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Objective: Left ventricular (LV) end-systolic volume indexed to body surface area (ESVI) is a simple yet
powerful echocardiographic marker of LV remodeling that can be measured easily. The prognostic value of
ESVI and its merit relative to other markers of LV remodeling in patients with coronary heart disease are
unknown.
Methods: We examined the association of ESVI with hospitalization for heart failure (HF) and mortality in a
prospective study of patients with coronary heart disease.
Results: Of the 989 participants, 110 (11%) were hospitalized for HF during 3.6 ⫾ 1.1 years of follow-up.
Among participants in the highest ESVI quartile (⬎25 mL/m2), 67 of 248 (27%) developed HF compared with
8 of 248 (3%) among those in the lowest quartile. The association between ESVI and HF hospitalization
persisted after adjustment for potential confounders (hazard ratio 5.0, 95% confidence interval, 1.5-16.9;
P ⫽ .01).
Conclusion: ESVI ⬎25 mL/m2 is an independent predictor of hospitalization for HF in patients with stable
coronary heart disease. (J Am Soc Echocardiogr 2009;22:190-197.)
Keywords: Coronary artery disease, End-systolic volume index, Heart failure hospitalization, Left
ventricular remodeling

Coronary heart disease (CHD) is the strongest risk factor for heart
failure (HF), and when CHD coexists with HF, patients have increased morbidity and mortality compared with those with either
disease alone.1-4 Therefore, early identiﬁcation of patients with CHD
who are at increased risk for HF is of great importance because it
might enable earlier treatment, allow for closer monitoring, and
potentially reduce considerable morbidity and mortality.
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Left ventricular (LV) end-systolic volume (ESV) has been shown to
be an important determinant of survival after myocardial infarction
(MI).5,6 A decrease in ESV with angiotensin-converting enzyme
inhibitor therapy has been associated with a reduction in cardiac
events in patients with moderately decreased LV systolic function.7
By using left ventriculography, ESV has been shown to be an
important predictor of both postoperative LV function and survival
after coronary artery bypass grafting in patients with LV systolic
dysfunction.8,9 The aforementioned studies have consistently shown
that large increases in ESV predict adverse cardiovascular outcomes
in participants with LV systolic dysfunction.
With advances in the treatment of CHD, most patients are living
longer, and the number of patients at risk of and dying of HF
continues to grow.2,4,10 Current HF guidelines11 emphasize early
identiﬁcation of patients who are at risk for morbidity and mortality
from HF, which is important not only for the prevention of HF and
early initiation of therapies for HF but also for the containment of
health care costs associated with treating those with advanced HF.
Echocardiography has become one of the most commonly used
noninvasive modalities for assessment of ventricular volumes and
function,12 and can provide prognostic information for the prediction
of future HF events.13 Although many sophisticated echocardiographic markers exist, ESV is a simple parameter that can be measured easily in clinical practice.14 We sought to study ESV indexed to
body surface area (ESVI) in patients with stable coronary disease to
deﬁne its prognostic value. We hypothesized that ESVI, measured by
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echocardiography, is an important predictor of hospitalization for HF,
even in patients with normal ejection fraction (EF). We also hypothesized that ESVI is a better predictor than other echocardiographic
measures of LV systolic and diastolic enlargement, and that even
subtle increases in ESVI would have prognostic importance. We
therefore studied the relationship between ESVI and adverse cardiovascular outcomes, including HF hospitalization, in a cohort of 989
ambulatory patients with CHD.
MATERIALS AND METHODS
Participants
The Heart and Soul Study is a prospective cohort study of psychosocial factors and health outcomes in patients with CHD. Details
regarding recruitment procedures and inclusion and exclusion criteria
have been published.15 The study involved 3 medical centers and 9
public health clinics in the San Francisco Bay Area. Patients were
eligible to participate if they met one of the following inclusion
criteria: history of MI, angiographic evidence of more than 50%
stenosis in 1 or more coronary vessels, evidence of exercise-induced
ischemia by treadmill testing, or history of coronary revascularization.
Between September 2000 and December 2002, a total of 1024
participants enrolled. Participants completed a baseline study appointment that included a medical history interview, a physical
examination, an exercise treadmill test with a baseline and stress
echocardiogram, and a comprehensive health status questionnaire.
We excluded 35 participants for whom the LVESV could not be
accurately determined for technical reasons (poor acoustic windows).
The remaining 989 participants constituted the analytic sample for
our analysis. This protocol was approved by the appropriate institutional review boards, and all participants provided written, informed
consent.
End-systolic Volume Index
A complete resting 2-dimensional (2D) echocardiogram and Doppler
ultrasound examination, including all standard views and subcostal
