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Background: Various studies have reported a close correlation between real-time three-dimensional
echocardiography (RT3DE) and cine magnetic resonance imaging studies for the assessment of cardiac
volumes and mass.
Objective: The aim of our study was to evaluate changes in left ventricular volumes and mass in subjects with
different pathophysiological conditions. A ratio between left ventricular mass and end-diastolic volume (LVRI),
detected by RT3DE, was used to describe various patterns of left ventricular remodelling.
Methods: RT3DE was performed to calculate left ventricular end-diastolic (LVEDV) and end-systolic volume
(LVESV), ejection fraction (LVEF) and mass in 220 selected subjects. Of these, 152 were healthy volunteers,
19 top-level rowers, 23 patients with dilated cardiomyopathy and 26 patients with hypertrophic
cardiomyopathy. Off-line analysis was performed by two independent operators by tracing manual
endocardial and epicardial borders of the left ventricle through eight cutting planes. Inter- and intra-observer
variability were calculated.
Results: Despite the increase in LV volume and mass in the rowers, LVRI remained unchanged compared with
control subjects (p = 0.455), while significantly lower values were found patients with dilated cardiomyopathy
(p,0.001) and significantly higher values in patients with hypertrophic cardiomyopathy (p,0.001). There
was inter- and intra-observer variability.
Conclusion: The LVRI may serve as a simple and useful indicator of left ventricular adaptation to physiological
and pathological conditions.

L
eft ventricular (LV) remodelling may be defined as a
modification in shape, size, and function of the left ventricle
due to physiological or pathological conditions.1 2 For

example, an adaptation to increased haemodynamic overload
induced by chronic and intensive exercise has been extensively
described and reported as ‘‘athlete’s heart’’.3 4 In contrast,
pathological changes can be seen in different primary and
secondary disorders of the ventricles due to ischaemic
cardiomyopathy, hypertension, valvular heart disease, and
hypertrophic and dilated cardiomyopathy.5–9

LV remodelling is a result of many disorders that include
changes not only in LV cavity size but also in LV volume. While
the importance of LV remodelling is well recognised, most
clinical studies and trials examining remodelling rely primarily
on changes in LV diameter or cavity area, or, in a few studies,
LV volumes measured by either two-dimensional (2D) echo-
cardiography or radionuclide methods.10–14 Few clinical inves-
tigations have focused on a combination of LV volume and
mass. For many years, morphological and volumetric assess-
ment of the left ventricle has been based on 2D echocardio-
graphy. However, this approach has some limitations,
principally due to the use of geometric assumptions for deriving
volumetric parameters, a high interobserver variability and a
probe positioning bias. The ideal imaging technique for the
assessment of serial ventricular volumes should be widely
available, accurate and reproducible. Real-time three-dimen-
sional (3D) echocardiography can meet these criteria.15–19

In the present study, we have studied left ventricular volume,
mass and ejection fraction changes in a heterogeneous

population including healthy volunteers, athletes with hyper-
physiological adaptation to continuous intensive training, and
patients with pathological conditions such as dilated and
hypertrophic cardiomyopathy. We propose a new index called
the left ventricular remodelling index (LVRI) as the ratio
between left ventricular mass (LVM) and left ventricular end-
diastolic volume (LVEDV) derived from real-time 3D data sets.

METHODS
The study was carried out at three centres: ‘‘La Sapienza’’
University Hospital, Rome, Italy, the National Institute of
Sports Medicine, Rome, Italy and Tufts-New England Medical
Center, Boston, USA. All subjects gave their written informed
consent for the study. The study was approved by the research
ethics committees of the three centres.

Study population and patient selection
The study population consisted of 224 selected subjects. Of these,
152 were healthy volunteers (V), 19 were top-level athletes (A),
27 were patients affected by dilated cardiomyopathy (DC) and 26
were patients affected by hypertrophic cardiomyopathy (HC).

