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The effect of body position on esophageal reflexes in cats: a
possible mechanism of SIDS?
Ivan M. Lang1, Bidyut K. Medda1, Reza Shaker1 and Sudarshan Jadcherla2

BACKGROUND: It has been hypothesized that life-
threatening events are caused by supraesophageal reflux
(SER) of gastric contents that activates laryngeal chemoreflex-
stimulated apnea. Placing infants supine decreases the risk of
sudden infant death syndrome (SIDS). The aim of this study
was to determine whether body position affects esophageal
reflexes that control SER.
METHODS:We instrumented the pharyngeal and esophageal
muscles of decerebrate cats (N= 14) to record EMG or
manometry, and investigated the effects of body position
on the esophago-upper esophageal sphincter (UES) contrac-
tile reflex (EUCR), esophago-UES relaxation reflex (EURR),
esophagus-stimulated pharyngeal swallow response (EPSR),
secondary peristalsis (SP), and pharyngeal swallow (PS). EPSR,
EUCR, and SP were activated by balloon distension, EURR by
air pulse, and PS by nasopharyngeal water injection. The
esophagus was stimulated in the cervical, proximal thoracic,
and distal thoracic regions. The threshold stimulus for
activation of EUCR, EURR, and PS, and the chance of activation
of EPSR and SP were quantified.
RESULTS: We found that only EPSR was significantly more
sensitive in the supine vs. prone position regardless of the
stimulus or the position of the stimulus in the esophagus.
CONCLUSION: We hypothesize that the EPSR may contribute
to the protection of infants from SIDS by placement in the
supine position.

L ife-threatening events and troublesome symptoms in
infants range from brief resolved unexplained events to

sudden infant death syndrome (SIDS). The mechanism of
SIDS is not well understood, but many possible explanations
have been proposed. One hypothesis suggests that during
sleep, infants have reduced swallowing that reduces their
ability to remove or prevent gastroesophageal reflux from
reaching the pharynx and stimulating laryngeal receptors
causing apnea (1–12). Although there is evidence for each of
these steps, it is unknown which portion of this mechanism is

defective in infants who experience life-threatening events,
including SIDS.
Studies have also found that SIDS is significantly reduced by

placing the infants on their backs while sleeping (1,2). This
procedure suggests that the position of the body is critical to
inhibiting or stimulating a function extremely important in
causing SIDS. If SIDS is due to an inciting agent caused by
gastroesophageal reflux or some form of esophago-pharyngeal
provocation, then perhaps an airway-protective function is
missing or inhibited in the prone vs. the supine position.
Recently a new reflex response, the esophagus-stimulated

pharyngeal swallow response (EPSR), has been characterized
and the sensory-motor characteristics have been defined in
the feline model (13). The EPSR has been found to be
activated by mechano-distension or chemosensitive provoca-
tion of the esophagus in human infants (14,15) and animals
(13), but not human adults (16–18). Pharyngeal swallowing is
very protective of the larynx as it has been shown to be “the
most effective mechanism for esophageal acid clearance” (19).
Therefore, if the EPSR is inhibited or absent in some infants
they could be prone to supraesophageal reflux stimulation of
the larynx leading to apnea and SIDS.
The aim of this study was to determine whether any of the

esophageal reflexes capable of affecting supraesophageal
reflux are modified by body position. Therefore, we tested
the effects of body position, i.e., prone vs. supine, on the
sensitivity to activate the pharyngeal swallow, EPSR,
esophago-UES contractile reflex, secondary peristalsis, or
esophago-UES relaxation reflex.