imaging of the inferior vena cava, was performed with a 3.5-MHz
transducer (Acuson Sequoia Ultrasound System, Mountain View,
CA). A single experienced reader (N.B.S.), blinded to the clinical
history, physical examination, laboratory data, and outcome variables, interpreted all echocardiograms and veriﬁed LV volumetric
analyses completed by 2 research sonographers. LVESV was calculated using the biplane method of discs (modiﬁed Simpson’s rule) in
the apical 4- and 2-chamber views at end systole, as recommended by
the American Society of Echocardiography12 and as has been validated elsewhere.16-22 ESVI was then calculated as ESV divided by
body surface area.
Outcome Variables
We conducted annual telephone follow-up interviews with participants (or their proxy) to inquire about death or hospitalization for
“heart trouble.” For any reported event, medical records, electrocardiograms, death certiﬁcates, and coroner’s reports were retrieved and
reviewed by 2 independent and blinded adjudicators. If the adjudicators agreed on the outcome classiﬁcation, their classiﬁcation was
binding. If they disagreed, they conferred, reconsidered their classiﬁcation, and requested consultation from a third blinded adjudicator as
necessary.
HF was deﬁned using the Framingham criteria.23,24 In brief, an HF
outcome required that a participant be hospitalized for a clinical
syndrome involving at least 2 of the following: paroxysmal nocturnal
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dyspnea, orthopnea, elevated jugular venous pressure, pulmonary
rales, third heart sound, cardiomegaly on chest radiography, or
pulmonary edema on chest radiograph. These clinical signs and
symptoms must have represented a clear change from the normal
clinical state of the patient and have been accompanied by either
failing cardiac output as determined by peripheral hypoperfusion (in
the absence of other causes such as sepsis or dehydration) or
peripheral or pulmonary edema requiring intravenous diuretics, inotropic medications, or vasodilators. Supportive documentation of
reduced cardiac index, increased pulmonary capillary wedge pressure, decreased oxygen saturation, and end-organ hypoperfusion, if
available, were considered in the analysis.23,24
Other Measurements
Age, sex, medical history, and smoking status were determined by
patient questionnaire. A trained research assistant reviewed each
patient’s baseline medications at the initial study visit. Systolic and
diastolic blood pressures were measured with participants lying
supine after 5 minutes of rest using a calibrated sphygmomanometer
by trained study personnel. Pulse pressure was calculated as systolic
minus diastolic blood pressure. We measured weight and height and
calculated body mass index (kilograms/meters squared). Laboratory
measurements, including serum creatinine, total cholesterol, highdensity lipoprotein cholesterol, low-density lipoprotein cholesterol,
and N-terminal pro-B-type natriuretic peptide (NT-proBNP), were
measured from sera after overnight fast. We measured creatinine
clearance from 24-hour urine collections. During echocardiography,
we obtained standard views and measured left atrial volume (biplane
method of discs), LV dimensions (2D-guided M-mode), LV volumes
(biplane method of discs), LV mass index (truncated ellipsoid
method), and calculated EF ([end-diastolic volume {EDV}-ESV]/EDV)
according to published guidelines.12 We deﬁned 5 categories of
diastolic function (normal, impaired relaxation, pseudonormal, restrictive, and indeterminate) according to published criteria24 by
using early (E) and late (A) mitral inﬂow velocities, E deceleration
time, pulmonary vein systolic/diastolic ﬂow ratio, and the difference
between pulmonary vein A-wave reversal and mitral inﬂow A duration. We also evaluated for valvular abnormalities, and for the
purposes of our analyses, aortic and mitral regurgitation were considered present if moderate or greater in severity. Regurgitation severity
was determined using published guidelines.25 All subjects also underwent exercise echocardiography (as described in detail previously26)
for the detection of exercise-induced ischemia.
Statistical Analysis
Differences in baseline characteristics in participants between ESVI
quartiles were compared using analysis of variance (or nonparametric
equivalent) for continuous variables and chi-square tests for categoric
variables. To examine the relative utility of ESVI as a diagnostic test to
predict HF, we generated receiver operating characteristic (ROC)
curves for LV end-systolic dimension index, ESVI, end-diastolic volume index (EDVI), and EF, and ROC curves were compared using a
standard nonparametric test described by DeLong et al.27
We used a Cox proportional hazards multivariable analysis with
ESVI as the predictor variable and HF, death, and a combined end
point (HF or death) as the outcome variables. We then conducted a
similar analysis with ESVI as the predictor and incident HF as the
outcome variable. The Cox proportional hazard models were adjusted for the following variables on the basis of an association with
ESVI on univariate analysis at a signiﬁcance level of P less than .05:
sex; body mass index; systolic and diastolic blood pressure; log
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Table 1 Baseline characteristics of participants by end-systolic volume index quartile
ESVI quartile

