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Background—Previous studies in obstructive sleep apnea (OSA) were limited by study cohorts with comorbidities that
confound assessment of left ventricular (LV) systolic and diastolic function. We comprehensively evaluated LV function
using 2-dimensional echocardiography (2DE), tissue Doppler imaging (TDI), and 3-dimensional echocardiography
(3DE) in subjects moderate-severe OSA, who were compared with disease (patients with hypertension, no OSA) and
healthy control subjects.
Methods and Results—A total of 120 subjects (n!40 each of matched OSA, hypertension and healthy cohorts) underwent
echocardiographic examination for the assessment of septal and posterior wall thickness, LV mass index, LV volumes
and ejection fraction, mitral valve inflow indices (E, A), mitral annular velocity (S, E"), and left atrial volume index
(LAVI). OSA subjects were treated with continuous positive airway pressure (mean duration of 26 weeks), after which
the echocardiographic parameters were reassessed. Posterior wall thickness and LV mass index were significantly higher
in OSA and hypertensive groups compared with healthy. Systolic S velocity was reduced in OSA and hypertensive
compared with healthy control subjects (P#0.05). Diastolic function (E/A, IVRT, and E/E") was impaired in both OSA
and hypertensive groups. On 3DE, mean LAVI was significantly greater in OSA and hypertensive compared with
healthy. In OSA patients, continuous positive airway pressure therapy resulted in reduction of the posterior wall
thickness (P!0.02) and improvement in LV ejection fraction (P#0.05), systolic S velocity (P#0.05), and diastolic LV
impairment parameters.
Conclusions—Moderate to severe OSA causes structural and functional changes in LV function and are comparable to that seen
in hypertension. These abnormalities significantly improve after CPAP therapy. (Circ Heart Fail. 2012;5:226-233.)
Key Words: obstructive sleep apnea ! continuous positive airway pressure ! left ventricle ! systolic function
! diastolic function

O

bstructive sleep apnea (OSA) is an increasing major
public health problem being associated with various
cardiovascular disorders.1–3 OSA is characterized by partial
or complete recurrent upper airway obstructions during sleep,
which results in periods of apnea/hypopnea, oxygen desaturation, periodic nocturnal arousals, and daytime sleepiness.
Left ventricular (LV) systolic and diastolic functions are
well-established prognostic markers of adverse cardiovascular outcome in a number of conditions. Small studies
have reported LV dysfunction of unknown etiology in
OSA population.4,5 However, due to the commonly accompanying comorbidities with OSA, such as obesity, coronary artery disease, and hypertension that can independently affect LV function, studies assessing LV function in
“pure” OSA patients (ie, without other confounding comorbidities) are sparse.
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The majority of data suggest that OSA contributes to the
development of some LV systolic and diastolic dysfunction
and subsequently heart failure, although some studies have
reported otherwise.6 – 8 Most of these studies have used either
M mode or conventional 2-dimensional echocardiography
(2DE) with Doppler imaging techniques to evaluate systolic
(LV dimensions/volumes and ejection fraction) and diastolic
function (transmitral flow velocities and intraventricular relaxation time). Newer echocardiographic techniques such as
tissue Doppler imaging (TDI) and 3-dimensional echocardiography (3DE) provide more accurate evaluation of LV
function, but limited data are available in OSA, especially
with the latter.
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Continuous positive airway pressure (CPAP) is established
treatment for OSA, but the studies investigating the effect of
CPAP on LV function in moderate to severe OSA are limited
with contradictory data, with some reporting improvement in
LV function, with others showing no change with CPAP.8 –12
To address these unresolved issues, we performed a comprehensive LV assessment with the use of 2DE, TDI, and
3DE in otherwise healthy subjects with moderate-severe OSA
and compared the results with matched “disease control
subjects” and healthy control subjects in a cross-sectional
analysis. We also assessed the effect of CPAP therapy on LV
function in OSA subjects. We tested the hypothesis that LV
function abnormalities exist in normotensive OSA subjects
compared with healthy control subjects. Second, we hypothesized that optimal CPAP therapy would reverse LV function
abnormalities in OSA patients. Of note, vasodilator stress
myocardial contrast echocardiography (in addition to wall
motion analysis) was also used to noninvasively exclude
significant coronary artery disease, as part of our comprehensive echocardiographic assessment in all three study groups.

