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OBJECTIVES The purpose of this research was to identify the determinants of right ventricular (RV)
dysfunction in overweight and obese subjects.

BACKGROUND Right ventricular dysfunction in obese subjects is usually ascribed to comorbid diseases,
especially obstructive sleep apnea. We used tissue Doppler imaging to identify the determi-
nants of RV dysfunction in overweight and obese subjects.

METHODS Standard and tissue Doppler echocardiography was performed in 112 overweight (body mass
index [BMI] 25 to 29.9 kg/m2) or obese (BMI �30 kg/m2) subjects and 36 referents (BMI
�25 kg/m2), including 22 with obstructive sleep apnea but no obesity. Tissue Doppler was
used to measure RV systolic (sm) and diastolic (em) velocities and strain indexes.

RESULTS Obese subjects with BMI �35 kg/m2 had reduced RV function compared with referent
subjects, evidenced by reduced sm (6.5 � 2.4 cm/s vs. 10.2 � 1.5 cm/s, p � 0.001), peak strain
(�21 � 4% vs. �28 � 4%, p � 0.001), peak strain rate (�1.4 � 0.4 s�1 vs. �2.0 � 0.5 s�1,
p � 0.001), and em (�6.8 � 2.4 cm/s vs. �10.3 � 2.5 cm/s, p � 0.001), irrespective of the
presence of sleep apnea. Similar but lesser degrees of reduced systolic function (p � 0.05)
were present in overweight (BMI 25 to 29.9 kg/m2) and mildly obese (BMI 30 to 35 kg/m2)
groups. Differences in RV em, sm, and strain indexes were demonstrated between the severely
versus overweight and mildly obese groups (p � 0.05). Body mass index remained
independently related to RV changes after adjusting for age, log insulin, and mean arterial
pressures. In obese patients, these changes were associated with reduced exercise capacity but
not the duration of obesity and presence of sleep apnea or its severity.

CONCLUSIONS Increasing BMI is associated with increasing severity of RV dysfunction in overweight and
obese subjects without overt heart disease, independent of sleep apnea. (J Am Coll Cardiol

ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.11.015
2006;47:611–6) © 2006 by the American College of Cardiology Foundation
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he effect of excess weight on left ventricular (LV) mor-
hology and function has been documented (1), but much

ess is known about the effects of obesity on right ventricular
RV) characteristics. Right ventricular changes have been
ttributed to obstructive sleep apnea (OSA) (2), which is
ighly prevalent in obese subjects, but the contribution of
besity to RV dysfunction is unclear.

See page 617

The assessment of RV function using M-mode or two-
imensional echocardiographic indexes is difficult due to its
omplex geometry. Radionuclide ventriculography, mag-
etic resonance imaging, and three-dimensional echocardi-
graphy can be used accurately to measure volumes and
jection fraction (3), but these indexes are load-dependent.
issue Doppler imaging (TDI) allows measurement of

ystolic and diastolic myocardial velocities, has a more
avorable signal-noise relationship, and permits the deriva-
ion of strain, which is a site-specific parameter. Long-axis
elocities of the RV (free wall and tricuspid annulus) and
train indexes have been shown to be accurate and repro-

From the University of Queensland, Brisbane, Australia. Supported in part by a
enters of Clinical Research Excellence Award from the National Health and
edical Research Council, Canberra, Australia.
i
Manuscript received May 11, 2005; revised manuscript received August 11, 2005,

ccepted August 15, 2005.
ucible measures of RV systolic function (4–6), and corre-
ate well with the sonomicrometry (6). We used conven-
ional echocardiographic, TDI, and strain indexes to
etermine whether RV dysfunction was associated with
everity of OSA or body mass index (BMI) and identify the
orrelates of RV functional changes in a cohort of obese and
on-obese subjects.