Abbreviations: A, athletes; 3D, three-dimensional; DC, patients with
dilated cardiomyopathy; ECG, electrocardiogram; HC, patients with
hypertrophic cardiomyopathy; ICC, inter- and intra-class correlation
coefficient; IQR, interquartile range; LVEDV, left ventricular end-diastolic
volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-
systolic volume; LVM, left ventricular mass; LVRI, left ventricular remodelling
index; RT3DE, real-time three-dimensional echocardiography; V,
volunteers; 95% CI, 95% confidence interval
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Selection criteria and classification in each subgroup were based
on clinical history, blood pressure, clinical examination, electro-
cardiogram (ECG) findings and 2D/Doppler echocardiography.

The 152 healthy volunteers (124 males and 28 females)
satisfied the following criteria: normal physical examination,
normal blood pressure (,135 mm Hg and ,80 mm Hg),
normal ECG findings, no history of chest pain or dyspnea, no
diabetes, and normal 2D echocardiographic and Doppler
examination. None of the subjects was on medication. Any
potential subjects with evidence of heart disease, hypertension
or other systemic disorders were excluded from the study.

The athletes were members of the Italian Olympic Rowing
Team, selected on the basis of long-term exercise conditioning
(.3 consecutive years) with a high level of achievement in the
World Championships and Olympic Games. All the athletes
were periodically screened at the National Institute of Sports
Medicine.20–22

Within the dilated cardiomyopathy group, 18 patients were
diagnosed with ischaemic cardiomyopathy and nine with
idiopathic dilated cardiomyopathy. The diagnosis of dilated
cardiomyopathy was based on M-mode and 2D/Doppler
echocardiographic examination demonstrating an end-diastolic
diameter .3.2 cm/m2 and a left ventricular ejection fraction
(LVEF) ,40%.23 The patients with ischaemia had a history of
myocardial infarction with ECG evidence of Q waves and
documented echocardiographic akinetic/dyskinetic wall-motion
abnormalities. In addition to satisfying the aforementioned
echocardiographic criteria, the patients with primary idiopathic
dilated cardiomyopathy had had a normal coronary angiogra-
phy performed within the previous 6 months.

The diagnosis of hypertrophic cardiomyopathy was deter-
mined in 26 patients by 2D echocardiography on the basis of a
non-dilated and hypertrophic left ventricle, in the absence of
any other cardiac or systemic disease capable of producing wall
thickening of similar magnitude.24 25 Of these, seven patients
had obstruction; none of the others had .30 mm Hg peak
Doppler gradient in the left ventricular outflow tract under
basal conditions. Moreover, none of the 26 patients had a
qualitative mitral regurgitation of more than 2+/4+.

General exclusion criteria were any of: systemic blood
pressure .140 mm Hg, atrial fibrillation, poor echocardiographic

acoustic window, or significant mitral or aortic regurgitation
(.2+/4+).

Two-dimensional echocardiography
Two-dimensional echocardiography was carried out by expert
cardiologists using a commercial ultrasound machine (Sonos
7500, Philips, Andover, MA, USA) with an S3 probe (2–4 MHz).
A complete examination was carried out on each subject
including 2D and Doppler analysis. The assessment of left
ventricular wall thickness and internal diameter was performed
in the parasternal long-axis view. The LVEF was estimated in
four- and two-chamber windows using the modified Simpson’s
method.

Three-dimensional echocardiography
Real-time three-dimensional echocardiography (RT3DE) was
performed by expert cardiologists using a Sonos 7500 system
with Live 3D Echo (Philips) equipped with the X4 transducer.
The acquisition time for RT3DE was recorded for multiple full
volume data sets from the apical four-chamber view. Three
acquisitions performed in the full-volume mode were stored for
each patient and analysed off-line with 4D Echo-View (version
5.2; TomTec, Unterschleissheim, Germany). LVEDV and end-
systolic volume (LVESV), LVEF and LVM were measured by
manual tracing of epicardial and endocardial borders through
eight different rotational cutting planes obtained through the
LV long axis in end-diastole and end-systole; papillary muscles
were excluded from tracing. LVM was determined by multi-
plying the volumetric value by the relative density of the
myocardium (1.05 g/ml) (fig 1).

The LVRI was obtained by calculating the ratio of LVM to
LVEDV. The time taken for the off-line quantitative analysis of
the 3D data sets was also recorded.