Methods
We recruited 40 consecutive subjects with a confirmed diagnosis of
moderate-severe OSA [Apnea-Hypopnea Index (AHI) $15, diagnosed by multichannel polysomnography; FSI Gray Flash recorder
Stowood Scientific Instruments Ltd, Oxford, UK], from the sleep
laboratory in City Hospital Birmingham, United Kingdom. These
OSA patients were compared with matched disease control subjects
(otherwise healthy patients with essential hypertension) and healthy
control subjects (n!40 each) for a cross-sectional comparison. OSA
was excluded from both control groups (AHI #5) by multichannel
sleep study.
All study participants were deemed otherwise healthy by careful
history, clinical examination, baseline blood tests, 12-lead ECG and
transthoracic echocardiography. Patients with comorbidities such as
those with preexisting diabetes mellitus (defined according to World
Health Organization criteria; fasting plasma glucose $7.0 mmol/L,
or 2-hour postprandial plasma glucose of $11.1 mmol/L, and/or the
patient taking on antidiabetic treatment such as insulin or oral
therapy or on dietary management), hyperlipidemia (defined as
patients taking antidyslipidemic drugs such as statins and/or fibrates), and coronary artery disease (eg, previous myocardial infarction or revascularization procedure) were excluded. Patients with
known structural heart disease, LV dysfunction, previous cerebrovascular event, malignancy, connective tissue or inflammatory disease, acute/chronic infection, and hepatic or renal impairment were
also excluded from the study. Using the method described previously
by our group, we used vasodilator stress myocardial contrast echocardiography to exclude coronary artery disease (a strong confounding factor for adverse cardiac remodeling) in our study patients.13
Ethical approval was granted by local research ethics committee and
written informed consent was provided.
All study subjects fasted for 12 hours and abstained from smoking,
alcohol, tea, and coffee for 24 hours before the study. Hypertensive
subjects were advised to omit their medications on the study day, as
prolonged treatment omission was deemed unethical. Blood pressure
measurements were performed before any scanning, from right arm
while subjects were rested for 15–20 minutes in supine position. All
scans were performed in a quiet, darkened, temperature-controlled
room.
After baseline measurements, the OSA subjects were prescribed
and autotitrated with an automated CPAP device (REMstar Pro M
Series with C-Flex–Phillips Respironics, Youngwood, PA). CPAP
compliance was monitored/recorded throughout the study at regular
intervals. Satisfactory CPAP compliance was defined as a minimum
usage of 4 hours per night for at least 75% of the week’s nights (ie,
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$5 nights per week). After a mean duration of 26 weeks on CPAP
therapy, all available OSA subjects (n!37) completed followed-up.

Echocardiography
All subjects underwent M-mode, 2DE, TDI, and 3DE using Phillips
iE33 ultrasound machine (Bothel, WA). Modern off-line QLAB
software [Xcelera, Phillip (iE33) Ultrasound Quantification Module,
DA Best, The Netherlands] was used for quantification of LV
function. The interobserver and intraobserver variability for echocardiography parameters by blinded reviewers was assessed (n!10)
and calculated as 11% and 6.8%, respectively.

M-Mode, TDI, and 2D Echocardiography
Resting images of parasternal long-axis, short-axis (at aortic valve
level, mitral leaflet level, papillary muscle level, and apex), apical
4-chamber, apical 5-chamber, apical 2-chamber, and apical
3-chamber views were acquired during transthoracic echocardiography. The relevant American Society of Echocardiography (ASE)
guideline recommendations were used during M-mode, TDI, and
2DE image acquisition and calculation of various parameters.14 –16
Area-length method was used to calculate left atrial (LA) volume on
2DE. LA volume was indexed to body surface area to obtain LA
volume index (LAVI).