METHODS
Experimental Model
We chose to use the decerebrate cat model for these studies for a
number of reasons. First, the anatomy and physiology of the larynx
and pharynx of the human infant, as opposed to the human adult,
are very similar to that of animals, including the cat, and SIDS is a
disorder of human infants. In both animals and human infants, the
larynx is elevated and the epiglottis does not fold back during
swallowing (20,21). These factors allow an intranarial larynx that
produces separate respiratory and digestive tracks (20,21). In
addition, the cat laryngeal and pharyngeal anatomy does not change
significantly during development (21). Second, in no other research
animal, but the cat, has all of the identified human esophageal
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reflexes been identified and characterized including the EPSR
(13,22,23), which is unique to human infants. Third, the decerebrate
cat is an excellent model for investigating brain stem-mediated
reflexes, as it allows research investigation without the significant
neural inhibition caused by analgesics or anesthetics. Although gas
anesthesia is used for the decerebration procedure, the animal is
anesthetized for o15 min, and experiments are begun at least 3 h
after the anesthetic has been removed. All of the reflexes investigated
are mediated by the brain stem (24–27), and prior studies have found
that the esophageal reflexes in the decerebrate cat model have a
similar sensitivity as in the awake human (23).

Animal Preparation
All studies were approved by the Institutional Animal Care and Use
Committee of the Medical College of Wisconsin. Cats (N= 14) were
fasted overnight and decerebrated. The animals were anesthetized
using isoflurane (3%), the ventral neck region was exposed, the
trachea was intubated, and the carotid arteries were ligated. The skull
was exposed, and a hole over a parietal lobe was made using a
trephine. The hole was enlarged using rongeurs, the central sinus was
ligated and cut, and the brain was severed midcollicularly using a
metal spatula. The forebrain was then suctioned out of the skull, and
the blood vessels of the Circle of Willis were coagulated by suction
through cotton balls soaked in warm saline. The bony sinuses were
filled with bone wax, the exposed brain was covered with paraffin oil-
soaked cotton balls, and the skin over the skull was sewn closed. The
animals were then placed supine on a heating pad (Harvard
Homeothermic monitor), and the body temperature was maintained
between 38 and 40 °C.
After decerebration, all animals received the following surgical

preparation. An incision was made on the ventral surface of the neck,
and the larynx and pharynx were exposed. The trachea was
cannulated, and EMG electrodes were placed on the geniohyoideus,
thyrohyoideus, thyropharyngeus, cricopharyngeus, and esophagus 2
and 4 cm from the cricopharyngeus. The cricopharyngeus is the

primary muscle (3,6) of the upper esophageal sphincter, and its
actions are considered as responses of the upper esophageal
sphincter. The abdomen was then opened along the ventral midline
and a fistula of the proximal stomach was formed using a 3-ml
plastic syringe that exited the abdominal cavity. This fistula was used
to insert stimulation devices into the esophagus without disturbing
the pharynx or larynx. The abdomen was then closed with sutures.

Stimulation Techniques
The esophagus was stimulated in four different ways, as certain
esophageal reflexes are most likely to occur in one of these ways
(Figure 1). All the balloon stimulation methods used a 3-cm-long
balloon made from the finger of a latex surgical glove, and the
balloon distension diameters were calibrated before the experiments.
The pressure within the balloon was recorded by a Statham pressure
transducer (P23) that was attached to a low-level DC amplifier
(Grass Model 7 P122) and used as a stimulus marker.

Ramp distension. The balloon was inflated at 0.5 ml/s until a
response was observed or until the balloon was distended 2.5 cm in
diameter (N= 14). This stimulus activates the esophago-UES
contractile reflex and/or the EPSR (Figure 1).

Slow and rapid square wave. The balloon was inflated by hand
either slowly or rapidly in a square wave manner from 1 to 2.5 cm in
diameter for 3–5 s (N= 14). The slow distension (Figure 1) primarily
activates the esophago-UES contractile reflex and secondary
peristalsis, and the rapid distension primarily activates esophago-
UES contractile reflex (Figure 1), but can also activate EPSR and
esophago-UES relaxation reflex.

