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Doppler echocardiography can provide reliable and repeatable measures of cardiac index
(CI), whereas lung ultrasound (LUS) represents a quantitative approach to assess pulmo-
nary congestion. We tested the hypothesis that simultaneous assessment of CI and LUS
during exercise stress echocardiography (ESE) may define heart failure (HF) outpatients
with different risk of adverse outcome. Standard transthoracic echocardiography and
LUS (B-lines) evaluation were assessed during semisupine ESE. CI and B-lines were mea-
sured at baseline and peak exercise. Resting plasma B-type natriuretic peptide levels were
also evaluated. We enrolled 105 HF patients (87 males; age 62 § 11 years; New York
Heart Association class I to III) with reduced left ventricular ejection fraction (30 § 7%).
Patients were classified into 4 profiles: (1) peak CI ≥4.0 l/min/m2 and peak B-lines <15
(no evidence of congestion or hypoperfusion, n = 47); (2) peak CI ≥4.0 l/min/m2 and peak
B-lines ≥15 (congestion with adequate perfusion, n = 23); (3) peak CI <4.0 l/min/m2 and
peak B-lines <15 (hypoperfusion without congestion, n = 13); and (4) peak CI <4.0 l/min/
m2 and peak B-lines ≥15 (congestion and hypoperfusion, n = 22). There were 21 cardiovas-
cular deaths and 18 hospitalizations for worsening HF during a median follow-up of 29
months. Multivariate predictors of the combined end point were peak hemodynamic pro-
files (hazard ratio [HR] 1.62, 95% confidence interval [CI] 1.19 to 2.21; p = 0.002), B-type
natriuretic peptide (HR 1.00, 95% CI 1.00 to 1.01; p = 0.001), and rest E/e’ (HR 1.09, 95%
CI 1.03 to 1.15; p = 0.002). Survival analysis showed a worse survival in patients with
ESE-derived D profile, followed by patients with C, B, and A profile (log-rank: chi-square
= 40.5; p <0.0001). In conclusion, dual evaluation of CI and LUS during ESE is useful for
risk stratification of HF patients with reduced ejection fraction. Evidence of pulmonary
congestion and low CI at peak ESE identifies a subgroup with a very high risk of adverse
outcome. © 2019 Elsevier Inc. All rights reserved. (Am J Cardiol 2019;123:1470−1477)
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The hemodynamic assessment of patients with heart failure
(HF) is a fundamental strength of echocardiography.1 Echo-
directed categorization of HF patients according to hemody-
namic profiles can provide information that reflects the
patient’s fluid status and tissue perfusion. Nevertheless, detec-
tion of the early features of decompensation in stabilized
chronic HF may be challenging, even for skilled clinicians.

In ambulatory HF patients, exercise stress echocardiog-
raphy (ESE) may add hemodynamic information that can
allow us to classify patients into hemodynamic categories
with different risk of adverse outcome. Doppler echocardi-
ography can provide reliable and repeatable measures of
cardiac output (CO).2 Lung ultrasound (LUS) represents a
simple, semiquantitative approach to the assessment of pul-
monary congestion in terms of B-lines.3,4 As a result, wors-
ening of B-lines and the inability of the heart to increase
CO and blood pressure during exercise may be utilized as
markers of vulnerability to future episodes of decompen-
sated HF and to assess the risk of death. Our study tested
the hypothesis that simultaneous ESE assessment of cardiac
index (CI) and pulmonary congestion by LUS (B-lines) is
valuable for risk stratification of HF outpatients.
Methods

We prospectively enrolled 105 consecutive patients
between 2014 and 2018. The study was approved by the
local institutional review board and was conducted by the
revised Declaration of Helsinki. All patients gave written
informed consent. The inclusion criteria were: diagnosis of
HF (New York Heart Association, NYHA I to III) with
reduced left ventricular (LV) function (LV ejection frac-
tion, EF ≤ 40%) according to the current guidelines.5 The
study patients were clinically stable and under oral treat-
ment. Exclusion criteria were: acute coronary syndromes/
myocardial revascularization procedures in the previous
3 months, HF secondary to more than moderate degenerative
valvular heart disease, peripheral artery disease limiting the
capability of performing an exercise stress test, prognosis-
limiting concomitant diseases. Of the 116 patients initially
selected for the study, 11 were excluded for inability to per-
form the exercise (n = 7) or poor image quality during the
exercise (n = 4).

