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BACKGROUND Obstructive sleep apnea (OSA) causes negative
tracheal pressure (NTP) and is associated with atrial fibrillation
(AF).

OBJECTIVE This study aimed to determine the mechanism of
atrial electrophysiological changes during tracheal occlusion with
or without applied NTP and to evaluate the role of vagal activa-
tion, Na�/H�exchanger (NHE), and ATP-dependent potassium
channels (KATP).

METHODS Seventeen closed-chest pigs were anesthetized with
urethane, and an endotracheal tube was placed to apply NTP (up
to �100 mbar), comparable to clinically observed OSA in patients
by a negative pressure device for a time period of 2 minutes. Right
atrial refractory periods (AERP) and AF inducibility were measured
transvenously by a monophasic action potential recording and
stimulation catheter.

RESULTS All tracheal occlusions with and without applied NTP
resulted in comparable increases in blood pressure and hypoxemia.
NTP shortened AERP (157.0 � 2.8 to 102.1 � 6.2 ms; P �.0001)
and enhanced AF inducibility during AERP measurements from 0%
at baseline to 90% (P �.00001) during NTP. Release of NTP
resulted in a prompt restoration of sinus rhythm, and AERP re-

turned to normal. NTP-induced AERP shortening and AF inducibil-
ity were prevented by atropine or vagotomy. Neither the NHE
blocker cariporide nor the KATP channel blocker glibenclamide
abolished NTP-induced AERP shortening. By contrast, tracheal
occlusion without applied NTP caused comparable changes in
blood gases but did not induce AERP shortening or AF inducibility.

CONCLUSION NTP during obstructive events is a strong trigger
for AF compared with changes in blood gases alone. NTP caused
AERP shortening and increased susceptibility to AF mainly by
enhanced vagal activation. AERP shortening was not prevented by
KATP channel blockade or NHE blockade.
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Introduction
Patients with obstructive sleep apnea (OSA) show a high
prevalence of atrial fibrillation (AF) ranging from 32% to
49%.1–3 OSA was the strongest predictor of recurrent AF
after catheter ablation,4 and patients with untreated OSA
have a higher risk of recurrence of AF after successful
cardioversion.5 The finding that appropriate treatment of
OSA with continuous positive airway pressure is associated
with lower recurrence of AF suggests a causal association of
OSA inducing AF.6 Several mechanisms causing AF in
OSA have been discussed, including hypoxemia and acido-
sis. These changes in blood gases might influence the para-
sympathetic and sympathetic tone leading to a substrate for

AF. While enhanced vagal tone is known to induce atrial
effective refractory period (AERP) shortening, increased
sympathetic tone and autonomic dysbalance may enhance
spontaneous triggered activity that could induce AF.7 Se-
vere bradycardia and atrioventricular block are frequently
seen in OSA and suggest vagal activation.8 However, other
mediators beyond hypoxemia might be relevant in humans.
Obstructive apneas are caused by collapse of the upper
airway during sleep resulting in repetitive forced inspiration
against the obstructed upper airway. Correspondingly sub-
stantial negative changes in intratracheal pressure down to
�100 mbar were observed in OSA patients.3,9,10 The re-
sulting intrathoracic pressure changes might stretch heart
chambers and lead to changes in transmural pressure gradi-
ents, particularly in the thinly walled atria. The influence of
negative tracheal pressure (NTP) on atrial electrophysiology
has not been investigated yet. We hypothesized that the
NTP during obstructive events and not changes in blood
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gases is responsible for increased AF susceptibility in OSA.
Therefore, we investigated electrophysiological changes in
the pig right atrium during airway obstructions with or
without NTP generated by a negative pressure device. At-
ropine followed by vagotomy was used to study the role of
vagal activation. Additionally, we characterized the role of
hypoxia and stretch-activated Na�/H� exchanger subtype 1
(NHE) and ATP-dependent potassium channel (KATP)11–13

by cariporide and glibenclamide.

Methods
All animal studies were performed in accordance with the
German law for the protection of animals. Furthermore, the
investigation conforms with the guide for the Care and Use
of Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996).

Experimental model for OSA
In 17 chest-closed male castrated pigs (25–30 kg) of the
German Landrace (anesthetized with 20% urethane [0.8
mL/kg intravenous load, 0.4 mL/kg/hour maintenance] and
4% alpha-chloralose [0.4 mL/kg intravenous load, 0.1 mL/
kg/hour maintenance]), a tracheotomy was performed to
place an endotracheal tube. This tube was used for tracheal
occlusion and to apply different levels of NTPs by a nega-
tive pressure device. The negative pressure device consisted
of a negative pressure container (50 L) and a vacuum pump
controlled by a manometer. The tracheal tube was con-
nected to the vacuum container, and a solenoid valve was
opened and the tracheal tube and the vacuum container

created a closed system. In pilot experiments, spontaneous
breathing attempts during tracheal occlusion without NTP
just created fluctuating tracheal pressures down to �40
mbar without causing electrophysiological changes. The
Mueller maneuver (forced inspiration against airway ob-
struction) is used in the clinical setting to simulate condi-
tions, particularly negative thoracic pressure, during OSA.14

As a modification of this maneuver, we applied NTP at
�100 mbar during tracheal occlusion corresponding to
NTPs found in patients with OSA.3,9,10

Right atrial pressure changes were investigated by a
catheter that was advanced via the femoral vein (Gould, P23
series pressure transducer, Hato Rey, Puerto Rico). Blood
pressure was measured by a TIP-catheter (Millar PC 350;
Millar Instruments, Houston, TX) in the femoral artery.
Temperature was measured via a rectal probe and main-
tained around 37.0°C by a heating lamp. Blood gas analysis
(pO2, pCO2, pH, O2 saturation) was performed before, at the
end, and 15 minutes after release of tracheal occlusion
without or with applied NTP in seven pigs. In all pigs of
group 1, the cervical vagi were dissected and bilateral va-
gotomy was performed.

Experimental design
In Figure 1, the electrophysiological protocol (Figure 1A)
and the experimental design (Figure 1B) are shown. AERP
measurements and monophasic action potential (MAP) re-
cordings were performed, and AF inducibility was investi-
gated during normal breathing and every 30 seconds during
2 minutes of either tracheal occlusion without applied NTP

Figure 1 Flow chart of
the electrophysiological pro-
tocol (EP protocol; Figure
1A). A complete EP proto-
col included AERP mea-
surement, MAP recording,
and AF inducibility during
normal breathing and every
30 seconds during 2 min-
utes of tracheal occlusion
without and with applied
NTP at �100 mbar with a
recovery period of 15 min-
utes between the different
NTP maneuvers. In panel
B, the experimental design
is shown.
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