Air pulse. An air pulse of 4–15 psi at 0.5 s duration (WPI,
Pneumatic Pump, PV820, Sarasota, FL, USA) was injected into
a 2-mm diameter catheter with a hole in its side, which caused
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Figure 1. Types of stimuli applied and possible responses. The possible responses to balloon and air stimulation of the esophagus and water
stimulation of the nasopharynx are illustrated. The balloon stimulations were in the form of a ramp, slow square wave, or rapid square wave. The
ramp stimulus activated the esophago-UES contractile reflex and EPSR. The slow square wave stimulus activated upper esophageal sphincter and
secondary peristalsis. The rapid square wave stimulus activated esophago-UES relaxation reflex and EPSR. The air pulse stimulation activated
esophago-UES relaxation reflex and EPSR. The nasopharyngeal stimulation activated PS. CP, cricopharyngeus; dist, distal; E#, esophagus #cm from the
CP; EMG, electromyography; EPSR, esophagus-stimulated pharyngeal swallow response; EUCR, esophago-UES contractile response; EURR, esophago-
UES relaxation response; Mano, manometry; prox, proximal; PS, pharyngeal swallow; SP, secondary peristalsis; Stim, stimulus artifact; TH,
thyrohyoideus; TP, thyropharyngeus; UES, upper esophageal sphincter.
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a tangentially applied very mild air pulse to stimulate the esophageal
mucosa (N= 12). The air pulse activates the esophago-UES
relaxation reflex and EPSR (Figure 1).
The nasopharynx was also stimulated to activate the pharyngeal

swallow in order to compare it to the pharyngeal swallow activated
by esophageal stimulation, i.e., EPSR (Figure 1). A 5 Fr enteral
feeding tube was inserted 7 cm into the nasal cavity and water was
injected at 17 ml/min until swallowing was activated (N= 10).

Recording Techniques
Electromyography. Bipolar Teflon-coated stainless steel wires (AS
636; Cooner Wire, Chatsworth, CA) bared for 2–3 mm were placed
in each muscle, and the wires were fed in differential amplifiers (A-M
Systems 1800, Sequim, WA, USA). The electrical activity was filtered
(bandpass of 0.1–3.0 kHz) and amplified 1,000 or 10,000 times before
feeding into the computer.

Manometry. A solid-state manometry device with two sensors 3 cm
apart (Gaeltec 16CT, Dunvegan, Scotland) was inserted into the
esophagus through the gastric fistula and the proximal sensor was
placed 3 cm distal to the esophageal stimulating device. The

manometry device was attached to low-level DC amplifiers (Grass
Model 7 P122, Hackensack, NJ, USA).
All recorded signals were acquired and analyzed using CODAS

hardware and software and stored in the computer.

Experimental Protocols
The animal was first tied to the experimental table either in the prone
or supine position and then when all of the reflexes were tested, the
animal was turned over and tested again. Half of the animals were
tested first on either side. Each esophageal stimulus was applied three
times at three different regions of the esophagus: cervical (2–5 cm
from the cricopharyngeus), proximal thoracic (7–10 cm from the
cricopharyngeus), and distal thoracic (13–16 cm from the cricophar-
yngeus). The pharyngeal stimulus was applied five to eight times at
each body position. The multiple applied stimuli were averaged to
obtain the characteristic animal response at each body position and
each esophageal location.

Data Reduction and Analysis
The activation and magnitude of the esophago-UES contractile reflex
and esophago-UES relaxation reflex are directly related to the
stimulus intensity (23), therefore, for these variables, we quantified
the threshold stimulus needed for activation at each esophageal
location. The statistical significance of a difference in quantified
thresholds (mean± SE) due to body position at different esophageal
locations was calculated using repeated measures two-way ANOVA.
On the other hand, secondary peristalsis and EPSR are activated in a
probabilistic manner (13), therefore, for these variables we quantified
the proportion of stimuli that resulted in a response. The statistical
significance of a difference in quantified thresholds (response
proportion± SE) due to body position at different esophageal
locations was calculated using repeated measures Cochran–Man-
tel–Haenszel test with the continuity correction. In order to
determine the threshold for activation of pharyngeal swallow, the
time delay from the start of nasopharyngeal injection until the
occurrence of the first pharyngeal swallow was quantified. The
statistical significance of a difference in quantified time delays
(mean± SE) between prone and supine was calculated using the
paired Student’s t-test. A P value of 0.05 or less was considered
statistically significant for all statistical tests.