Three-Dimensional Echocardiography
Three-dimensional echocardiography was performed in apical
views. Three-dimensional LV and LA images were taken by
wide-angled acquisition (full-volume method) during end expiration. Off-line QLAB software was used for displaying and
quantifying 3-dimensional images. The LV and LA volumes were
measured using a semiautomatic tracing of endocardial border at
systole and diastole at each frame during 1 cardiac cycle17;
however, automatic tracings were manually modified if necessary. LA appendage and pulmonary vein aperture were excluded
from LA volume calculations.

LV Parameters
Septal wall thickness, posterior wall thickness, and LV mass index
(all obtained on M-mode) were used to assess LV structural
parameters. LV ejection fraction (LVEF), LV end-diastolic volume
(LVEDV), and LV end-systolic volume (LVESV) were assessed
using the modified Simpson biplane method, M-mode, and 3DE. LV
volumes, LVEF, and mitral annular systolic velocity (S) (mean of
lateral and septal) were used to assess LV systolic function. Acute
diastolic functional assessment was performed by evaluating E/A
(mitral inflow indices), E/E" (early mitral inflow velocity/TDI
derived early septal mitral annular diastolic velocity), and intra
ventricular relaxation time (IVRT). LAVI provided a measure of
chronic diastolic function.

Power Calculation
Based on previous studies that compared cardiac structural and
functional parameters of OSA patients with normal control subjects
and evaluated response to CPAP therapy in the OSA group, we
calculated that a sample size of 35 patients in each group would have
an 80% power to detect a significant difference.10 –12 We anticipated
that 5 OSA patients would be CPAP-noncompliant and therefore
aimed to recruit 40 patients in each group.

Statistical Analysis
After a test of statistical normality, data were expressed as
mean%SD for normally distributed data or median and interquartile
range (IQR) for nonnormally distributed data. Cross-sectional comparisons between the 3 groups (OSA, hypertensive, and healthy
control subjects) were analyzed by 1-way ANOVA or KruskallWallis test, with Tukey post hoc test (after log transformation for
nonnormal data), as appropriate. Paired comparisons before versus
after CPAP were performed using paired t test or paired Wilcoxon
test, as appropriate. Using univariate and multivariate regression
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Table 1. Clinical Characteristics of Obstructive Sleep Apnea
Patients, Hypertensive Control Subjects, and Healthy
Control Subjects

Variable
Male/female
Age, y

OSA
(n!40)

Hypertensive
Control
Subjects
(n!40)

Healthy
Control
Subjects
(n!40)

33/7

31/9

30/10
46 (9)

50 (10)

49 (11)
4 (2)‡

3 (2)*

Table 2. Clinical Features in Obstructive Sleep Apnea Patients
Undergoing CPAP Treatment
Before CPAP

After CPAP

37

37

BMI, kg/m2

34%7

34%8

0.18

Epworth score

13%6

5%6

#0.0001

Systolic BP, mm Hg

144%16

133%13

#0.0001

Diastolic BP, mm Hg

83%11

80%7

0.02

n
P Value
0.12

AHI

39 (22)*‡

Body mass index

34 (8)

32 (6)

32 (6)

0.12

Systolic blood pressure,
mm Hg

142 (16)

150 (20)†

135 (15)†

#0.0001

Diastolic blood pressure,
mm Hg

83 (11)

85 (10)

82 (9)

0.22

No. of current smokers

14

12

16

Treated hypertension

0

40

0

Treated dyslipidemia

0

0

0

Known coronary
artery disease

0

0

0

#0.0001

Comorbidities

P Value

Values are described as mean%SD. P#0.05 was considered statistically
significant.
CPAP indicates continuous positive airway pressure; BMI, body mass index;
BP, blood pressure.

after CPAP therapy, there was a significant drop in systolic
(P#0.0001) and diastolic pressure (P!0.04) (Table 2). A
significant reduction in Epworth score was seen (P#0.0001).