ETHODS

atient selection. We studied 148 subjects of both genders
nd divided into four groups based on degree of obesity:
everely obese (BMI �35 kg/m2, n � 32); mildly obese
BMI 30 to 34.9 kg/m2, n � 44); overweight (BMI 25 to
9.9 kg/m2, n � 36); and normal weight referent subjects
BMI �25 kg/m2, n � 36). To examine the differential
ffects of sleep apnea and excess weight, we compared 22
onsecutive subjects from our sleep laboratory who were
on-obese (BMI �30 kg/m2) but had at least moderate
SA with 22 obese subjects (BMI �30 kg/m2) who all had

onfirmed sleep apnea on sleep studies, and a control group
f 22 BMI-matched patients. To examine the effect of
besity alone, we compared 19 obese subjects without sleep
pnea with the controls (Fig. 1). Obese subjects were
ecruited from general practice and specialist clinics based at

university hospital. Most of these patients had been

nvolved in a previous study where we demonstrated LV

https://core.ac.uk/display/82246428?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


c
h

c
d
s
d
w
h
C
c
s
t
o
p
m
i
B
c
A
(
P
o
s
A
H
p

a
a
n
A
1
O
S
M
p
p
(
e
E
u
w

C

t
f
w
t
D
2

a
c
(
t
o
t
v

T

t
c
(
u
g
a
m
(

612 Wong et al. JACC Vol. 47, No. 3, 2006
RV Changes in Obesity February 7, 2006:611–6
hanges related to obesity (1). The referent group included
ealthy volunteers in the community.
Organic heart disease was excluded on the basis of a

linical assessment as well as resting and stress electrocar-
iogram and transthoracic echocardiography. We excluded
ubjects with ischemic heart disease, hypertension, and
iabetes mellitus on the basis of previous history. Informed
ritten consent for participation was obtained, and the
ospital ethics committee approved the protocol.
linical assessment. Demographic details of age, gender,

linical status, and blood pressures were obtained from
tandard measurements and questionnaires. A detailed his-
ory and physical examination was conducted to exclude
besity-related and cardiovascular comorbidities. Arterial
ressure was measured after subjects were rested for �5
in. Anthropometric and fat mass (tetrapolar bioelectrical

mpedance analyzer) measurements were obtained.
iochemistry. Biochemical analysis of blood samples in-

ludes renal function, electrolytes, fasting insulin (Tosoh
IA-600 immunoassay, Tokyo, Japan), and lipid profile

enzymatic colorimetric assays).
olysomnography. Sleep studies included measurements
f sleep staging, ventilation, and oximetry for oxygen
aturation (SatO2) (Compumedics, Melbourne, Australia).
pneas were defined as a cessation of airflow for �10 s.
ypopnea was defined as a discrete reduction in any

arameter of respiration of �10 s duration resulting in �3%

Abbreviations and Acronyms
AHI � apnea-hypopnea index
BMI � body mass index
LV � left ventricle/ventricular
OSA � obstructive sleep apnea
RV � right ventricle/ventricular
RV em � right ventricular early diastolic velocity
RV sm � right ventricular systolic velocity
SatO2 � oxygen saturation
SR � strain rate
TDI � tissue Doppler imaging
TR � tricuspid regurgitation
VO2max � peak ventilatory capacity
Figure 1. Grouping of subjects’ selection
rterial oxygen desaturation or electroencephalographic
rousal. The apnea-hypopnea index (AHI) is the total
umber of apneas or hypopneas per sleep hour, with an
HI of �5 within normal limits, and numbers of 5 to 15,
5 to 30, and �30 representing mild, moderate, and severe
SA, respectively. The average minimal and median

atO2% readings were recorded.
etabolic exercise testing. Treadmill exercise testing was

erformed using an exercise protocol individualized to the
atient’s exercise capacity. Peak ventilatory capacity
VO2max) was obtained by breath-by-breath analyses of
xpired gas (V29C Sensormedics, Yorba Linda, California).
chocardiography. Images were acquired using a standard
ltrasound machine (Vivid 7, GE Vingmed, Horten, Nor-
ay) with a 2.5-MHz phased-array probe.