RESULTS
Esophago-UES Contractile Reflex
We found that ramp, slow square wave, and rapid square
wave distension-activated esophago-UES contractile reflex,
but only slow square wave stimulation of esophago-UES
contractile reflex was significantly affected by body position.
The thresholds for activation of esophago-UES contractile
reflex were lower in supine vs. prone position (Figure 2), but
the response was small, i.e., o15% change.

Esophago-UES Relaxation Reflex
We found that air pulse stimulation could always activate
esophago-UES relaxation reflex at all levels of the esophagus,
but the esophago-UES relaxation reflex response to air pulse
stimulation of the esophagus was not affected by body
position (Figure 3). Rapid square wave balloon distension
also activated the esophago-UES relaxation reflex, but these
responses occurred in a probabilistic fashion, therefore, the
proportion of stimuli causing responses was tested using the
Cochran–Mantel–Haenszel test. We found that the propor-
tion of esophago-UES relaxation reflex responses to rapid
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Figure 2. Effects of body position on threshold for activation of
esophago-upper esophageal sphincter contractile reflex at different
esophageal locations using ramp (a), slow square wave (b), and rapid
square wave (c) balloon distension. The thresholds for activation of
upper esophageal sphincter by ramp or rapid square wave stimulation
applied across the esophagus did not significantly differ between prone
and supine body position. However, placement in the supine vs. prone
position significantly reduced (P= 0.044) the threshold stimuli needed to
activate the upper esophageal sphincter by slow square wave
stimulation across the esophagus. Cerv, cervical esophagus; prox;
proximal; thor, thoracic.
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square wave balloon stimulation of the esophagus did not
differ significantly in the supine vs. prone position (Figure 3).

Esophagus-Stimulated Pharyngeal Swallow Response
We found that the EPSR was more likely to occur in the
supine vs. prone position regardless of the type of stimulus or
the region of the esophagus stimulated (Figures 4 and 5). In
addition, the magnitudes of the differences in responses

between supine and prone for all types of stimuli and all
esophageal regions were over 100% (Figure 5).

Secondary Peristalsis
We found that regardless of the stimulus and position in the
esophagus, the proportion of stimuli-activating secondary
peristalsis did not differ significantly between placing the
animal prone or supine (Figure 6).

Pharyngeal Swallow
We found that the time delay for activation of the pharyngeal
swallow due to nasopharyngeal stimulation was 2.8± 0.3 s in
prone position vs. 2.9± 0.2 s in the supine position, which was
not significantly different (P= 0.85, N= 10).

DISCUSSION
We found that of the four esophageal reflexes investigated,
i.e., esophago-UES contractile reflex, esophago-UES relaxa-
tion reflex, secondary peristalsis, and EPSR, only one, i.e.,
EPSR, was significantly more sensitive to all stimuli and all
esophageal regions when the animal was in the supine as
opposed to the prone position. However, it is unknown
whether this effect is inhibition in the prone position or
excitation in the supine position. In addition, the effect on
EPSR was a large increase, i.e., 4100% change, in the
proportion of successful stimuli in the supine vs. prone
position for all stimuli at all esophageal locations.
Considering that this study was conducted in an animal in

which the normal physiological state of brain stem reflexes
was preserved, our results should reflect normal physiological
function. In the normal situation in animals, the response to
gastroesophageal reflux is either secondary peristalsis or
EPSR. We hypothesize that the decreased sensitization of
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EPSR, but not secondary peristalsis, in the prone position is
related to the laryngeal/pharyngeal anatomy of animals. In
mammals, the larynx is high in the neck with a small supra-
laryngeal area of the pharynx and significantly reduced nasal
and laryngeal segments. “The high position of the larynx
enables the epiglottis to pass up behind the soft palate and to
allow the larynx to open directly into the nasopharynx” (19).
The epiglottis acts to separate the digestive from the
respiratory tract by its close contact with the soft palate and
does not move to cover the trachea during swallowing. This
allows the soft palate to provide “a direct airway from the nose
to the lungs, while the alimentary tract can pass around the
larynx en route to the esophagus” (21). Therefore, if
supraesophageal reflux of gastric contents were to occur in