LV Structural Parameters

Diabetes mellitus

0

0

0

Past stroke/TIA

0

0

0

The posterior wall thickness (P#0.0001) and LV mass index
(P!0.009) were higher in the OSA and hypertensive group
compared with normal control subjects (Table 3 and Figure
1). After CPAP, there was significant reduction in septal
(P#0.0001) and posterior wall thickness (P!0.02) (Table 4).

ACE inhibitors

0

23

0

LV Systolic Function Parameters

ARB

0

20

0

Calcium channel
blockers

0

20

0

Current drug therapy

!-blockers

0

15

0

Aspirin

0

34

0

Diuretics

0

7

0

Values are described as mean (standard deviation) and median (interquartile
range). P#0.05 considered statistically significant.
OSA indicates obstructive sleep apnea; TIA, transient ischemic attack; ACE,
angiotensin-converting enzyme; ARB, angiotensin receptor blockers; AHI,
Apnea-Hypopnea Index; BMI, body mass index; CPAP, continuous positive
airway pressure.
*Significance between OSA and healthy subjects.
†Significance between hypertensive and healthy subjects.
‡Significance between OSA and hypertensive subjects.

analyses, predictive models of changes in echocardiographic parameters of systolic and diastolic function with CPAP therapy in the
OSA group were evaluated as a function of sleep (ie, change in
Epworth score) and clinical variables (ie, changes in systolic and
diastolic blood pressure). All analyses were performed using Minitab
v 15 for Windows (Minitab Inc, State College, PA) and Analyze-It
Software (version 1.62), Leeds, United Kingdom. A value of P#0.05
was considered statistically significant.

Results
Subjects were comparable in age, sex, and body mass index
(BMI) among the 3 groups (Table 1). Hypertensive subjects
had significantly higher systolic blood pressure compared
with the healthy group (P#0.0001).
CPAP compliance was achieved in all 40 OSA patients, of
which 37 were available for follow-up examination (mean
follow-up of 26 weeks). A modestly elevated ($140/
80 mm Hg) mean baseline blood pressure was noted, and,

Systolic S velocity on TDI was significantly reduced in OSA
and hypertensive groups (P#0.0001). No other differences in
LV systolic function parameters were evident between the
three groups on M mode, 2DE, or 3DE (Table 5). After CPAP
in the OSA group, systolic function parameters, such as LV
ejection fraction (on M-mode, 2D, and 3DE) and systolic S
velocity on TDI (P!0.01), improved significantly (Table 6
and Figure 2).

LV Diastolic Function Parameters
Acute diastolic function parameters (E/A, IVRT) were suggestive of diastolic impairment in both OSA and hypertensive
groups, compared with healthy subjects (all P#0.05). E/E"
was only significantly different between hypertension and
healthy control subjects. All measured acute diastolic indices
were comparable between OSA and hypertension (Table 7).
The mean LAVI on 2DE and 3DE, a surrogate for chronic
diastolic dysfunction, was significantly greater in OSA and
hypertensive groups compared with normal control subjects.
Table 3. Left Ventricular Structural Parameters in Study
Population (Cross-Sectional Comparison)
OSA

Hypertension

Healthy

40

40

40

IVSd, cm

1.1%0.2

1.2%0.2

1.3%0.7

LVPWd, cm

1.2%0.2*

1.2%0.2†

1%0.2*†

LV mass index, g/m2

124%34*

121%35†

102%33*†

n

P Value
0.8
#0.0001
0.009

OSA indicates obstructive sleep apnea; IVSd, interventricular septal thickness in diastole; LVPWd, posterior wall thickness in diastole; LV, left ventricle.
Values are mean%SD. P#0.05 considered statistically significant.
*Statistical significance lies between OSA and healthy subjects.
†Statistical significance lies between hypertensive and healthy subjects.
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Table 5. Left Ventricular Systolic Function Parameters
(Cross-Sectional Comparison)
OSA
(n!40)

Hypertension
(n!40)

Healthy
(n!40)

P Value

LVEDV, mL

112.5%37.08

104.3%30.38

111.8%35.80

0.49

LVESV, mL

42%20.22

34.8%16.08

36.7%17.14

0.17

67.4%8.52

67.4%9.8

0.15

M-Mode

LVEF, %

64.1%7.84

2D

Figure 1. Left ventricular mass index in obstructive sleep apnea,
healthy control subjects, and hypertensive patients. OSA indicates obstructive sleep apnea; LVMI, left ventricular mass index.