Variable

Demographics:
Age (y)
Male, n (%)
Medical history:
Hypertension, n (%)
Diabetes mellitus, n (%)
Prior MI, n (%)
Smoker, n (%)
HF, n (%)
Alcohol use, n (%)
Physically active, n (%)
NYHA class, n (%)
I
II
III
IV
Medication use:
ACEI or ARB, n (%)
Beta-blocker, n (%)
Statin, n (%)
Diuretic,† n (%)
Laboratory data:
Body mass index (kg/m2)
Total cholesterol (mg/dL)
LDL cholesterol (mg/dL)
HDL cholesterol (mg/dL)
Creatinine (mg/dL)
Creatinine clearance (mL/min)
NT-proBNP (pg/mL)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Pulse pressure (mm Hg)

I
<13 mL/m2
(N ⴝ 247)

II
13-17 mL/m2
(N ⴝ 248)

III
17-25 mL/m2
(N ⴝ 246)

IV
>25 mL/m2
(N ⴝ 248)

P value

67 ⫾ 11
171 (70)

66 ⫾ 10
190 (77)

66 ⫾ 11
225 (91)

67 ⫾ 11
220 (89)

.71
⬍.0001

171
68
114
47
26
66
168

(69)
(28)
(47)
(19)
(11)
(27)
(68)

186
65
111
48
27
75
148

(75)
(26)
(45)
(19)
(11)
(30)
(60)

171
61
128
46
38
73
152

(70)
(25)
(53)
(19)
(16)
(30)
(62)

168
64
177
55
83
69
158

(68)
(26)
(72)
(22)
(34)
(28)
(64)

.36
.94
⬍.0001
.82
⬍.0001
.82
.24
.68*

84
105
43
15

(34)
(43)
(17)
(6)

98
95
45
9

(40)
(38)
(18)
(4)

101
98
39
9

(41)
(39)
(16)
(4)

86
100
46
15

(35)
(40)
(19)
(6)

111
124
152
54

(45)
(50)
(62)
(22)

116
142
153
77

(47)
(57)
(62)
(31)

118
155
159
59

(48)
(63)
(65)
(24)

158
149
169
101

(64)
(60)
(68)
(40)

28.6
183.7
107.7
47.4
1.1
83.6
181
133.3
75.1
58.2

⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

5.1
41.5
33.3
13.9
0.54
27.5
328
20.0
11.4
16.2

29.1
175.8
103.8
45.2
1.1
82.1
282
136.2
76.4
59.8

⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

5.1
40.3
33.3
12.3
0.72
27.0
361
20.5
10.3
16.8

28.5 ⫾ 5.4
177.3 ⫾ 38.9
103.9 ⫾ 31.4
44.7 ⫾ 14.0
1.2 ⫾ 0.76
83.3 ⫾ 29.2
509 ⫾1414
131.8 ⫾ 20.6
74.2 ⫾ 11.0
57.6 ⫾ 15.5

27.4 ⫾ 5.1
174.1 ⫾ 48.6
101.7 ⫾ 36.7
45.1 ⫾ 14.8
1.2 ⫾ 0.68
76.6 ⫾ 30.2
1186 ⫾ 2766
131.2 ⫾ 22.4
73.3 ⫾ 12.0
57.9 ⫾ 16.7

⬍.0001
.03
.37
⬍.0001
.004
.07
.27
.11
.13
.02
⬍.0001
.04
.01
.47

MI, Myocardial infarction; NYHA, New York Heart Association; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker;
ESVI, end-systolic volume index; LDL, low-density lipoprotein; HF, heart failure; HDL, high-density lipoprotein; NT-proBNP, N-terminal pro-B-type
natriuretic peptide.
Plus-minus values are mean ⫾ standard deviation.
*Across all groups of New York Heart Association class.
†Diuretic therapy includes both loop and thiazide diuretics.