Statistical analysis
All data are expressed as mean¡standard deviation or median
values (interquartile range, IQR). Differences in echocardio-
graphic parameters were examined using one-way analysis of
variance (ANOVA) followed by a Scheffe post-hoc test.

To determine the interobserver variability, all measurements
were taken by two observers blinded to the values obtained

Figure 1 Off-line analysis: endocardial and epicardial border tracing through eight different cutting planes to determine left ventricular end-diastolic
volume (on the left) and mass (on the right).
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during the selection process. To assess intra-observer varia-
bility, all measurements were repeated 1 week later by an
observer blinded to the results of the previous measurements.
Inter- and intra-observer variability were assessed using the
inter- and intra-class correlation coefficient (ICC).

RESULTS
Table 1 shows the demographic characteristics, and the 2D and
3D echocardiographic parameters.

The healthy volunteers and the top-level athletes were
younger than the groups with dilated and hypertrophic
cardiomyopathy. The proportions of males and females were
the same in all groups. The measured differences concerning LV
volumes and wall thickness using 2D echocardiography were
significant for each group with the exception of LVEF in groups
V and A, left ventricular interventricular septum (LVIVS) in
groups V and DC, and LVEDV in groups V and HC.

Feasibility of RT3DE
The acquisition of RT3DE data sets was feasible in all patients
except for four patients whose heart size exceeded that of the
pyramidal scan volume. These four patients had dilated
cardiomyopathy with an extremely large left ventricle.
Therefore, these patients were excluded from the analysis,
and the data on the remaining 220 patients were examined. The
acquisition time was approximately 8 s for each full volume
scan, and the time for LV volume and mass quantitative
evaluation ranged from 8 to 10 min.

Three-dimensional echocardiography
Significant differences were found between athletes and
healthy volunteers in terms of mean LVEDV (196.2 v
106.4 ml; p,0.001), LVESV (82.8 v 40.8 ml; p,0.001) and
LVM (218.8 v 109.1 g; p,0.001). A small but statistically
significant difference was also found for the LVEF (57.5 v
61.6%; p = 0.02), while the LVRI was similar in the two groups
(1.03 v 1.13; p = 0.455).

Patients with dilated cardiomyopathy showed significantly
higher values for LVEDV (287.1 v 106.4 ml; p,0.001), LVESV
(207.8 v 40.8 ml; p,0.001) and LVM (157.5 v 109.1 g; p,0.001)
compared with healthy volunteers, while the LVEF values (27.9

v 61.6%; p,0.001) and LVRI (0.55 v 1.03; p,0.001) were
significantly lower in the dilated cardiomyopathy group.
Finally, patients with hypertrophic cardiomyopathy showed
the highest values for LVM (262.1 v 109.1; p,0.001) and LVRI
(2.40 v 1.03; p,0.001) while the differences were not
significant for LVEDV, LVESV and LVEF compared with the
healthy volunteers. Figures 2 and 3 show the distribution of the
LVRI in the different groups.

Three-dimensional inter- and intra-observer variability
There was inter- and intra-observer variability. The inter-
observer ICC was 0.60 for LVESV (95% confidence interval (CI)
0.54 to 0.66), 0.63 for LVEDV (95% CI: 0.58 to 0.68), 0.57 for
LVEF (95% CI: 0.52 to 0.62) and 0.62 for LVM (95% CI: 0.56 to
0.68).

The intra-observer ICC was 0.68 for LVESV (95% CI: 0.63 to
0.72), 0.74 for LVEDV (95% CI: 0.70 to 0.80), 0.67 for LVEF
(95% CI: 0.62 to 0.72) and 0.72 for LVM (95% CI: 0.68 to 0.76).

DISCUSSION
The novel aspects of this study are: (a) the application of real-
time 3D echocardiography in subjects with varying load
conditions and LV function, and (b) the introduction of a
new parameter for quantifying left ventricular remodelling, the
LVRI.

The LVRI expresses the relationship between LVM and
LVEDV. This simple ratio may be extremely useful in
differentiating between normal and pathological adaptations
of the left ventricle. Moreover, it could have an especially valid
application in serial 3D echocardiographic examinations to
monitor changes in the left ventricle in patients with
cardiovascular disease. The ability to quantify the degree of
LV remodelling and monitor its progression has important
clinical and research implications in patients with LV volume
overload or dysfunction.