Only mean LAVI using 2DE (but not 3DE) was higher in the
OSA group compared with the hypertensive group (Table 7).
Significant improvements in the E/A, IVRT, E/E", and
LAVI were noted after CPAP therapy in the OSA group
(Table 8 and Figures 3 and 4).
On multivariable linear regression analyses of the predictive models of various echocardiographic parameters, we
found that LV systolic and diastolic markers did not significantly correlate with changes in either systolic [(3DE
LVESV: P!0.94), (3DE LVEDV: P!0.29), (3DE EF:
P!0.65), (E/E": P!0.71), (LAVI-3DE: P!0.93)] or diastolic
blood pressure [(3DE LVESV: P!0.52), (3DE LVEDV:
P!0.31), (3DE EF: P!0.86), (E/E":P!0.24), (LAVI-3DE:
P!0.61)] after CPAP treatment in OSA patients. The change
in the Epworth score predicted an improvement in 3DE EF
(P!0.01) on univariate analysis, with a trend (P!0.09) for
improvement being seen on multivariate linear regression
analysis.

LVEDV, mL

88%24

LVESV, mL

30.6%13.04

28.4%12

93%26†

0.05

34.4%14.13

0.11

LVEF, %

65.9%9.61

65.8%8.92

64%7.77

0.55

6%1*

6%1†

7%1*†

#0.0001

LVEDV, mL

84%25

88%23

84%24

0.78

LVESV, mL

29%11

29%10

29%11

0.98

LVEF, %

66%8

67%7

66%7

0.58

TDI
S velocity
3D

Values are mean%SD. P#0.05 considered statistically significant.
OSA indicates obstructive sleep apnea; LVEDV, left ventricular end-diastolic
volume; LVESV, left ventricular end-systolic volume; LVEF, left ventricular
ejection fraction; 2D, 2-dimensional echocardiography; TDI, tissue Doppler
imaging; 3D, 3-dimensional echocardiography.
*Statistical significance lies between OSA and healthy subjects.
†Statistical significance lies between hypertensive and healthy subjects.

therapy on cardiovascular structure and function in OSA
patients.
Previous studies that did not fully control for confounding
variables suggested that OSA is associated with changes in
cardiac structure and function.18,19 For example, Usui et al20
Table 6. Effect of Continuous Positive Airway Pressure
Therapy on Left Ventricular Systolic Function Parameters in
Obstructive Sleep Apnea Patients
Before CPAP
(n ! 37)

After CPAP
(n ! 37)

P Value

LVEDV, mL

114%34

136%40

#0.0001

LVESV, mL

43%18

37%18

0.08

LVEF, %

64%7

74%8

#0.0001

LVEDV, mL

89%25

91%27

0.64

LVESV, mL

32%13

28%12

0.09

LVEF, %

65%9

70%7

0.007

6%1

7%1

0.01

LVEDV, mL

86%25

93%27

0.05

LVESV, mL

30%11

30%12

0.88

LVEF, %

66%8

71%9

0.02

Discussion
To the best of our knowledge, this is the first study that has
provided a comprehensive assessment of LV structural and
functional parameters using 2DE, TDI, and 3DE in moderatesevere OSA patients who were free of other concomitant
confounder morbidities. Moreover, we have shown the positive effect of CPAP intervention on echocardiographic parameters. These observations highlight the value of CPAP
Table 4. Effect of Continuous Positive Airway Pressure
Therapy on Left Ventricular Structural Parameters in
Obstructive Sleep Apnea Patients
Before CPAP
n

After CPAP

81%20†

M-Mode

2D

TDI
P Value

37

37

IVSd, cm

1.1%0.2

0.99%0.2

#0.0001

LVPW, cm

1.2%0.2

1.1%0.2

0.02

LV mass index, g/m2

127%34

125%47

0.831

CPAP indicates continuous positive airway pressure; IVSd, interventricular
septal thickness in diastole; LVPWd, posterior wall thickness in diastole; LV, left
ventricle.
Values are mean%SD. P#0.05 considered statistically significant.