an animal in the prone position, the possibility of aspiration
and/or laryngeal contact would be high due to gravity and the
dorsal position of the esophagus relative to the trachea. When
in the prone position, the preferred response to gastroeso-
phageal reflux would be secondary peristalsis. When in the
supine position, the preferred response to gastroesophageal
reflux, in order to prevent supraesophageal reflux, is the
EPSR. This is because there is little risk of aspiration due to
gravity of any supraesophageal reflux and the pharyngeal
swallow by definition is very effective in clearing the pharynx
and has been shown to be “the most important mechanism”
for clearing the esophagus of gastroesophageal reflux (19).
One might hypothesize that a better way to prevent

supraesophageal reflux is to increase secondary peristalsis
and/or the esophago-UES contractile reflex rather than to
increase EPSR. However, studies indicate that esophageal acid
exposure in humans with reflux disease (28) and acute
esophageal acid exposure in experimental animals (29) are
both associated with increased reflex relaxation of the UES
and a decrease in the sensitivity of the esophago-UES
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contractile reflex. In addition, gastroesophageal reflux in
humans is associated with a decrease in secondary peristalsis
and an increase in nonperistaltic esophageal contractions
(19,28). In contrast, esophageal acid exposure in experimental
animals increases the incidence and sensitivity to activation of
the EPSR (13). Therefore, although the esophago-UES
contractile reflex and secondary peristalsis may function in
part to prevent supraesophageal reflux, studies have shown
that both reflexes are inferior to the EPSR in this regard.
The sensitivity of the other reflexes to one body position

over the other has no physiological advantage. The phar-
yngeal swallow is a swallow activated by material in the
pharynx which will respond no differently from any swallow.
The material will follow the digestive tract down without
entering the airway whether the animal is prone or supine.
The esophago-UES contractile reflex acts to close the upper
esophageal sphincter (18,22) and to prevent supraesophageal
reflux, therefore, it will protect the airway whether the animal
is prone or supine. The esophago-UES relaxation reflex is
designed to open the upper esophageal sphincter (22) and
participate in physiologically appropriate supraesophageal
reflux, but the refluxate is air and not fluid, as this reflex is
activated as part of the belch response (22,23). Therefore, the
fact that body position had no effect on the pharyngeal
swallow, secondary peristalsis, and esophago-UES relaxation
reflex is consistent with the physiological function of these
reflex responses.
Our finding that body position altered the EPSR, but not

pharyngeal swallow response, suggests that the effects of body
position are not on the neural mechanisms controlling the
swallow motor event, e.g., DMN or NA (8,30–32), but on the
sensory pathway or central neural circuitry, e.g., NTS
(8,30,31), controlling the pharyngeal swallow.
The effect of body position on digestive tract function,

especially the EPSR, is well supported by histological and
neurophysiological findings. Vestibular inputs have been
found to converge with vagal inputs throughout the medial
and intermediate portions of the NTS (33,34), and c-Fos
studies have found that the pharyngeal swallow is mediated by
neurons of the intermediate, interstitial, and ventromedial
nuclei of the NTS (25). In addition, it was found that rapid
distension of the esophagus, which we found best activated
the EPSR, best activates the intermediate, interstitial, and
dorsomedial nuclei of the NTS (27). Therefore, our findings
that body position primarily affects the EPSR are consistent
with histological and neurophysiological studies.
The ability of the vestibular nucleus to alter basic

physiology of the digestive tract is not unique, as the
vestibular nucleus has also been found to have significant
effects on cardiovascular (34,35) and respiratory (36,37)
function and reflexes. Therefore, it is unlikely that the effects
of body position on EPSR are specific to this reflex, and this
effect may be one aspect of a more general alteration in
autonomic function by the vestibular system (35).
The fact that body position has significant effects on EPSR