All patients underwent a comprehensive echocardio-
graphic and Doppler examination (iE-33, Philips, Medical
Systems, Andover, Massachusetts). LV volumes and systo-
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diastolic function parameters were measured according to
current recommendations.6 Stroke volume (SV) was calcu-
lated as LV velocity time integral (cm) times LV outflow
tract (LVOT) area and CO as SV times heart rate.7 CI was
calculated as CO divided by body surface area. All meas-
ures were averaged over 3 consecutive cycles or 5 if in
atrial fibrillation. Pulmonary capillary wedge pressure
(PCWP) was estimated from the ratio of mitral E-peak
velocity and averaged e’ velocity (E/e’). The degree of
mitral regurgitation was semiquantified from absent to
severe (score 0 to 3), with an integrated assessment of color
flow regurgitant jet, proximal isovelocity surface area
(when available), and vena contracta as per recommenda-
tions.8 Tricuspid annular plane systolic excursion and esti-
mated systolic pulmonary artery pressure were evaluated.6

Examinations were performed with patients in the
semisupine position, both at rest and peak or immediately
after exercise, to assess the presence of B-lines at LUS
examination. B-lines were defined as bilateral sonographic
reverberation artifacts that originate from water-thickened
pulmonary interlobular septa. We analyzed the anterior
and lateral hemithoraces, scanning along the parasternal,
midclavicular, anterior axillary and midaxillary lines,
as previously described.9 A total of 28 chest sites were
scanned, and the total number of B-lines was recorded
as the cumulative B-lines score.

According to Forrester classification, patients were clas-
sified into 4 profiles: (1) CI ≥2.2 l/min/m2 and B lines <15
(no evidence of congestion or hypoperfusion); (2), CI ≥2.2
l/min/m2 and B lines ≥15 (congestion with adequate perfu-
sion); (3), CI <2.2 l/min/m2 and B lines <15 and (hypoper-
fusion without congestion); and (4), CI <2.2 l/min/m2 and
B lines ≥15 (congestion and hypoperfusion).10

All patients underwent semisupine bicycle ESE accord-
ing to International Recommendations.11 The graded
bicycle was performed starting at an initial workload of
20 Watts (W) and lasting for 2 minutes; the workload
increased stepwise by 10 W at 2-minute intervals. ECG and
blood pressure were continuously monitored. The maxi-
mum rate-pressure product (heart rate times systolic blood
pressure) and exercise time (in minutes) were also evalu-
ated. Echocardiographic imaging was performed using con-
ventional 2-D echocardiography. At the end of the exercise
test, peak CO and peak CI were derived. Echocardiographic
images were analyzed by 2 cardiologists (NRP, IF),
unaware of the identity of the patient. Again, we identified
4 hemodynamic profiles at peak exercise, after running a
receiver operating characteristic (ROC) analysis to identify
optimal cutoff of peak CI and peak B-lines for predicting
composite end point. For all patients included in the study,
we had reproducible and repeatable measures of CI and
LUS baseline and at peak exercise.

Venous blood samples were collected before ESE. B-
type natriuretic peptide (BNP) concentrations were proc-
essed by Alere Triage BNP Test for Beckman Coulter
Immunoassay Systems (Alere San Diego Inc., San Diego,
California).