S velocity
3D

Values are mean%SD. P#0.05 considered statistically significant.
CPAP indicates continuous positive airway pressure; LVEDV, left ventricular
end-diastolic volume; LVESV, left ventricular end-systolic volume; LVEF, left
ventricular ejection fraction; 2D, 2-dimensional echocardiography; TDI, tissue
Doppler imaging; 3D, 3-dimensional echocardiography.
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Table 8. Effect of Continuous Positive Airway Pressure
Therapy on Left Ventricular Diastolic Function Parameters in
Obstructive Sleep Apnea Patients
n
E/A
E/E", septal

reported that OSA was associated with an increased prevalence of LV hypertrophy in patients with nonischemic dilated
cardiomyopathy. Our finding of increased posterior wall
thickness and LV mass index extends these findings by
showing early structural changes are seen in OSA patients
with no overt cardiovascular disease. Interestingly, we found
no significant difference in the cardiac structural findings
between the OSA and hypertensive groups. The reduction in
LV thickness is in accord with other studies and may have
long-term prognostic implications.21

LV Systolic Function
Our finding of preserved LV systolic remodeling parameters
is consistent with other small OSA studies, although none of
them used 3DE, the current gold standard technique.6 – 8 In our
study, we performed 3DE to estimate LV remodeling parameters, which is known to be more accurate in patients with
abnormal LV geometry, a finding expected in OSA patients.18 –19 Moreover, many of the previous studies included
OSA patients of varying severity, with confounder comorbidities being present. In 1 small technetium-99m ventriculography— based study, for example, a lower LVEF was

After CPAP

37

37

1.0%0.4

1.4%0.4

P Value
#0.0001

9%4

8%2

0.02

0.09%0.02

0.07%0.02

#0.0001

LAVI-2D, mL/m2

28%9

23%6

#0.0001

LAVI-3D, mL/m2

26%8

22%7

#0.0001

IVRT, ms

Figure 2. Comparison of left ventricular ejection fraction by realtime 3-dimensional echocardiography in obstructive sleep apnea
patients before and after continuous positive airway pressure
therapy. LVEF indicates left ventricular ejection fraction; 3DE,
3-dimensional echocardiography; and CPAP, continuous positive airway pressure.

Before CPAP

CPAP indicates continuous positive airway pressure; E, mitral early inflow
peak velocity; A, late inflow peak velocity; IVRT, isovolumetric relaxation time;
LAVI, left atrial volume index; 2D, 2-dimensional echocardiography; 3D,
3-dimensional echocardiography.

demonstrated in the OSA population (53%7%) compared
with healthy subjects (61%6%).8 In obese OSA patients,
technetium-99m radionuclide ventriculography could have
serious limitations that are more exaggerated because of variable
soft tissue attenuation. In the present study, we also found
reduced mitral annular S velocity in the OSA and hypertensive
groups, suggesting that as seen in hypertension, the longitudinal
systolic function is much affected earlier than other systolic
parameters in OSA. There were also significant improvements in
LVEF and the S velocity on TDI after CPAP treatment,
consistent with other small studies that were based on older
echocardiographic assessment techniques.8 –9,11–12,22
The exact mechanisms by which CPAP improves LV
systolic function are unclear. By reducing the blood pressure,
hypoxia, rapid intrathoracic pressure changes, and secondary
hemodynamic disturbances, CPAP treatment may have a
positive impact on LV systolic remodeling parameters.23
Improvement in subendocardial ischemia and enhanced oxyhemoglobin levels could also have important roles to play in
improving LV hemodynamics and systolic function.24