ONVENTIONAL ECHOCARDIOGRAPHY. Images were ob-
ained in the parasternal long- and short-axis and apical
our-chamber views. Left ventricular and RV diameter and
all thickness were measured from the M-mode tracings in

he parasternal long axis (7); LV mass was determined by
evereux’s formula, and indexed to height to the power of

.7 (8).
Right ventricular end-diastolic and end-systolic volumes

nd the RV ejection fraction were computed from four-
hamber views, using the area-length monoplane method
VRV � 3/8�[area2/length]). In patients where an adequate
ricuspid regurgitation (TR) spectral Doppler profile was
btainable, pulmonary artery pressure was estimated from
he sum of the modified Bernoulli equation ([TR jet
elocity]2 � 4) and the estimated mean right atrial pressure.

DI. Tissue Doppler imaging provides a number of sensi-
ive parameters of systolic and diastolic function and also
orrelates with structural change, such as myocardial fibrosis
9). In each apical view, three cardiac cycles were recorded
sing color tissue Doppler at a high frame rate (120 MHz),
iving a temporal resolution of 8 ms. The imaging angle was
djusted to ensure a parallel alignment of the beam with the
yocardial segment of interest. Myocardial systolic velocity

sm) and early diastolic velocity (em) were obtained at the
. OSA � obstructive sleep apnea.
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asal RV free wall. Myocardial strain rate (SR; �V/�r) was
erived between two points, where �V is the difference in
elocity separated by a distance �r. Strain (�), the dimen-
ionless relative change in length of the contracting muscle,
s the temporal integral of the spatial differential of velocity
��V⁄�r��t. Peak strain was defined as the greatest value on
he strain curve (10,11). We have previously demonstrated
he acquired signal is relatively independent of hemody-
amic factors and LV cavity size (12).
tatistical analysis. Descriptive statistics are presented as
ean � SD. Standard statistical analyses were used, includ-

ng Pearson’s correlations between BMI, echocardiographic
ariables, and sleep study parameters, and Spearman’s cor-
elation for insulin. Analysis of variance (ANOVA) was
sed to assess linear trends of parameters in the four groups,
nd post-hoc testing was undertaken using the Dunnett’s
ultiple comparison tests. Independent t tests were used for

omparison between subgroups based on the status of sleep
pnea and obesity. Multivariate stepwise linear regression
nalysis was performed to assess the adjusted correlations
etween echocardiography variables and BMI. Parameters

igure 2. Differential effects of the presence of obstructive sleep apnea (O
he four groups based on status of OSA and obesity.

Table 1. Relationships of Severity of OSA Wi
Characteristics in Subjects With OSA (Total n

Mild
n � 6

Age (yrs) 38
Weight (kg) 120 � 30
Height (m) 1.71 � 0.10
Gender (F/M) 4/2
BMI (kg/m2) 40.9 � 10.0
Waist (cm) 125 � 7
PAP (mm Hg) 27 � 5
RV sm (cm/s) 6.3 � 2.2
RV em (cm/s) �7.0 � 2.6
RV strain � (%) �22.9 � 5.7
RV SR (s � 1) �1.3 � 0.4
Total AHI 9.5
Total arousal index 17
Average O2 saturation % 95
Median O2 saturation % 95
AHI � apnea-hypopnea index; BMI � body mass index; em � m
apnea; PAP � pulmonary artery pressure; RV � right ventricular;
hat were not normally distributed (e.g., insulin) were
og transformed into a normally distributed parameter for
he regression model. Data were analyzed using standard
tatistical software (version 10, SPSS Inc., Chicago,
llinois). Probability values of p � 0.05 were considered
ignificant.