For survival analysis, observation began on the date of
the index exercise stress echocardiogram. Follow-up data
were obtained by the review of the patient’s hospital
records, by personal communications with the patient’s
physician or telephone interviews. Death certificates were
obtained in case of need. We considered a combined end
point of cardiovascular death and hospitalization for wors-
ening HF.

Continuous variables were expressed as mean § stan-
dard deviation or median and interquartile ranges, when
appropriate. Categorical variables are shown as frequency.
Continuous variables were compared using parametric and
nonparametric tests where necessary. Nonparametric tests
compared categorical variables. Cox proportional hazard
regression analysis was used to identify predictors of out-
come in the time-dependent analysis. Demographic, clini-
cal, and echo variables were evaluated for the prediction of
end point in a univariate Cox proportional hazard model
(95% confidence intervals). ROC curves were generated to
define the best cut-off values for outcome prediction,
including sensitivity, specificity, and area under the curve
(AUC). The cumulative survival probability was explored
using the Kaplan-Meier method, followed by the chi-
squared log-rank test.

We evaluated the intra- and interobserver (IF and NRP
in a blinded manner) reproducibility for CI and LUS at rest
and peak exercise in 20 randomly selected patients by the
intraclass correlation coefficient (ICC) with its 95% CIs.
Concordance between 2 raters was assessed using the
Kappa statistic. The probability level was set at p <0.05 for
all the data examined. Data were analyzed using SPSS soft-
ware (version 23.0; SPSS, Inc., Chicago, Illinois).
Results

Mean age of the study population was 61.6 § 11.4 years
(82.9% males). Most patients were in NYHA class I to II
(76.2%), with a mean LV EF of 30.3 § 7%. Patient charac-
teristics of the overall population at rest and peak exercise
are summarised in Table 1.

As far as reproducibilities of echo-derived hemodynamic
measures are concerned, we obtained good intraobserver
(all ICCs > 0.9) and interobserver variabilities (all ICCs >
0.9) of either CI or LUS assessment of pulmonary conges-
tion. Concordance between 2 raters for LUS assessment
using the Kappa statistic was 0.97.

Applying Forrester classification at rest, 75 patients
(71.4%) were classified as profile A, 11 (10.5%) as profile
B, 12 (11.4%) as profile C, and 7 (6.7%) as profile D. Then,
we determined the best value for outcome prediction at
ROC analysis of peak CI (cutoff: 4 l/min/m2, 69% sensitiv-
ity, 83% specificity, and AUC 0.794; p <0.0001) and peak
B-lines at LUS examination (cutoff: 15, 72% sensitivity,
74% specificity, and AUC 0.746; p <0.0001). Then,
patients were divided into 4 groups according to peak
hemodynamic profiles (Figure 1): (1) peak CI >4.0 l/min/
m2 and peak B-lines <15 (no congestion or hypoperfusion,
n = 47); (2) peak CI >4.0 l/min/m2 and peak B-lines ≥15
(congestion with normal perfusion, n = 23); (3) peak CI
≤4.0 l/min/m2 and peak B-lines <15 (hypoperfusion with-
out congestion, n = 13); and (4) peak CI ≤4.0 l/min/m2 and
peak ESE-B lines ≥15 (congestion and hypoperfusion,
n = 22). Patient characteristics according to peak hemody-
namic profiles are displayed in Table 2. Peak profile D rep-
resented the most compromised hemodynamic scenario and



Table 1

Characteristics of the study population

Variable

Overall population

(n = 105)

Age (y) 61.6 § 11.4

Gender male 87 (83%)

Body mass index (kg/m2) 25.2 (20.2−34.8)
Body surface area (m2) 1.9 § 0.2

Ischemic heart disease 46 (44%)

Diabetes mellitus 20 (19%)

Arterial hypertension 54 (51%)

History of heart failure 59 (56%)

Estimated glomerular filtration rate

(ml/min/1.73m2)

74.3 (62.5−84.3)

Chronic kidney disease* 28 (27%)

New York Heart Association I 38 (36%)

New York Heart Association II 42 (40%)

