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Abstract
Using the Mueller maneuver (MM) to simulate obstructive sleep apnea (OSA), we sought to
investigate the acute changes in left sided heart morphology and function that develop with apneas
occurring during sleep. Strong evidence supports a relationship between OSA and both atrial
fibrillation (AF) and heart failure (HF). However, the acute effects of airway obstruction on cardiac
structure and function have not been well defined. In addition, it is unclear how OSA might contribute
to the development of AF and HF. We utilized echocardiography in healthy young adults to measure
various parameters of cardiac structure and function. Subjects were studied at baseline, during and
immediately after performance of the MM, and after a 10 minute recovery. Continuous heart rate,
blood pressure and pulse oximetry measurements were made. During the MM, left atrial (LA) volume
index markedly decreased. Left ventricular (LV) end systolic dimension increased in association
with a decrement in LV ejection fraction. On release of the maneuver, there was a compensatory
increase in blood flow to the left side of the heart with stroke volume, ejection fraction and cardiac
output exceeding baseline. After 10 minutes of recovery all parameters had returned to baseline. In
conclusion, sudden imposition of severe negative intrathoracic pressure leads to an abrupt decrease
in LA volume and a decrease in LV systolic performance. These changes reflect an increase in LV
afterload. Repeated swings in afterload burden and chamber volumes may have implications for
future development of AF and HF.
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INTRODUCTION
How obstructive sleep apnea (OSA) might cause or contribute to atrial fibrillation (AF) and
heart failure (HF) is not fully understood. It may involve the cumulative effects of repeated
obstructive apneas over time. However, co-morbid conditions could also be involved. It is
generally accepted that OSA causes chronically elevated sympathetic activity1 and
hypertension.2 It is hypothesized that these then cause or contribute to ventricular dysfunction.
3–5 This thinking has been challenged by studies demonstrating structural and functional
cardiac changes, such as left ventricular (LV) hypertrophy, altered myocardial performance
and increased left atrial (LA) volume6–8 even in the absence of hypertension. Thus, it is not
clear whether these changes are a direct consequence of OSA, or due to OSA-related co-
morbidities. In this study we sought to determine the acute changes in hemodynamics and left
sided heart morphology and function that occur in response to the Mueller maneuver (MM) in
healthy, young, normal weight subjects and postulate how these effects might contribute to the
development of AF and HF. The MM involves voluntary forced inspiration against a fixed
resistance and has been used to simulate the airway obstruction that occurs in OSA.9–11

METHODS
We recruited healthy young adults with a normal body mass index (18.5 – 24.9 kg/m2) and
normal sinus rhythm. Exclusion criteria included a history of OSA or use of continuous positive
airway pressure, structural heart disease or myocardial ischemia, hypertension (blood pressure
≥140/90 mmHg on any of 3 different measurements), diabetes mellitus or fasting glucose ≥126
mg/dl, asthma, chronic obstructive pulmonary disease, metabolic syndrome and the use of
cardioactive medications. Pregnancy tests were performed in all female subjects prior to study.
This research was approved by the Institutional Review Board of the Mayo Clinic, Rochester,
Minnesota and written consent was obtained from all participants before enrollment.

Previous studies have confirmed that the Muller maneuver closely simulates the changes in
intrathoracic pressure produced during sleep in subjects with OSA.1,10 Briefly, subjects were
studied in the left lateral decubitus position. A nose clip and a mouthpiece were placed before
each maneuver; the mouthpiece incorporating a small air leak through a 21-gauge needle to
prevent complete closure of the glottis during the MM. During the maneuver, mouth pressure
was visually monitored by each subject to maintain a target intrathoracic pressure of −40mmHg
(−54.4 cm H2O, −5.333 kPa) and the pressure values were digitally recorded on-line. Subjects
performed 12 MMs, each lasting 12 seconds, and each separated by a 3 minute rest period. (All
subjects were able to achieve these goals).