sensitivity in animals may have important significance for

human infants. As we reported in our prior study (13), the
EPSR is only found in animals and human infants, and not in
human adults. It is unknown that when humans grow out of
the EPSR, they have the reflex for at least 3 months (14,15).
Since human infants spend their time as either supine or
prone (as during kangaroo care bonding or when rolled over
from supine) as do animals, it is highly likely that the EPSR
has a similar function in human infants as it does in animals.
That is, the EPSR in human infants may be airway protective
especially when in the supine position, and that this
mechanism might be blunted in the prone position. Studies
in human infants are needed to address this issue.
It is known that swallowing and related reflexes are

significantly inhibited in sleep compared to the awake state
(38), especially when the infant is in the prone position (3–
7,39,40). If EPSR also has significantly reduced sensitivity in
the prone position in human infants, as it does in animals,
then this might explain why infants are prone to SIDS when
they are in the prone position and why placing them in the
supine position is protective of SIDS. Studies in animals
(12,41) and human infants (42) have shown that supraeso-
phageal reflux can activate laryngeal chemoreflex-induced
apnea that may be the cause of SIDS, and that swallowing is
the “principal airway protective response to the presence of
fluid in the pharynx in both active and quiet sleep” (4).
Therefore, the inhibition of EPSR in the prone position in
human infants might allow supraesophageal reflux to
cause SIDS.
The primary limitations of this study are that we used an

animal model to study human physiology, and we used an
adult to study the immature. Animal models must be used to
study human physiology when invasive techniques are
required, and as we presented previously, we have proven in
many publications (13,22–27,29) that the cat is an excellent
model of the human infant physiological functions (14,15)
which we studied.. Since our goal was to relate our findings to
the human infant, it would seem that using an infant cat
might be a more appropriate model. However, it is unknown
whether the reflexes that we studied in the adult cat exist in
the infant cat, as no one has studied these reflexes in the
infant cat. Regardless, this is a relatively minor issue, because
while the humans undergo major changes during maturation
in systems involved in the reflux theory of SIDS, animals,
including the cat, do not. These changes include the following:
(i) a largely horizontal existence to a vertical existence; (ii) no
speech to speech; (iii) feeding in a manner in which the
valeculae are filled by multiple oral phases of swallowing, i.e.,
sucks, followed by activation of one combined pharyngeal and
esophageal phase of swallowing, to a state in which the bolus
is swallowed in one continuous motion consisting of all three
phases of swallowing (14,15); (iv) the larynx descends a
significant amount resulting in a larger supralaryngeal portion
of the pharynx required for speech (21); and (v) the epiglottis
separates from the soft palate resulting in the airway and
digestive tracts sharing the same pathway (21). During
maturation, animals may undergo changes in the magnitudes
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of some cardiorespiratory responses (43–45), but the only
change observed in cats in a system related to the current
study is a tilting of the epiglottis during swallowing (20),
which alters the magnitudes of some measured swallow-
related variables. Therefore, there is no animal model of
human maturation process related to the reflux theory of
SIDS. However, it was never our attempt to model SIDS, but
to model the human infant. As mentioned previously, the
mature cat exhibits all of the major anatomical and
physiological characteristics of the pharynx, larynx, and
esophagus as the human infant (14,15). Therefore, for the
purposes of the current study, the adult cat is the best animal
model available.
We conclude that body position affects EPSR, whose

primary function is to protect the airway from to supraeso-
phageal reflux, and EPSR is more readily activated in the
supine vs. prone body position. Considering that (i)
supraesophageal reflux is more of a threat for exposure of
the larynx to gastroesophageal reflux in human infants than
adults due to infant laryngeal and pharyngeal anatomy and
physiology, (ii) the EPSR is very effective at clearing the
esophagus of gastroesophageal reflux and preventing suprae-
sophageal reflux, (iii) the EPSR readily occurs in humans
infants but not adults, and (iv) placing human infants in the
supine position reduces the incidence of SIDS; we hypothesize
that sensitization of EPSR in the supine position may
significantly contribute to the protection of infants from
SIDS. More studies are needed to confirm this hypothesis,
especially in vulnerable human infants during maturation and
those with neuropathy.
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