New York Heart Association III 25 (24%)

Brain natriuretic peptide (pg/ml) 175.5 (53−464)
Implantable cardioverter defibrillator 46 (44%)

Cardiac resynchronization therapy 30 (29%)

Exercise time, min 6.2 § 2.8

Rest systolic arterial pressure (mm Hg) 120 (107−132)
Rest Diastolic Arterial Pressure (mm Hg) 78 (70−80.7)
Rest Heart Rate (beats per minute) 79.1 § 13.3

Peak Systolic Arterial Pressure (mm Hg) 155 (140−183.5)
Peak Diastolic Arterial Pressure (mm Hg) 90 (80−100)
Peak heart rate (beats per min) 126.5§ 20.2

Rest left ventricular end-diastolic volume index

(ml/m2)

100 (85−119)

Rest left ventricular end-systolic volume index

(ml/m2)

68.6 (58−88)

Rest cardiac output (l/min) 4.3 (3.6−5)
Rest cardiac index (l/min/m2) 2.3 § 0.5

Rest left ventricular ejection fraction (%) 30.3 § 7

Rest tricuspid annular plane systolic excursion

(mm)

17.5 § 3.3

Rest systolic pulmonary artery pressure (mmHg) 42 § 11

Peak left ventricular end-diastolic volume index

(ml/m2)

88.7 (75-107.6)

Peak left ventricular end-systolic volume index

(ml/m2)

51.6 (34−75.7)

Peak cardiac output (l/min) 8.3 (6.6−10.4)
Peak cardiac index (l/min/m2) 4.5 § 1.5

Peak left ventricular ejection fraction (%) 42 § 19.1

Delta left ventricular ejection fraction (%) 7.1 (1−21)
Peak tricuspid annular plane systolic excursion

(mm)

23 § 4

Peak systolic pulmonary artery pressure (mm Hg) 48 § 13

Rest mitral regurgitation 31 (29.5%)

Peak mitral regurgitation 35 (33%)

Rest mitral regurgitation vena contracta (mm) 3 (2-4)

Peak mitral regurgitation vena contracta (mm) 4 (2-5)

Rest E/e’ 12 (9−14.7)
Rest left atrial volume indexed for body surface

area (ml/m2)

38.1 (31.2−43.3)

Rest B-lines 0 (0−26)
Peak B-lines 10 (0−28.5)
Digoxin 28 (27%)

Beta-blockers 76 (72%)

ACE-inhibitors 93 (89%)

Diuretics 82 (78%)

Mineral-corticoid receptor antagonist 63 (60%)

Values are mean § SD, median (5 to 95 percentiles) and n (%).

* Chronic kidney disease is defined as eGFR < 60 ml/min/1.73 m2.

Figure 1. Four-square diagram for hemodynamic assessment of patients

with heart failure using echocardiography-derived variables measured at

peak exercise (modified Forrester classification). CI = cardiac index.

1472 The American Journal of Cardiology (www.ajconline.org)
was significantly associated with worse NYHA class, renal
dysfunction, higher BNP circulating levels, and presented
the more advanced impairment of baseline echocardio-
graphic measures, that is, greater LV volumes, lower EF,
and higher E/e’, compared with the other profiles recorded
at peak exercise.

Over a mean follow-up of 29 § 17 months, a total of 39
events occurred: 21 cardiovascular deaths and 18 hospital-
izations for worsening HF. Table 3 shows the results of the
Cox regression univariate analysis for predicting combined
end point. At multivariate analysis, BNP (HR: 1.00, 95%
CI 1.00 to 1.01; p = 0.0001), resting E/e’ (HR 1.09, 95% CI
1.03 to 1.15; p = 0.002), and peak hemodynamic profiles
(HR 1.62, 95% CI 1.19 to 2.21; p = 0.002) emerged as pow-
erful predictors of the composite end point (Table 3).