NT-proBNP (because NT-proBNP levels were right-skewed, we logtransformed this variable to normalize its distribution); measured
creatinine clearance; history of HF; history of MI; use of beta-blockers,
diuretics, or renin-angiotensin system antagonists; LV mass index;
diastolic function; left atrial volume index; mitral regurgitation; inducible ischemia; EF; and EDVI. Cumulative incidence curves were then
generated to illustrate differences in risk-adjusted rate of HF. We used
the Stata “LOWESS” command to generate a smoothed locally
weighted scatterplot (LOWESS) curve to graphically depict the relationship between ESVI and HF outcome in the overall cohort.
To explore whether ESVI independently predicted HF hospitalizations in participants with preserved EF, we used an adjusted Cox
proportional hazards model to determine if there was a difference in
the risk of HF in the subgroup of patients with EF ⱖ 50%. We also
performed unadjusted subgroup analyses by age, gender, history of
MI, history of HF, creatinine clearance, NT-proBNP, and EF, and
constructed a hazard ratio (HR) plot to display our results. All analyses

were performed using Stata (version 9, StataCorp LP, College Station,
TX).

RESULTS
Of the 1024 total subjects enrolled in the Heart and Soul Study, we
were able to measure ESV in the majority (989/1024, 97%). For the
remaining 35 patients (3% of the cohort), ESVI could not be measured because of poor acoustic windows. Of the 989 subjects with
ESVI data, 109 (11%) were hospitalized for HF during 3.6 ⫾ 1.1
years (3485 person-years) of follow-up. The mean lengths of follow-up from the ﬁrst to fourth quartiles of ESVI were 3.8 ⫾ 0.9 years,
3.6 ⫾ 0.9 years, 3.7 ⫾ 1.1 years, and 3.2 ⫾ 1.5 years, respectively
(P ⫽ .0001 by Kruskal-Wallis statistic). The highest quartile of ESVI
had the shortest mean length of follow-up because more patients
died in this subgroup. Compared with participants in the lower ESVI
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Table 2 Echocardiographic characteristics of participants by end-systolic volume index quartile
ESVI quartile

Variable

EF, n (%)
LV mass index (g/m2)
LV end-systolic dimension index (cm/m2)
LV end-diastolic dimension index (cm/m2)
LV EDVI (mL/m2)
LA volume index (mL/m2)
IVRT (msec)
E-wave velocity (m/s)
A-wave velocity (m/s)
E/A ratio
E-wave deceleration time (msec)
Right atrial pressure (mm Hg)
Aortic regurgitation, n (%)
Mitral regurgitation, n (%)
Diastolic function:
Normal, n (%)
Impaired relaxation, n (%)
Pseudo-normal, n (%)
Restrictive, n (%)
Indeterminate, n (%)
Exercise-induced ischemia, n (%)

I
<13 mL/m2
(N ⴝ 247)

II
13-17 mL/m2
(N ⴝ 248)

III
17-25 mL/m2
(N ⴝ 246)

IV
>25 mL/m2
(N ⴝ 248)

69.0 ⫾ 4.7
84.6 ⫾ 20.0
1.74 ⫾ 0.42
2.61 ⫾ 0.43
35.9 ⫾ 5.9
26.5 ⫾ 7.9
116.5 ⫾ 25.5
0.77 ⫾ 0.2
0.82 ⫾ 0.3
1.0 ⫾ 0.39
247.4 ⫾ 60.6
5.2 ⫾ 1.1
22 (9)
20 (8)

65.6 ⫾ 4.5
91.2 ⫾ 18.6
1.76 ⫾ 0.36
2.65 ⫾ 0.41
43.9 ⫾ 6.3
31.2 ⫾ 8.8
117.5 ⫾ 23.2
0.77 ⫾ 0.2
0.80 ⫾ 0.2
1.0 ⫾ 0.35
239.9 ⫾ 54.8
5.3 ⫾ 1.5
30 (12)
32 (13)