A complete two-dimensional and Doppler echocardiographic study was performed according
to a pre-specified protocol and following the standards of the American Society of
Echocardiography.12 All echocardiographic data were recorded and stored on the hard drive
of the echocardiographic machine (Siemens Sequoia C512, Mountain View CA), and copied
to compact discs for further off-line analysis. Measurements were performed at baseline, during
the MM, immediately after termination, and 10 minutes after the last MM (recovery). When
making measurements, the investigators were blinded to patient data and phase of the study.
The final value for each measure was the average of values obtained from 3 cardiac cycles at
each time-point of the study.
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Standard parasternal, apical and subcostal views were obtained. Off-line analysis included
measurement of LV end-systolic and end-diastolic dimensions, posterior and septal wall
thickness, and calculation of LV ejection fraction, stroke volume and cardiac output using the
modified Quinones method.12 LV filling patterns were determined by pulsed-wave Doppler
from the four-chamber view.13 Mitral inflow patterns were analyzed for early (E wave) and
late (A wave) diastolic velocities and the E/A ratio.14 The integral of transmitral diastolic flow
velocity over time (velocity-time integral) was measured to assess changes in blood flow
through the mitral valve. Using pulsed-wave tissue Doppler imaging, early diastolic velocity
(e’) of the septal portion of the mitral annulus was measured from the apical 4-chamber view.
The E/e’ ratio was calculated to estimate LV filling pressure.15 LA size was measured just
prior to mitral valve opening and LA volume was calculated using the area-length method
using the apical 4-chamber and 2-chamber views.16,17 LA volume was then indexed to body
surface area.

We measured R-R intervals as well as systolic and diastolic blood pressure, before, during and
after the MM. Baseline measurements were recorded during quiet breathing with the subject
supine for 5 minutes. Repeat measurements were made 1 minute prior to each maneuver. R-R
intervals were obtained from continuous electrocardiogram recordings (ECG/Biotach SC;
Gould Instrument Systems, Inc.). Noninvasive blood pressure measurements were
continuously recorded using a Portapres Model-2 instrument (TPD Biomedical
Instrumentation Amsterdam, The Netherlands) and the data were verified by
sphygmomanometer (Dinamap MPSTM, Johnson & Johnson). Analogue signals were
digitized by 16-bit A/D converter with a sampling frequency of 400Hz and recorded by an
acquisition system (PowerLab/16SP, Chart v3.6.3/s; AD Instruments Ltd., Castle Hill,
Australia). Mean R-R, systolic and diastolic blood pressure values were calculated using
custom made ANNAlab ScopeWin ANS software. For the heart rate and blood pressure
analyses, several intervals of interest were established: the 10 sec interval preceding the MM,
a 12 sec interval during the MM, and four consecutive 5 sec intervals after termination of the
MM. Suboptimal MMs (noisy electrocardiogram recording, blood pressure artifact, poorly
performed MM) were excluded from further analysis. Data from five randomly selected
maneuvers per subject were then analyzed and averaged. The within subject data variability
did not exceed 15%.

We also measured oxygen saturation by pulse oximetry (Nellcor Incorporated) while breathing
effort was monitored using a respiratory band (Gould Instrument Systems, Inc) and the
“negative” pressure signal from MM device (Gould Transducer, Gould Instrument Systems,
Inc).

Values are expressed as mean ± SD for continuous variables and as numbers and percentages
for categorical variables. One way analysis of variance was performed to reveal any significant
difference between groups (p-value <0.05). To compare responses to the MM with baseline
measurements and values at other time intervals, Student’s paired t-tests with Bonferroni
adjustment for multiple comparisons were used (p < 0.01). Data were analyzed using JMP
software (SAS Institute Inc., Cary, North Carolina).

RESULTS
Twenty-four healthy subjects (9 female) with a normal body mass index (23.4 ± 3.1 kg/m2),
normal blood pressure and heart rate and normal sinus rhythm were enrolled into the study.
Four subjects were excluded from the echocardiographic analysis due to suboptimal image
quality at baseline or during the MM. The remaining 20 subjects (8 women), mean age 32 ± 4
years, were studied according to the outlined protocol and their data were analyzed.
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The LV echocardiographic measurements are shown in Table 1. LA volume index changed
significantly in association with the MM (Figure 1). During the maneuver atrial volume
markedly decreased (p<0.0001), followed by an increase immediately after release (slightly
exceeding the baseline value [NS]). During the MM, markers of LV systolic performance
(ejection fraction, stroke volume index, and cardiac index) decreased significantly from
baseline values. Immediately after termination of the MM, these measures increased in a
compensatory fashion, intermittently exceeding baseline values. By recovery (10 min after the
MM) all measurements had returned to baseline. Changes in LV dimensions are shown in Table
1. The end systolic LV dimension, but not the diastolic dimension, increased significantly (p
<0.0001) during the MM, while both dimensions decreased significantly after termination (p
=0.005 and <0.0001, respectively).