ESULTS

elationship between RV dysfunction and the presence
nd the severity of OSA. Figure 2 illustrates the RV sm

nd em in subgroups defined by their sleep apnea and obesity
tatus. Although not all patients had measurable TR jets,
hose with adequate TR signals—including those with
ignificant OSA—did not have significantly elevated RV
ystolic pressure (�40 mm Hg) (Tables 1 and 2). While
here were significant differences in the RV measures
etween the obese subjects with OSA (Ob�, OSA�; mean
MI � 47.3 kg/m2, AHI � 40) and the reference group of
on-obese subjects with moderate-to-severe OSA (Ob�,
SA�; mean BMI � 26.9 kg/m2, AHI � 41; p � 0.001),

nd obesity (Ob) on (left) right ventricular (RV) sm and (right) RV em in

hocardiographic Parameters of RV
4)

Severity
ANOVA

p
Significance

oderate
� 18

Severe
n � 20

45 46 0.40
03 � 37 117 � 46 0.69
72 � 0.09 1.69 � 0.10 0.69
5/13 8/12 0.25
.6 � 14.5 37.2 � 13.8 0.71
12 � 28 120 � 34 0.62
28 � 6 27 � 6 0.88
.3 � 2.9 7.4 � 2.7 0.26
.4 � 3.2 �7.6 � 2.5 0.52
.4 � 5.5 �23.9 � 6 0.14
.9 � 0.6 �1.7 � 0.4 0.09
21.2 63.3 �0.001
24 56 �0.001
93 89 �0.05
96 91 0.06
SA) a
th Ec
� 4

OSA

M
n

1
1.

35
1

8
�8

�27
�1
yocardial early diastolic velocity; OSA � obstructive sleep
sm � myocardial systolic velocity; SR � strain rate.
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yocardial measures were similar between the BMI-
atched subjects (mean BMI � 26.4 kg/m2) without OSA

Ob�, OSA�) and the reference group who had OSA
Ob�, OSA�). Table 1 summarizes the clinical correlates
f different degrees of severity of OSA in 44 subjects with
ositive sleep studies; no relationship was found between
arkers of sleep apnea severity with RV characteristics.
ormal testing for interaction between obesity and OSA did
ot establish any such interaction.
elationship between RV function and obesity. The

ffect of obesity on RV function (Fig. 2) was demon-
trated by reduced RV function in obese subjects without
leep apnea (Ob�, OSA�, mean BMI � 38.1 kg/m2), in
omparison with non-obese subjects without sleep apnea
Ob�, OSA�) (p � 0.05). Indeed, the degree of RV
ysfunction progressively worsened in subgroups with pro-
ressive increases of BMI (Fig. 3).

Despite differences in diastolic (em) and systolic velocities
sm) of the RV free wall among all three subgroups of obese
ubjects compared to the referents, RV ejection fraction did
ot differ between the subgroups, reflecting the insensitivity
f ejection fraction in assessing early RV function. Similarly,
here were differences in peak strain � and SR among the
bese subgroup though not all the comparisons with the
eferents reached statistical significance, probably due to
ide standard deviation of the measured values due to signal
oise. The reductions in RV function were matched by

ncreasing RV chamber size and wall thickness with BMI
ANOVA, p � 0.05), as well as LV dilation and LV mass

able 2. Clinical and Investigational Characteristics Include RV
our Groups Categorized Based on BMI, compared by ANOVA

Referent
BMI <25 kg/m2

(n � 36)

Overwe
BMI 25–29

(n � 3

ge (yrs) 43 � 11 44 �
eight (kg) 67 � 9 87 �
eight (m) 1.71 � 0.10 1.74 �
ender (F/M) 18/18 11/2

ystolic BP (mm Hg) 121 � 13 121 �
iastolic BP (mm Hg) 72 � 9 79 �
MI (kg/m2) 22.9 � 1.7 28.7 �
aist (cm) 82 � 6 95 �

at mass (%) NA 28.8 �
nsulin (mU/l) NA 7 �
O2 max (ml/kg/min) 36 � 7 37 �
V FWT (mm) 33 � 6 37 �
V volume (ml) 35 � 16 36 �
AP (mm Hg) 27 � 5 30 �
V ejection fraction (%) 54 � 12 52 �
V sm (cm/s) 10.2 � 1.5 8.8 �
V em (cm/s) �10.3 � 2.5 �8.9 �
V strain � (%) �28.8 � 4.2 �28.4 �
V SR (s � 1) �2.0 � 0.5 �1.9 �
VEDD (cm) 4.6 � 0.5 4.8 �
V mass/height2.7 (kg/m2.7) 31 � 7 44 �

NOVA � analysis of variance; BP � blood pressure; FWT � free wall thickness; L
rterial pressure; other abbreviations as in Table 1.
2.7 index. These changes corresponded to increased cardiac 1
utput (Table 2), reflecting volume loading in the adapta-
ion to excess weight.