61.7 ⫾ 6.1
99.1 ⫾ 24.1
1.84 ⫾ 0.39
2.73 ⫾ 0.40
53.1 ⫾ 7.2
34.6 ⫾ 11.4
115.1 ⫾ 25.5
0.77 ⫾ 0.2
0.76 ⫾ 0.2
1.1 ⫾ 0.41
242.8 ⫾ 61.0
5.3 ⫾ 1.3
31 (13)
44 (18)

50.6 ⫾ 9.8
116.9 ⫾ 30.3
1.97 ⫾ 0.53
2.83 ⫾ 0.57
73.8 ⫾ 18.8
39.6 ⫾ 14.7
118.7 ⫾ 30.0
0.78 ⫾ 0.3
0.76 ⫾ 0.3
1.1 ⫾ 0.66
234.2 ⫾ 73.6
5.4 ⫾ 1.7
33 (13)
89 (36)

146
57
11
14
19
32

(59)
(23)
(4)
(6)
(8)
(14)

152
42
14
18
21
35

(61)
(17)
(6)
(7)
(9)
(16)

138
46
21
16
26
53

(56)
(19)
(8)
(6)
(11)
(23)

97
57
26
38
30
95

(39)
(23)
(10)
(15)
(12)
(43)

P value

⬍.0001
⬍.0001
⬍.0001
.0006
⬍.0001
⬍.0001
.49
.94
.05
.005
.13
.27
.43
⬍.0001
⬍.0001*

⬍.0001

LV, Left ventricular; ESVI, end-systolic volume index; EDVI, end-diastolic volume index; LA, left atrial; IVRT, isovolumic relaxation time; E, early mitral
inflow; A, late (atrial) mitral inflow; EF, ejection fraction.
Plus-minus values are mean ⫾ standard deviation.
*Across all 5 groups of diastolic function.

quartiles, those in the highest quartile were more likely to be male, to
have a history of HF and MI, and to be receiving a renin-angiotensin
system antagonist, beta-blocker, and diuretic therapy (Table 1). Those
in the highest ESVI were also more likely to have a higher NTproBNP level, a lower BMI, and lower systolic and diastolic blood
pressures. Serum creatinine was similar between groups, but 24-hour
urinary creatinine clearance was lower in participants in the highest
ESVI quartile.
By echocardiography, participants in the highest ESVI quartile had
a lower EF, higher EDVI, higher left atrial volume index, higher LV
mass index, lower A-wave velocity, and a higher E/A ratio. Participants in the highest ESVI quartile were more likely to have diastolic
dysfunction, mitral regurgitation of moderate or greater severity, and
inducible ischemia (Table 2). Participants in the highest ESVI quartile
had a mean ESVI of 37.5 ⫾ 15.6 mL/m2. The median ESVI among
participants in the highest quartile was 32 mL/m2, and the interquartile range was 26.7 to 41.8 mL/m2.
During 3.6 ⫾ 1.1 years of follow-up, we observed increased HF
hospitalization and mortality among participants in the highest ESVI
quartile (Figure 1). In the unadjusted analysis, 67 (27%) participants
in the highest ESVI quartile (ESVI ⬎ 25 mL/m2) were hospitalized
with HF, compared with 8 (3%) of those participants in the lowest
ESVI quartile (⬍13 mL/m2) (HR 9.7, 95% conﬁdence interval [CI],
4.6-20.1; P ⬍ .0001). Figure 2 shows the unadjusted smoothed
LOWESS plot relating ESVI to the proportion of participants hospitalized with HF. The association of ESVI with HF hospitalization was
unchanged after adjustment for potential confounders and mediators
(HR 5.0, 95% CI, 1.5-16.9; P ⫽ .01) (Table 3). Figure 3 compares the
adjusted cumulative hazard of HF hospitalization for participants by

Figure 1 Adverse cardiovascular outcomes by ESVI quartile.
*Combined end point ⫽ HF hospitalization or death.
ESVI quartile. In the above multivariable analyses, the referent group
was the ﬁrst quartile of ESVI. Using the ﬁrst, second, and third
quartiles as a combined referent group did not eliminate the association of ESVI ⬎ 25 mL/m2 with HF hospitalization (adjusted HR 3.1,
95% CI, 1.5-6.7; P ⫽ .003).
The highest quartile of ESVI predicted mortality on unadjusted
analyses (HR 3.4, 95% CI, 2.1-5.6; P ⬍ .0001) but not on multivar-
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various subgroups (HRs compare ESVI ⱖ 25 mL/m2 vs ESVI ⬍ 25
mL/m2). This unadjusted analysis shows that ESVI predicts risk for HF
hospitalization in a wide variety of patient subgroups.