In our survey, the healthy volunteers had a balanced ratio
between volume and mass that was also found in the athlete
population. Thus, despite the high level of conditioning and the
development of an increased LVM and LVEDV, the ratio
between the two remains constant, thus demonstrating the

Table 1 Demographic characteristics and LV parameters detected by RT3DE in the study population

Subjects

Healthy
volunteers
(V)

Top-level
athletes
(A)

p Value
V v A

Dilated
cardiomyo-

pathy
(DC)

p Value
V v DC

p Value
DC v A

Hypertrophic
cardiomyo-
pathy
(HC)

p Value
V v HC

p Value
DC v HC

p Value
A v HC

Number 152 19 23 26
Age, years 38 (32–45) 25 (23–27) ,0.001 56 (51–59) ,0.013 ,0.001 50 (46–54) ,0.001 0.387 ,0.001
Male, n (%) 105 (69) 15(79) 0.438 19 (83) 0.225 1.000 18 (69) 1.000 0.333 0.517
BSA, m2 1.88¡0.19 2.07¡0.20 ,0.001 1.91¡0.18 0.478 0.009 1.96¡0.20 0.627 0.365 0.075
2D echo

LVIVS, mm 9.2¡1.4 11.8¡0.8 ,0.001 8.7¡0.7 0.095 ,0.001 17.4¡3.3 ,0.001 ,0.001 ,0.001
LVPW, mm 8.6¡1.3 11.0¡0.6 ,0.001 7.7¡0.8 0.002 ,0.001 13.7¡1.5 ,0.001 ,0.001 ,0.001
LVEDV, ml 46.4¡7.3 55.3¡4.9 ,0.001 62.8¡5.3 ,0.001 ,0.001 45.8¡3.9 0.683 ,0.001 ,0.001
LVESV, ml 28.8¡5.3 35.4¡8.1 ,0.001 48.5¡4.1 ,0.001 ,0.001 22.1¡5.5 ,0.001 ,0.001 ,0.001
VEF, % 60¡7 59¡6 0.552 30¡8 ,0.001 ,0.001 65¡5 ,0.001 ,0.001 ,0.001

3D echo
LVEDV, ml 106.43¡22.03 196.16¡34.45 ,0.001 287.06¡57.71 ,0.001 ,0.001 111.47¡25.93 ,0.001 ,0.001 ,0.001
LVEDV, ml/m2 56.61¡11.72 94.76¡16.64 150.20¡30.21 56.87¡13.23
LVESV, ml 40.84¡9.56 82.79¡14.9 ,0.001 207.76¡52.74 ,0.001 ,0.001 43.41¡14.95 ,0.001 ,0.001 ,0.001
LVESV, ml/m2 21.72¡5.09 40.00¡7.20 108.77¡27.61 22.15¡7.63
LVM, g 109.62¡24.21 218.81¡34.41 ,0.001 157.46¡43.23 ,0.001 ,0.001 262.09¡77.87 ,0.001 0.003
LVM, g/m2 58.31¡12.88 105.71¡18.56 82.44¡22.63 133.72¡39.73
LVEF, % 62¡6 60¡5 0.166 28¡8 ,0.001 61¡7 0.108
LVRI 1.03¡0.12 1.12¡0.14 0.455 0.55¡0.09 ,0.001 2.40¡0.67

Left ventricular volumes and mass are reported as absolute values (mean¡standard deviation) and indexed by body surface area. BSA, body surface area; LVEDV, left
ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; LVIVS, left ventricular interventricular septum; LVM,
left ventricular mass; LVPW, left ventricular posterior wall; LVRI, left ventricular remodelling index.
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balanced and appropriate remodelling that occurs in high-level
long-endurance training.

Dilated cardiomyopathy subjects showed very high values for
LVEDV, but LVM did not increase to the same degree. This
resulted in significantly lower LVRI values, indicating the
eccentric remodelling found in these subjects caused by
massive volume overload and progressive chamber dilation
not compensated for by an adequate wall-thickness increase.