In the subgroups with increasing degrees of obesity,
ifferences in weight and fat mass reflected categorization
ased on the BMI, but there was only a significant differ-
nce in diastolic blood pressure between the severely obese
roup and the referent group, even though none of the
ubjects had a diagnosis of hypertension. Indeed, BMI
emained a significant predictor of RV sm and RV em even
fter adjustment for age, log insulin, and mean arterial
ressure in a multivariate stepwise regression model (� �
0.44, p � 0.01 and �0.40, p � 0.05, respectively) (Table 3).
orrelates of RV dysfunction in obesity. The important

orrelates for sm and em were BMI, waist, and insulin, but
ot duration of obesity. Despite correlation of fasting

nsulin level with RV sm (Spearman’s rho � �0.45, p �
.001) and em (Spearman’s rho � �0.30, p � 0.05), there
as close relationship between the fasting insulin level with
MI (rho � 0.72, p � 0.001). The relationship of RV

unction with insulin may therefore reflect correlation of the
atter with BMI.

elation to exercise capacity. Of those undergoing exer-
ise testing, the RV sm (r � 0.42, p � 0.001), RV � (r �
.65, p � 0.001), RV SR (r � 0.39, p � 0.001), and RV em

r � 0.32, p � 0.01) correlated with VO2max.
nterobserver and intraobserver variability. Intraobserver
ifferences were 0.2 � 0.8 cm/s for tissue velocities, 1.6 �
.2% for �, and 0.1 � 0.1 s�1 for SR. Interobserver
ifferences were 0.3 � 0.7 cm/s for tissue velocities, 1.8 �

acteristics (Morphology, Systolic and Diastolic Functions) in the

m2
Mild Obesity

BMI 30–34.9 kg/m2

(n � 44)

Severe Obesity
BMI >35 kg/m2

(n � 32) p

41 � 8 44 � 13 0.56
98 � 11 132 � 34 �0.001

1.73 � 0.10 1.68 � 0.10 0.07
22/22 21/11 �0.05

119 � 10 121 � 16 0.85
78 � 10 78 � 8 �0.05

32.5 � 1.5 46.9 � 11 �0.001
102 � 9 134 � 24 �0.001
37.9 � 6.1 49.4 � 8.9 �0.001

10 � 10 25 � 13 �0.001
33 � 8 17 � 5 �0.001
38 � 5 39 � 9 �0.05
38 � 17 46 � 18 �0.05
29 � 4 28 � 8 0.80
53 � 12 51 � 11 0.77
8.3 � 2.1 6.5 � 2.4 �0.001

�8.3 � 2.3 �6.8 � 2.4 �0.001
�26.4 � 4.4 �21.0 � 4.5 �0.001
�1.8 � 0.6 �1.4 � 0.4 0.001

4.9 � 0.5 5.0 � 0.4 �0.05
46 � 11 58 � 17 �0.001

ft ventricular; LVEDD � left ventricular end-diastolic diameter; PAP � pulmonary
Char

ight
.9 kg/

6)

10
11
0.10

5
14
6
2.0
10
4.5
5
7
6
13
6
11
2.0
2.4
4.6
0.5
0.5
10
.2% for �, and 0.1 � 0.1 s�1 for SR.
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ISCUSSION

he results of this study show obese and overweight subjects
ho have no clinically appreciable respiratory conditions
esides OSA have RV dilation and reduced RV longitudinal
ystolic and diastolic function. These changes were unre-
ated to the presence or the severity of OSA but appear
elated to the degree of obesity.
revious studies of cardiac function in obesity. Earlier

tudies attributed RV changes in obesity preponderantly to
leep disordered breathing. In such patients, RV hypertro-
hy (13–15) and reduced RV ejection fraction (16,17) may
e independent of pulmonary hypertension (16). However,
he relative role of obesity and OSA in these previous
tudies was difficult to identify due to the significant overlap
etween obesity and OSA, and as indeed is the role of
besity relative to other covariates such as diabetes mellitus
nd hypertension (18). Interestingly, similar to our findings,
V dimensions and RV systolic function were not shown to
e significantly different between subgroups with OSA of
aried severity in the Framingham Heart study (13).