DISCUSSION

Figure 2 LOWESS plot of the proportion of patients hospitalized with HF during follow-up according to baseline LV ESVI.
LOWESS, Locally weighted, smoothed scatterplot.

iate analysis (P ⫽ .70). The highest quartile of ESVI did, however,
predict the combined end point of HF hospitalization or death on
both unadjusted (HR 9.9, 95% CI, 4.8-20.6; P ⬍ .0001) and multivariable-adjusted analyses (HR 4.4, 95% CI, 1.3-15.4; P ⫽ .019). To
examine the utility of ESVI as a predictor of incident HF hospitalization, we conducted an analysis of the 815 patients without a history
of HF hospitalization. On unadjusted analysis, the highest quartile of
ESVI predicted HF hospitalization (HR 9.7, 95% CI, 3.8-24.9; P ⬍
.0001). The association of ESVI with incident HF hospitalization
persisted after adjustment for known cardiovascular risk factors,
medication use, blood pressure, BNP, and renal function (adjusted
HR 4.6, 95% CI, 1.3-16.1; P ⫽ .02). The highest quartile of ESVI did
not predict incident HF hospitalization when other echocardiographic variables were included in multivariable Cox regression
analysis.
To explore the association between ESVI and HF hospitalization
among participants with preserved EF, we excluded all 109 participants with an EF less than 50%. Because participants in this subgroup
had smaller LV volumes, we calculated new quartiles of ESVI that
were speciﬁc to this subgroup (fourth quartile mean 27 ⫾ 6 mL/m2,
range 21-59 mL/m2). In those with EF ⱖ 50%, even with a lower
cutoff of ESVI for this subgroup, ESVI continued to predict increased
HF hospitalization. Of those with an EF ⱖ 50%, 37 participants
(17%) in the highest ESVI quartile were hospitalized with HF,
compared with 7 (3%) among those participants in the lowest ESVI
quartile (unadjusted HR 5.4, 95% CI, 2.4-12.2; P ⬍ .0001). This
association persisted after multivariable adjustment (adjusted HR 4.8,
95% CI, 1.0-23.2; P ⫽ .048). Of note, for all of the above multivariate
analyses (for all outcomes and for all subgroup analyses), removing
EDVI and EF to avoid multicollinearity had no effect on our results.
To examine the relative utility of ESVI as a diagnostic test to predict
HF hospitalization, we analyzed ROC curves for LV end-systolic
dimension index, ESVI, EDVI, and EF as predictors of this outcome.
Figure 4 shows that the area under the ROC curve for ESVI was far
superior to LV end-systolic dimension index (0.78 [95% CI, 0.710.85] vs 0.56 [95% CI, 0.47-0.65], respectively, P ⬍ .0001). The area
under the ROC curve for ESVI was also superior to EDVI (0.71, 95%
CI, 0.65-0.76; P ⬍ .0001) and EF (0.73, 95% CI, 0.68-0.78; P ⬍
.0001). Finally, we constructed a HR plot (Figure 5) to display the
utility of an ESVI ⱖ 25 mL/m2 as a predictor of HF hospitalization in