We performed the Kaplan-Meier event-free survival
analysis to stratify patients according to peak CI
(Figure 2A) and peak B-lines (Figure 2B) using previously
ROC-validated cutoffs. Peak hypoperfusion and peak pul-
monary congestion were associated with the adverse out-
come (chi-squared: 36.4, p <0.0001 and chi-squared log-
rank 15.6, p = 0.0001, respectively). Considering resting
and peak hemodynamic profiles, survival curves demon-
strated a significantly worse prognosis from profile A to
profile D, with higher statistical significance using peak
profiles (chi-square log-rank: 35.4, p <0.0001 and chi-
square log-rank: 40.5, p <0.0001, Figure 3, respectively).
Finally, a logistic regression analysis was carried out to
assess whether patients’ stratification by peak hemody-
namic profiles was additive upon demographic, clinical,
and instrumental findings, including resting hemodynamic
profiles, for predicting the combined end point. The base
model included older age (>65 years old), male gender, dia-
betes mellitus, advanced chronic kidney disease (stage ≥ 3),
coronary artery disease, history of HF and NYHA class III.

www.ajconline.org


Table 2

Characteristics of stress hemodynamic profiles

Variable

Profile A

(n = 47)

Profile B

(n = 23)

Profile C

(n = 13)

Profile D

(n = 22) p Value

Age (y) 60.2 § 10.7 65.5 § 13 62.7 § 11.7 59.4 § 10.3 ns

Gender male 39 (83%) 17 (74%) 12 (92%) 19 (86%) ns

Body mass index (kg/m2) 25.1 (24.2−28) 25.3 (24.5−27.9) 24.7 (22.1−27.2) 23.4 (22.1−26.5) ns

Body surface area (m2) 1.9 § 0.2 1.8 § 0.2 1.8 § 0.2 1.9 § 0.2 ns

Ischemic heart disease 19 (40%) 8 (35%) 6 (46%) 13 (59%) ns

Diabetes mellitus 6 (13%) 7 (30%) 3 (23%) 4 (18%) ns

Arterial hypertension 28 (59%) 13 (56%) 7 (54%) 6 (27%) ns

History of heart failure 25 (53%) 10 (44%) 10 (77%) 14 (64%) ns

Estimated glomerular filtration rate (ml/min/1.73m2) 85.7 (74−90) 75.2 (52.5−85) 70.3 (49−80) 54.3 (42.5−79)* 0.03

Chronic kidney disease* 7 (15%) 7 (30%) 4 (31%) 10 (45.5%) 0.007

New York Heart Association I 28 (60%) 7 (30%) 2 (15%) 1 (4.5%) <0.0001
New York Heart Association II 14 (29%) 9 (39%) 8 (61%) 11 (50%) ns

New York Heart Association III 5 (11%) 7 (30%) 3 (23%) 10 (45.5%) ns

Brain natriuretic peptide (pg/mL) 101 (35−199) 120 (51−277) 403 (204−742) 762 (322−1344)*# <0.0001
Implantable cardioverter defibrillator 12 (25.5%) 10 (43.5%) 9 (69%) 15 (68%) 0.002

Cardiac resynchronization therapy 7 (15%) 9 (39%) 5 (38.5%) 9 (41%) 0.01

Rest systolic arterial pressure (mm Hg) 124 (110−138) 125 (114−140) 120 (97−132) 110 (100−120)*# 0.003

Rest diastolic arterial pressure (mm Hg) 80 (70−88) 78 (70−83.7) 70 (64−81) 71 (60−80)* 0.01

Rest heart rate (beats per minute) 78 § 13 78.5 § 14 78.4 § 12 82.3 § 14 ns

Peak systolic arterial pressure (mm Hg) 170 (155−190) 155 (140−190) 133 (117−155)*# 140 (130−150)*# <0.0001
Peak diastolic arterial pressure (mm Hg) 92 (80−100) 90 (80−101) 80 (70−96) 85 (75−90) ns