LV Diastolic Function
Our study has shown deranged indices of acute diastolic
function in moderate to severe OSA and hypertension pa-

Table 7. Left Ventricular Diastolic Function Parameters
(Cross-Sectional Comparison)

E/A
E/E", septal

OSA
(n!40)

Hypertension
(n!40)

Healthy
(n!40)

P Value

1.01%0.35†

1.1%0.89*

1.5%0.45ˆ*†

#0.0001

9.5%3.93

10%3.52*

8.2%2.21*

0.05

IVRT, ms

0.10%0.02†

0.10%0.03*

0.08%0.02*†

0.002

LAVI-2D, mL/m2

28.1%9.50†

23.7%5.74*†

18.6%4.93*†

#0.0001

LAVI-3D, mL/m2

26.3%8.04†

23.1%5.32*

18.2%4.33*†

#0.0001

Values are described as mean%SD. P#0.05 considered statistically significant.
OSA indicates obstructive sleep apnea; E, mitral early inflow peak velocity;
A, late inflow peak velocity; IVRT, isovolumetric relaxation time, LAVI, left atrial
volume index; 2D, 2-dimensional echocardiography; 3D, 3-dimensional
echocardiography.
*Statistical significance lies between hypertensive and healthy subjects.
†Statistical significance lies between OSA and healthy subjects.

Figure 3. Comparison of E/E" (representing left ventricular filling
pressure) in obstructive sleep apnea patients before and after
continuous positive airway pressure therapy. CPAP indicates
continuous positive airways pressure.
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Figure 4. Comparison of left atrial volume index in obstructive
sleep apnea patients before and after continuous positive airway
pressure therapy. CPAP indicates continuous positive airways
pressure.

tients compared with healthy subjects, with the indices being
comparable between the OSA and hypertensive cohorts.
These findings are consistent with other studies,7,25 although
Niroumand et al26 found conflicting results perhaps due to
patients in their study having milder OSA.
LAVI has been considered as the “morphophysiologic
expression” of chronic diastolic dysfunction, reflecting the
duration and the severity of increased LA pressure. We found
a greater LAVI, both on 2DE and 3DE in the OSA group,
which is in accord with some limited studies.27–28 An enlarged left atrium is an independent risk factor for atrial
fibrillation and other cardiovascular events such as heart
failure and mortality.29 –31 Therefore, the enlarged LAVI
could explain high prevalence of AF in the OSA population
that has been previously recognized.
Due to previously demonstrated age-related LA remodeling, abnormal flow dynamics and impaired early diastolic
filling, we recruited middle-aged, sex- and BMI-matched
multi-ethnic population to avoid these biases. Moreover, the
LAVI was estimated using 3DE in our study, which provides
more accurate (taking into account that LA can enlarge
eccentrically) and possibly quicker results as compared with
2DE techniques.32
CPAP therapy resulted in improvement of both acute as
well as chronic diastolic function parameters, consistent with
other studies.9 –10,27 The potential mechanisms leading to
abnormalities of diastolic function and their improvement
after CPAP therapy remain to be established. Endothelial
dysfunction, surges in blood pressure, hypoxia, and hypercapnia with over activation of sympathetic system and increased preload by intermittent negative intrathoracic pressure all contribute to the development of diastolic dysfunction
in OSA,33–36 and the correction of some or all of these may
account for reversal of LV diastolic dysfunction parameters
seen in the OSA group after CPAP treatment.