Patients with hypertrophic cardiomyopathy showed normal
volumes, normal or increased systolic function, and the highest
values for LVM. The LVRI was very high in these patients,
reflecting the substantial degree of hypertrophy. The highest
standard deviation for the LVRI was also found in patients with
hypertrophic cardiomyopathy, ranging from 1.56 to 4.21 g/ml,
with a mean value of 2.40¡0.67 g/ml. This was mostly
determined by a high intragroup variability in terms of LVM
with a very high range (from 136.8 to 431.6 g).

Left ventricular shape plays an important role in prognostic
stratification of patients affected by cardiovascular diseases.
Several studies have focused on the adaptation of the left
ventricle to pressure or volume overload in various cardiac
disorders.26–30 Using echocardiographic methods, the geometry
of the left ventricle has been classified on the basis of LVM and

relative wall thickness in order to assess changes in its
morphology, particularly in patients with systemic hyperten-
sion.9 31 The development of increased LVM is widely recognised
as a risk factor for cardiovascular events, independently of
blood pressure, other cardiac risk factors or the presence of
coronary artery disease.32–34 M-mode and 2D techniques have
been reported as over- and/or under-estimating LVM, owing to
the inadvertent use of oblique cuts or apical foreshortening
errors, as well as the use of geometric assumptions.35

Consequently, neither method is sufficiently accurate for
measuring small changes in LVM in serial examinations of
the same subjects, thereby limiting the clinical usefulness of
LVM determination by these techniques. However, these
limitations notwithstanding, these techniques are still used in
both clinical and research follow-up of patients for evaluating
the effect of drug treatment on LVM regression.

Three-dimensional echocardiography has been shown to
have a high level of accuracy and reproducibility in comparison
with cardiac magnetic resonance studies.36–38 In a previous
study, we verified that real-time 3D echocardiography is
accurate in determining LVM in different load conditions.39 In
the current study, we have established that real-time 3D
echocardiographic determination of LVM may be used in
abnormal and asymmetric ventricles. This represents a major
advantage over 2D echocardiography, which is less accurate
and reliable for quantitative analysis of abnormal ventricles.

Information derived from left ventricular diameters, by both
M-mode and 2D echocardiography, has been used to evaluate
LV remodelling in patients with valvular or myocardial heart
diseases. However, these parameters have failed to predict
clinical outcome of patients with and without surgical treat-
ment.40–43 Other studies have demonstrated that an increase in
cardiac size and volume, in the context of impaired LV function,
is a negative predictor of long-term survival after acute
myocardial infarction or in heart failure patients.44 45 Recently,
Mannaerts et al demonstrated that a sphericity index, derived
by real-time 3D echocardiography, is an earlier and more
accurate predictor of remodelling in patients following acute
myocardial infarction than other clinical, electrocardiographic
or echocardiographic variables.46

In the clinical scenario, there is a need for a reproducible and
reliable parameter that expresses modifications in left ventri-
cular geometry for serial assessment of patients over time. In
this context, 2D echocardiography, even though widely avail-
able for LV assessment, has limited test-retest variability.47 48 As
demonstrated by Jenkins et al, RT3DE is a clinically feasible
echocardiographic approach to sequential assessment of LV
volume and mass.16 They pointed out that RT3D echocardio-
graphy provides low test-retest variation and high reproduci-
bility of left ventricular measurement between observers. This
technique assumes particular importance for use in follow-up
testing.

In the current study, we have demonstrated a good
reproducibility of RT3D parameters as regards of inter- and
intra-observer variability. The increased accuracy of RT3D
echocardiography, in both mass and volume determination,
as expressed by the LVRI, would be of value in a large number
of clinical applications and in the sequential assessment of
changes induced by medical and surgical treatment. Future and
further serial echocardiographic examinations of the LVRI
trend in different load conditions will be useful in determining
the effective role of this proposed index in prognostic
stratification of patients affected by various cardiac disorders.

CONCLUSION
The left ventricular remodelling index, which includes changes
in volume and mass, represents a simple and useful parameter

Figure 2 Left ventricular remodelling index (mean values and range) as
distributed in the four groups.

Figure 3 Dispersion of the left ventricular remodelling index in the overall
population.
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for indicating left ventricular adaptations to physiological and
pathological conditions.
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