Changes in LV diastolic function Doppler measures were less pronounced. Early diastolic
velocity (E) was not influenced by the MM but late diastolic velocity (A) significantly increased
immediately after termination. This resulted in a transient significant decrease of E/A ratio
after termination of the MM (p=0.005). Mitral annular early diastolic velocity (e’) was slightly
reduced during the MM followed by an increase (nearly reaching statistical significance)
immediately after release of the MM. E/e’ ratio did not change significantly during the study.
The velocity-time integral of the transmitral diastolic flow showed a significant reduction
during the MM (p<0.0001), followed by an increase immediately after the release (temporarily
exceeding the baseline value [NS]).

Figure 2 shows a typical recording of heart rate and blood pressure during a MM. Overall, heart
rate changed significantly (ANOVA, p<0.001, values not shown) with a gradual increase
throughout the MM and a further significant increase during the first 5 seconds after MM
termination. This was followed by a return to baseline. Systolic and diastolic blood pressure
decreased during the MM and increased immediately after termination with significant change
in the systolic values (ANOVA, p<0.05, values not shown). There was a delay in the heart rate
response compared to the blood pressure response (Figure 2).

DISCUSSION
High negative intrathoracic pressure is the defining feature of obstructive apnea.18 To assess
the cardiovascular effects of such apneas, we used Doppler echocardiography in subjects
performing the MM. This maneuver causes an abrupt drop in intrathoracic pressure as well as
sympathetic activation and produces hemodynamic changes similar to those occurring in OSA.
1,19,20 By employing the MM in healthy subjects we were able to study the effects of airway
obstruction without the confounding influences of hypoxemia and sleep arousals that occur in
OSA, or the confounding co-morbidities often present in OSA patients.21,22

The important new finding of this study is that LA volume decreases and LV end systolic
volume increases acutely in response to high negative intrathoracic pressure. LV end diastolic
volume did not change. The net effect was a fall in stroke volume, ejection fraction and cardiac
output. Upon release of the maneuver there was a rise in mitral A wave velocity and a significant
increase in LA volume. Ejection fraction, stroke volume and cardiac output also rose, exceeding
baseline values. These results suggest that 1) the MM adversely impacts LV systolic function
and 2) blood flow into the LA decreases during the maneuver, with a compensatory increase
upon its release. Given that the entire thorax is exposed to the high negative pressure, these
findings require careful explanation.

Previous studies in animals and humans have noted decreased LV systolic function during the
MM.23–25 It has been proposed that the high negative intrathoracic pressure imposes an
afterload burden on the LV with resultant systolic dysfunction.23 In essence, during vigorous
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inspiratory effort, the LV must pump blood from the lower pressure thorax into the higher
pressure extrathoracic compartment. The lower the pleural pressure, the larger the gradient
between the intra- and extra-thoracic vascular beds and the greater the afterload. To the best
of our knowledge, this is the first echocardiographic study to confirm these findings.

Finally, cyclic changes in LA volume might explain the observed increase in overnight atrial
natriuretic peptide (ANP) levels in untreated OSA patients.26 It has previously been shown
that ANP secretion is stimulated by passive atrial stretch during blood volume expansion and
by increased atrial pressure during accentuated atrial contraction.27

In this study we used the MM as a surrogate of OSA. This maneuver only partially simulates
the pathophysiology of true OSA. While altering hemodynamics and stimulating
catecholamine release, it does not produce the profound hypoxemia that is frequently present
with spontaneous apneas during sleep. In addition, the arousals that characterize true OSA and
the systemic inflammation observed in sleep apneics are not reproduced by the MM. On the
other hand, use of the maneuver eliminated these variables as potential confounders, and their
possible additive or synergistic effects, allowing us to better define the hemodynamic effects
of forced inspiration against a fixed obstruction. We did not measure intracardiac pressure
changes but these measurements have been well described in animals and humans and our data
are consistent with previous findings.