In this prospective cohort study of 989 outpatients with established
CHD, we found that participants with higher ESVI had increased
rates of hospitalization for HF and death. Compared with those in
the lowest quartile of ESVI, participants in the highest ESVI
quartile (ESVI ⬎ 25 mL/m2) had a 4.6-fold higher rate of HF
hospitalization during 3.6 ⫾ 1.1 years of follow-up. This association
persisted after adjustment for multiple potential confounding variables, including known cardiovascular risk factors, history of HF and
MI, NT-proBNP, and echocardiographic abnormalities (valvular abnormalities; diastolic function; structural parameters such as EDV, EF,
and LV mass; and inducible ischemia). These ﬁndings suggest that
ESVI is a robust, independent predictor of HF hospitalization among
patients with established CHD.
When compared with another echocardiographic measure of LV
end-systolic enlargement, LV end-systolic dimension index, ESVI was
a better predictor of HF hospitalization as assessed by area under the
ROC curve. This important ﬁnding likely reﬂects the superior discriminative power of biplane volumetric measurements in detecting
subtle changes in LV size; the fact that end-systolic dimension does
not characterize the full extent of ventricular enlargement in some
patients; and the possibility that 1-dimensional measurements are
more prone to errors because fewer data points are analyzed compared with the biplane ESVI. In addition, ESVI was statistically
superior to other echocardiographic measures of ventricular enlargement and systolic function (EDVI and EF) on ROC analysis. Our
analyses suggest that ESVI is more effective than other markers of LV
volume and function in predicting HF outcomes. This ﬁnding has
practical importance because some patients with CHD have poor
acoustic windows with endocardial borders only visible at end systole,
thus precluding accurate EDV and EF calculation.
In the 815 participants without a history of HF, ESVI predicted
incident HF hospitalization on unadjusted analyses, and this association persisted after multivariate adjustment for known cardiovascular
risk factors, medication use, blood pressure, BNP, and renal function.
Compared with those in the lowest quartile of ESVI, participants in
the highest ESVI quartile (ESVI ⬎ 25 mL/m2) had a 4.6-fold higher
rate of incident HF hospitalization after multivariate adjustment.
Addition of other echocardiographic variables into a Cox multivariable regression analysis resulted in loss of the statistically signiﬁcant
association between ESVI and incident HF hospitalization. We suspect that the reduced sample size and decreased number of HF
events reduced the statistical power to detect an association between
ESVI and incident HF hospitalization.
In a subgroup analysis of 879 participants with normal EF (⬎50%),
we found that ESVI remained predictive of increased HF hospitalization. Those participants in the highest ESVI quartile (ESVI ⬎ 21
mL/m2) had a 4.3-fold increased risk of HF hospitalization when
compared with those in the lowest ESVI quartile after multivariate
adjustment. These ﬁndings suggest that ESVI is associated with HF
hospitalization even in patients with preserved EF.
EF is commonly used clinically as a means of assessing global LV
function and risk stratifying patients with CHD and HF. Some
investigators have questioned the validity of this practice on the basis
that EF does little to identify the underlying cause of HF.28-30 EF is
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Table 3 Association of end-systolic volume index with heart failure hospitalization
ESVI quartile

Proportion hospitalized for HF

Unadjusted HR (95% CI)

P value

Adjusted HR (95% CI)

P value*

I
II
III
IV

3%
7%
8%
27%

1
2.1 (0.9-4.8)
2.4 (1.1-5.6)
9.7 (4.6-20.1)

—
.096
.035
⬍.0001

1
1.1 (0.3-3.5)
1.8 (0.5-4.9)
5.0 (1.5-16.9)

—
.88
.47
.01

ESVI, End-systolic volume index; HF, heart failure; CI, confidence interval.
*Adjusted for sex, body mass index, blood pressure, creatinine clearance, log NT-proBNP, history of HF or MI, medications, LV mass index, left atrial
volume index, mitral regurgitation, diastolic function, LV EDVI, LV EF, and inducible ischemia.

Figure 3 Cumulative risk of HF hospitalization by quartile of
ESVI. Curves were adjusted for sex, body mass index, history
of HF, history of MI, medication use, measured creatinine
clearance, log NT-proBNP, and echocardiographic variables
(EF, LV EDVI, left atrial volume index, LV mass index, valvular
regurgitation, and diastolic function). ESVI, End-systolic volume
index.