Figure 3. Relationship of body mass index with (a) right ventricular (RV

Table 3. Independent Predictors of RV sm and

RV sm (R2 � 0.31

�

Age �0.15 (�0.11 to 0.02)
BMI �0.44 (�0.15 to �0.04)
Arterial pressure 0.13 (�0.02 to 0.08)
Log insulin �0.17 (�1.40 to 0.25)
Abbreviations as in Table 1.
otential mechanisms of RV dysfunction in obesity. Right
entricular functional changes in obese subjects are probably
ultifactorial. Right ventricular dilation (from intravascular

olume overload) may increase myocardial oxygen con-
umption and ventricular wall stress (19). Second, although
here was no independent effect of insulin resistance in this
tudy, its effect on myocardial performance is still plausible.
he metabolic effects of insulin resistance on myocyte

unction have been shown in vitro (20), and a clinical study
lso demonstrated its link with altered myocardial substrate
etabolism and contractile function (21). Third, severe
SA may be responsible for hemodynamic disturbances as
ell as sympathetic nervous system activation after apnea

ermination (13), and these acute changes may lead to
ardiovascular remodeling (22). Fourth, significant pulmo-
ary hypertension would be expected to be an important

nfluence on RV function, and despite our inability to detect
ignificant pulmonary hypertension in those with an obtain-
ble TR jet, incomplete data on pulmonary pressure remain
n important limitation of the study.

(b) peak strain �, (c) peak strain rate, and (d) RV em in the four groups.

em in Overweight and Obese Patients

RV em (R2 � 0.26)

p � p

0.14 �0.30 (�0.17 to �0.02) �0.05
0.01 �0.41 (�0.18 to �0.03) �0.05
0.23 0.10 (�0.04 to 0.10) 0.27
0.17 �0.05 (�1.23 to 0.99) 0.20
RV

)

�
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ssociation of RV and LV dysfunction in obesity. Simi-
ar reports of reduced tissue velocity in the LV myocardium
1) likely reflect the systemic nature of the underlying
athophysiology, both in terms of preload and metabolic
ffects. An exception regarding ventricular interaction re-
ates to circumstances when LV performance may be af-
ected by displacement of the interventricular septum from
levated RV volume or pressure (23). Similarly elevated LV
lling pressure can translate to elevated RV pressure and
ence RV abnormalities, but it is less plausible that such

nteraction exists with subclinical LV dysfunction. Interest-
ngly, although duration of obesity is a predictor of LV mass
nd LV diastolic function, it was not associated with RV
haracteristics.
onclusions. This study demonstrates the presence of

ubclinical RV dysfunction in patients with overweight and
besity that was not explained by OSA, diabetes, hyperten-
ion, or other comorbidities. Such early RV changes are
elated to the degree of obesity and functional capacity and
ndependent of presence of sleep-disordered breathing or its
everity. The possible metabolic associations of these myo-
ardial changes warrant further investigation by examining
he response to various therapies, including weight loss and
reatment of insulin resistance. Finally, TDI, which has a
ore robust signal-to-noise ratio compared to strain imag-

ng, may provide a useful tool to monitor the disease process
nd treatment response of this subclinical myocardial
ysfunction.

eprint requests and correspondence: Prof. Thomas H. Mar-
ick, University of Queensland Department of Medicine, Princess
lexandra Hospital, Ipswich Road, Brisbane Qld 4102, Australia.
-mail: tmarwick@soms.uq.edu.au.
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