Effect of CPAP Treatment on Blood Pressure
An elevated blood pressure is a common sequelae of OSA
and has been confirmed both in epidemiological and hospitalbased studies.37–39 This is independent of obesity and the
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other common risk factors for hypertension that are seen in
OSA patients. In a landmark randomized, control trial,
Pepperell et al40 have shown that therapeutic CPAP reduces
mean arterial ambulatory blood pressure by 2"5 mm Hg. This
benefit was demonstrated both in both systolic and diastolic
blood pressure and during both sleep and wake periods. Of
note, only a very small subset of patients in their study had
preexisting hypertension or were receiving antihypertensive
medications, the blood pressure lowering was greater in
patients with more severe sleep apnea and was independent of
the baseline blood pressure. Furthermore, the blood pressure
fall with CPAP was consistent above and below the median
of the baseline blood pressures studied.40 Thus, Pepperell et
al40 concluded that CPAP corrects the sleep apnea effect
which is seen equally in patients with elevated or normal
blood pressure.
Our study confirms and extends the interpretation of the
findings by Pepperell et al.40 In our study—to avoid the
confounding effect of hypertension—we excluded OSA patients
with diagnosed hypertension or on antihypertensive treatment.
We recorded a significant effect of CPAP treatment on both
systolic as well as diastolic blood pressure. From previous large,
prospective studies, such a significant fall in blood pressure
would be expected to be associated with a significant reduction
in stroke and coronary artery disease risk.41

Limitations
Our study was unblinded and therefore observer bias cannot
be fully excluded. The OSA group had patients with higher
BMI albeit insignificant compared with the other disease and
healthy control groups, which may be of some relevance.
Indeed, obesity is implicated in the development of LV
diastolic dysfunction,42 but recent work confirms our observations that impact of OSA on LV remodeling is beyond
obesity per se.28 Another limitation of our study is that despite
using strict inclusion/exclusion criteria, the mean systolic
blood pressure in the OSA group was 141 mm Hg. The study
protocol did not mandate use of 24-hour ambulatory blood
pressure monitoring, and we relied on multiple prior blood
pressure recordings (in community, home readings, and
specialized clinics) to exclude masked hypertension (or white
coat hypertension) in the OSA and normal control groups as
per current existing United Kingdom clinical practice. Therefore, the chance of OSA and normal control subjects having
masked hypertension is small but cannot be excluded altogether. Last, significant improvement in systolic and diastolic
blood pressure was observed in the OSA group after CPAP
therapy that may have partly contributed to favorable LV
remodeling changes.
On multivariable linear regression analyses, the improvement in blood pressure did not predict improvement in LV
parameters, although a trend for improvement was observed
for change in the Epworth score after CPAP treatment.
Moreover, as none of the subjects in the OSA group received
antihypertensive therapy during the study period, favorable
LV remodeling changes could only be due to CPAP (irrespective of the mechanism) treatment, which confirms our
hypothesis that the abnormal LV changes respond to CPAP
treatment. Due to the sample size, evaluation of other
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demographics and anthropomorphic factors (such as age,
BMI, and sex) was not performed on multivariate linear
regression analyses as it would have caused overfitting in the
model. Due to very short interval of the CPAP trial, changes
in these parameters are likely to be negligible and should
have no major effect on our study results and interpretation.

12.

13.

Conclusions
Moderate to severe OSA causes structural and functional
changes in LV function on echocardiography comparable to
that seen in hypertension, with both acute and chronic LV
diastolic dysfunction parameters impaired. A marked improvement was observed in both parameters, associated with
concurrent drop in systolic and diastolic arterial blood pressure after 6 months of CPAP use. This may imply that OSA
could be crucial in development of LV diastolic dysfunction
that may lead to heart failure and increased mortality if left
untreated. Further large prospective studies including 24-hour
ambulatory blood pressure monitoring would be needed to
explore this hypothesis and the precise mechanism(s) of LV
function improvement.
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CLINICAL PERSPECTIVE
Structural and functional abnormalities in otherwise healthy patients with obstructive sleep apnea may contribute to their
cardiovascular morbidity. Previous small studies in obstructive sleep apnea were limited by other comorbidities that
confound assessment of cardiac structure and function. Continuous positive airway pressure therapy may benefit cardiac
structure and function in such patients. In the present study, we demonstrate that otherwise healthy moderate to severe
obstructive sleep apnea patients have structural and functional changes in left ventricular function on echocardiography
comparable to that seen in overt hypertension. These abnormalities were significantly improved after continuous positive
airway pressure therapy. Such improvement in left ventricular function would be expected to be associated with a
significant reduction in stroke and coronary artery disease risk.
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