also affected by factors extrinsic to the LV (eg, preload, afterload, and
heart rate), thus decreasing its accuracy as a measure of cardiac
function.31 Some have argued that, instead of reﬂecting myocardial
contractility, EF is largely driven by the degree of LV dilatation.32,33
Experimental data suggest that ESV is less sensitive to cardiac loading
and varies greatly in response to changes in contractility.34-37 If so, it
would perhaps be more accurate to categorize patients on the basis of
ESV.
Maladaptive LV remodeling resulting in chamber dilatation is
central to the pathogenesis of HF in patients with CHD.4 Myocardial
infarction and ischemia can lead to myocyte loss, myocardial ﬁbrosis,
and LV dilatation. Along with neurohormonal activation, these
changes lead to maladaptive LV remodeling and progressive deterioration of the remaining myocardium.38 Prior studies, which have
shown that increased ESV post-MI is associated with increased
mortality,6,39,40 indicate that larger ESV is an important predictor of
adverse events in patients with CHD. In addition, reduction in ESV
has been associated with improved mortality, reduced HF symptoms,
and improved quality of life in cardiac resynchronization trials.41
Our results show that even slight increases in ESVI (ESVI ⬎ 25
mL/m2) predict adverse cardiovascular events in this population. The
ﬁnding that subtle LV enlargement predicts HF hospitalization represents a distinct departure from prior studies, which required a much
greater degree of LV enlargement (ESVI ⬎ 50-70 mL/m2) to detect
an association between ESV and cardiovascular outcomes. The mean
ESVI among participants in the highest ESVI cohort was 37.5 ⫾ 15.6
mL/m2, and only 5% of patients in the highest ESVI cohort had an

Figure 4 ROC curves for LV ESDI, ESVI, and EF as predictors
of hospitalization for HF. LV, Left ventricular.
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Figure 5 HR plot for the risk of hospitalization for HF in ESVI ⱖ 25 mL/m2 (vs ESVI ⬍ 25 mL/m2) in specified subgroups. *Cutoffs
for NT-proBNP were determined by median BNP (173 pg/mL). †Only 4 patients with EF ⬍ 50% had an ESVI ⬍ 25 mL/m2, which
limited the diagnostic utility of ESVI 25 mL/m2 in this subgroup. ESVI, End-systolic volume index; MI, myocardial infarction; HF,
heart failure; CrCl, creatinine clearance; NT-proBNP, N-terminal pro-B-type natriuretic peptide; EF, ejection fraction.
ESVI ⬎ 70 mL/m2. Our study suggests that a minor increase in ESVI
represents an important pathophysiologic change that may predispose to HF and increased cardiovascular mortality.
Studies using 3-dimensional echocardiography and cardiac magnetic resonance (CMR) parallel our ﬁndings by demonstrating subtle
LV volumetric and functional abnormalities in patients characterized
as having normal systolic function on the basis of EF.33 Although
3-dimensional echocardiography and CMR are less accessible clinically, 2D echocardiography is widely available, and our ﬁndings
support routine 2D biplane quantiﬁcation of LVESV as a predictive
tool for HF in patients with CHD. Complementary to our results, a
recent study found that ESVI was a major echocardiographic predictor of adverse events in patients with asymptomatic aortic regurgitation (even in those with EF ⬎ 50%).42 Although our study included
comprehensive measurement of clinical and echocardiographic risk
factors for cardiovascular outcomes, as well as detailed adjudication
of outcome events, limitations must be considered in interpreting our
results. First, the determination of ESVI was based on manual tracing
of echocardiographic images. All tracings were performed by a
trained research sonographer and veriﬁed by a cardiologist, a practice
that has been shown to minimize variability.43,44 It should also be
noted that measurement of ESVI by 2D echocardiography has been
shown to underestimate true ventricular ESVI when compared with
3-dimensional and CMR-based volumetric assessments.22 This tendency toward underestimation of ESVI would result in a systematic
misclassiﬁcation of ESVI that would not change the association
between ESVI and HF. Although outcomes were adjudicated for HF
hospitalization, we do not have data on LV assist device placement,
cardiac transplantation, or cause of HF hospitalization. Finally, our
deﬁnition of diastolic dysfunction, although comprehensive, did not
include tissue Doppler imaging. However, our study did include
measurement of NT-proBNP, which has been correlated with both
LV diastolic dysfunction and increased LV ﬁlling pressures.
CONCLUSIONS
Maladaptive ventricular remodeling and depressed cardiac contractility, as determined by increased ESVI, are predictive of HF hospitalization in a general cohort of outpatients with CHD. ESVI was more
effective than more established markers of left-ventricular systolic

function (EF) and remodeling (EDVI) in its ability to predict HF. In
addition, ESVI retained its ability to predict HF in patients with normal
EF. Our work underscores the importance of subtle maladaptive LV
remodeling in the pathogenesis of HF and mortality in patients with
CHD and supports the routine measurement of ESVI in clinical
practice.
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