Acknowledgements
This study was funded in part by grants from the ResMed Foundation and Respironics Sleep and Breathing Foundation.
M.O. is supported by an American Physiological Society Perkins Memorial Award. M.O. and J.K. are supported by
a Travel Grant from the Czech Society of Cardiology. V.K.S. is a Consultant for ResMed, Respironics, Cardiac
Concepts, Glaxo Smith Kline and Sepracor. He is an investigator on research grants funded by Sorin and Select
Research. T.K. is supported by an Unrestricted Investigational Award to Mayo Foundation from General Electric
Healthcare.

REFERENCES
1. Somers VK, Dyken ME, Clary MP, Abboud FM. Sympathetic neural mechanisms in obstructive sleep

apnea. J Clin Invest 1995;96:1897–1904. [PubMed: 7560081]
2. Peppard PE, Young T, Palta M, Skatrud J. Prospective study of the association between sleep-

disordered breathing and hypertension. N Engl J Med 2000;342:1378–1384. [PubMed: 10805822]
3. Bradley TD. Right and left ventricular functional impairment and sleep apnea. Clin Chest Med

1992;13:459–479. [PubMed: 1521413]
4. Fung JW, Li TS, Choy DK, Yip GW, Ko FW, Sanderson JE, Hui DS. Severe obstructive sleep apnea

is associated with left ventricular diastolic dysfunction. Chest 2002;121:422–429. [PubMed:
11834652]

5. Arias MA, Garcia-Rio F, Alonso-Fernandez A, Mediano O, Martinez I, Villamor J. Obstructive sleep
apnea syndrome affects left ventricular diastolic function: effects of nasal continuous positive airway
pressure in men. Circulation 2005;112:375–383. [PubMed: 16009798]

6. Otto ME, Belohlavek M, Romero-Corral A, Gami AS, Gilman G, Svatikova A, Amin RS, Lopez-
Jimenez F, Khandheria BK, Somers VK. Comparison of cardiac structural and functional changes in
obese otherwise healthy adults with versus without obstructive sleep apnea. Am J Cardiol
2007;99:1298–1302. [PubMed: 17478161]

7. Romero-Corral A, Somers VK, Pellikka PA, Olson EJ, Bailey KR, Korinek J, Orban M, Sierra-Johnson
J, Kato M, Amin RS, Lopez-Jimenez F. Decreased right and left ventricular myocardial performance
in obstructive sleep apnea. Chest 2007;132:1863–1870. [PubMed: 17908706]

8. Shivalkar B, Van de Heyning C, Kerremans M, Rinkevich D, Verbraecken J, De Backer W, Vrints C.
Obstructive sleep apnea syndrome: more insights on structural and functional cardiac alterations, and
the effects of treatment with continuous positive airway pressure. J Am Coll Cardiol 2006;47:1433–
1439. [PubMed: 16580533]

Orban et al. Page 5

Am J Cardiol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



9. Hanly PJ, George CF, Millar TW, Kryger MH. Heart rate response to breath-hold, valsalva and Mueller
maneuvers in obstructive sleep apnea. Chest 1989;95:735–739. [PubMed: 2924602]

10. Bradley TD, Tkacova R, Hall MJ, Ando S, Floras JS. Augmented sympathetic neural response to
simulated obstructive apnoea in human heart failure. Clin Sci (Lond) 2003;104:231–238. [PubMed:
12605577]

11. Somers VK, Dyken ME, Skinner JL. Autonomic and hemodynamic responses and interactions during
the Mueller maneuver in humans. J Auton Nerv Syst 1993;44:253–259. [PubMed: 8227959]

12. Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, Feigenbaum H, Gutgesell H, Reichek
N, Sahn D, Schnittger I, et al. Recommendations for quantitation of the left ventricle by two-
dimensional echocardiography. American Society of Echocardiography Committee on Standards,
Subcommittee on Quantitation of Two-Dimensional Echocardiograms. J Am Soc Echocardiogr
1989;2:358–367. [PubMed: 2698218]

13. Quinones MA, Otto CM, Stoddard M, Waggoner A, Zoghbi WA. Recommendations for quantification
of Doppler echocardiography: a report from the Doppler Quantification Task Force of the
Nomenclature and Standards Committee of the American Society of Echocardiography. J Am Soc
Echocardiogr 2002;15:167–184. [PubMed: 11836492]

14. Appleton CP, Hatle LK, Popp RL. Relation of transmitral flow velocity patterns to left ventricular
diastolic function: new insights from a combined hemodynamic and Doppler echocardiographic
study. J Am Coll Cardiol 1988;12:426–440. [PubMed: 3392336]

15. Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quinones MA. Doppler tissue imaging: a
noninvasive technique for evaluation of left ventricular relaxation and estimation of filling pressures.
J Am Coll Cardiol 1997;30:1527–1533. [PubMed: 9362412]

16. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA, Picard MH, Roman MJ,
Seward J, Shanewise JS, Solomon SD, Spencer KT, Sutton MS, Stewart WJ. Recommendations for
chamber quantification: a report from the American Society of Echocardiography's Guidelines and
Standards Committee and the Chamber Quantification Writing Group, developed in conjunction with
the European Association of Echocardiography, a branch of the European Society of Cardiology. J
Am Soc Echocardiogr 2005;18:1440–1463. [PubMed: 16376782]

17. Abhayaratna WP, Seward JB, Appleton CP, Douglas PS, Oh JK, Tajik AJ, Tsang TS. Left atrial size:
physiologic determinants and clinical applications. J Am Coll Cardiol 2006;47:2357–2363.
[PubMed: 16781359]

18. Shamsuzzaman AS, Gersh BJ, Somers VK. Obstructive sleep apnea: implications for cardiac and
vascular disease. JAMA 2003;290:1906–1914. [PubMed: 14532320]

19. Bradley TD, Hall MJ, Ando S, Floras JS. Hemodynamic effects of simulated obstructive apneas in
humans with and without heart failure. Chest 2001;119:1827–1835. [PubMed: 11399711]

20. Hall MJ, Ando S, Floras JS, Bradley TD. Magnitude and time course of hemodynamic responses to
Mueller maneuvers in patients with congestive heart failure. J Appl Physiol 1998;85:1476–1484.
[PubMed: 9760344]

21. Ringler J, Basner RC, Shannon R, Schwartzstein R, Manning H, Weinberger SE, Weiss JW.
Hypoxemia alone does not explain blood pressure elevations after obstructive apneas. J Appl Physiol
1990;69:2143–2148. [PubMed: 2077012]

22. van den Aardweg JG, Karemaker JM. Repetitive apneas induce periodic hypertension in normal
subjects through hypoxia. J Appl Physiol 1992;72:821–827. [PubMed: 1568978]

23. Buda AJ, Pinsky MR, Ingels NB Jr, Daughters GT 2nd, Stinson EB, Alderman EL. Effect of
intrathoracic pressure on left ventricular performance. N Engl J Med 1979;301:453–459. [PubMed:
460363]

24. Summer WR, Permutt S, Sagawa K, Shoukas AA, Bromberger-Barnea B. Effects of spontaneous
respiration on canine left ventricular function. Circ Res 1979;45:719–728. [PubMed: 498435]

25. Robotham JL, Lixfeld W, Holland L, MacGregor D, Bryan AC, Rabson J. Effects of respiration on
cardiac performance. J Appl Physiol 1978;44:703–709. [PubMed: 649472]

26. Svatikova A, Shamsuzzaman AS, Wolk R, Phillips BG, Olson LJ, Somers VK. Plasma brain
natriuretic peptide in obstructive sleep apnea. Am J Cardiol 2004;94:529–532. [PubMed: 15325948]

27. Christensen G, Leistad E. Atrial systolic pressure, as well as stretch, is a principal stimulus for release
of ANF. Am J Physiol 1997;272:H820–H826. [PubMed: 9124444]

Orban et al. Page 6

Am J Cardiol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Changes in LA Volume Index
LA volume index (ml/m2) changes significantly during the Mueller maneuver (p value for
trend = 0.0002). During the maneuver there was a significant decrease compared to baseline,
p<0.0001. After release, there was a transient increase, p<0.0001. LA volume index in recovery
was not different from baseline, p = NS. Data show mean values ± SD.
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Figure 2. Blood Pressure and R-R Changes during the Mueller Maneuver
Recordings of inspiratory pressure, blood pressure and R-R interval with forced inspiration
against airway obstruction during a Mueller maneuver (MM). Blood pressure decreases during
the MM and briskly increases after termination of the maneuver, reaching the baseline value
within several seconds. R-R interval gradually decreases during the MM with an even more
pronounced shortening (increased heart rate) after the maneuver and a slightly delayed recovery
to baseline.
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