used for offline analysis to de-
termine beat-to-beat values for heart rate (HR), systolic BP, diastolic BP, and
mean arterial pressure (MAP). Heart ratewas derived from the ECGR-R interval.
Polysomnography, respiratory measures, and detection of swallows. Polysomnography
was performed using established methods (70). The electroencephalogram
(EEG) was recorded continuously from electrodes placed according to the 10–20
System, referenced to electrodes attached to the mastoids. EEG signals were
sampled at a rate of 250 Hz. Left and right electrooculograms, submentalis
electromyogram (EMG), pulse oximetry, and body position (infrared video
monitoring) were also recorded to determine sleep stage and cortical arousals.

Participants were instructed to sleep on their back as much as possible and
were monitored for ∼8 h.

Respiratory parameters were monitored with a pneumotachograph (model
3700A; Hans Rudolph Inc., Kansas City, KS) connected to an unvented nasal
mask (Respironics, Murrysville, PA) and a differential pressure transducer
(Validyne Corp., Northbridge, CA). Nasal mask pressures were also monitored
via ports in the mask. The epiglottic pressure (Pepi) catheter (model MCP-500;
Millar, Houston, TX) was inserted through a decongested (0.5%phenylephrine)
and anesthetized (4% lidocaine) nostril until the pressure-sensing tip was
located 1 to 2 cm caudal to the base of the tongue.

Data Analysis. All signals were acquired using an analog-to-digital convertor
with Spike2 software and analyzed off-line. Sleep stages, arousal onset
and duration, and respiratory events were scored using standard American
Academy of Sleep Medicine guidelines (43) by an experienced sleep technician

naive to the study objectives. Arousals were scored by the following: 1)
preceded by a minimum of 30 s of continuous sleep, defined by EEG theta
activity, and 2) defined by a visually discernible shift to higher frequency EEG
(alpha) activity lasting a minimum of 3 s. Arousal onset was defined by the
first occurrence of EEG alpha activity. Arousals with ECG artifacts from bodily
movements were excluded in one subject (four movement arousals excluded
from 163 arousals). Reflex glottic closures were identified by the “flatlining”
(zero value) on the airflow and mask pressure waveforms. Swallows were
detected as a spike in epiglottic pressure (Pepi) as measured with a catheter
with increase in submental surface electromyogram (EMG) recordings of
geniohyoid, mylohyoid, and genioglossus muscle activity (26, 27). Temporal
relationships between swallowing, breathing, and tachycardia were deter-
mined from ensemble averages of airflow, epiglottic pressure, and heart rate
triggered to peak epiglottic pressure during the swallow. The latencies be-
tween onset of glottic adduction (airflow at “zero”), the onset of the tachy-
cardia (rising threshold two SDs above the mean), and peak epiglottic pressure
during the swallow were measured.

The effects of swallows on resting heart rate and blood pressure during
quiet wakewere determined by averaging 30 s of each variable preceding the
swallow (resting) and the peak response immediately after the swallow. Peak
response was the average of three fastest heart beats. Similarly, the effects of
arousal on heart rate were determined by averaging 30 s prior to the arousal
(resting) and then measuring the peak response following arousal. Data are
mostly reported as change from baseline (i.e., ΔHR = peak HR − resting HR)
and are stratified by incidence of swallow. Data are reported as mean ±
standard deviation (SD).

Statistical Comparisons. Analyses consisted of the following: 1) Analyses of
the effects of spontaneous swallows and BP or HR were made using a two-
tailed paired Student’s t test; 2) the relationship between the swallow
tachycardia and the increase in BP was examined by linear regression anal-
ysis; 3) the effects of swallow incidence on arousal tachycardia and arousal
duration were determined by one-way repeated measures ANOVA; and 4)
the sleep-state dependent effects of swallows on arousal tachycardia and
arousal duration were determined by two-way repeated measures ANOVA.
All datasets were tested for normality. P < 0.05 was considered statistically
significant. All statistical analyses were performed using PRISM software
(version 7; GraphPad Software).

Data Availability. All data are available in the main text.
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