Peak heart rate (beats per minute) 133 § 18 124 § 16 121 § 25 118 § 22* 0.001

Rest left ventricular end-diastolic volume index (ml/m2) 92 (80.7−107) 105 (87−121) 111 (85−134)* 110 (100−136)* 0.01

Rest left ventricular end-systolic ventricular index (ml/m2) 61 (56−74) 68 (61−89) 80 (58−100)* 75 (71−95)* 0.006

Rest cardiac output (l/min) 4.5 (4−5.3) 4.6 (4.1−5.6) 3.3 (3.1−4.1)*# 3.6 (3.1−4.8)*# <0.0001
Rest cardiac index (l/min/m2) 2.4 § 0.2 2.5 § 0.4 1.9 § 0.4*# 2.0 § 0.7*# <0.0001
Rest left ventricular ejection fraction (%) 34 § 5.6 30.4 § 6.1 26.3 § 7.4* 24.9 § 5.9*# <0.0001
Rest tricuspid annular plane systolic excursion (mm) 19 § 3 18.6 § 2.5 18.2 § 2.7 18 § 2.4 ns

Rest systolic pulmonary artery pressure (mm Hg) 36 § 9 46§ 8 39§ 10 48 § 9 0.03

Peak left ventricular end-diastolic volume index (ml/m2) 82 (72-96) 89 (75-111) 110 (84-128)* 102 (82-116)* 0.004

Peak left ventricular end-systolic volume index (ml/m2) 40 (30−54) 51 (33−76)* 84 (51−104)*# 76 (57−95)*# <0.0001
Peak cardiac output (l/min) 10.4 (8.5−12) 8.9 (7.9−9.3)* 6.1 (4.8−6.8)*# 5.3 (4.4−6.5)*# <0.0001
Peak cardiac index (l/min/m2) 5.4 § 0.4 4.8 § 0.3 3.1 § 0.5*# 2.9 § 0.6*# <0.0001
Peak left ventricular ejection fraction (%) 50 § 14 45.6 § 15 25 § 12*# 24.3 § 9.2*# <0.0001
Delta left ventricular ejection fraction (%) 18 (6−29) 13 (5−24) 1.5 (¡1.4−3.8)*# ¡1 (¡6.3−3.9)*# <0.0001
Peak tricuspid annular plane systolic excursion (mm) 23 § 2.2 22 § 3.1 22 § 3.9 21 § 3.5 ns

Mitral regurgitationy 12 (25.5%) 5 (22%) 3 (23%) 11 (50%) ns

Rest E/e’ 11 (8−12) 12 (7.6−14.7) 14 (9.7−17.5)* 13.5 (12−18)*# 0.003

Rest left atrial volume indexed (ml/m2) 36.3 (31.1−37.2) 36.8 (32.2−38.1) 38.2 (34.1−40.8) 40.1 (37.1−43.2) 0.06

Rest B-lines 0 (0−0) 8 (5−15)* 0 (0−0)# 11 (5−20)*x <0.0001
Peak B-lines 0 (0−3.7) 25 (15−55)* 0 (0−5)# 39 (25−70)*x <0.0001

Values are mean § SD, median (25 to 75 percentiles) and n (%).

* p <0.01 vs Profile A; # p <0.01 vs Profile B; x p <0.01 vs Profile C.
^Chronic kidney disease is defined as eGFR <60 ml/min/1.73 m2.
y at least moderate MR.
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The stepwise inclusion of BNP, echocardiographic parame-
ters, resting and peak hemodynamic profiles provided addi-
tive and significant contributions to the final model: BNP >
150 pg/ml (p <0.001), peak LV EF < 35% and resting E/e’
≥ 13; p = 0.005), resting hemodynamic profiles (p = 0.002)
and peak hemodynamic profiles (chi-square: 71.3,
p = 0.003; Figure 4).
Discussion

In outpatients with HF and reduced LV EF, dual evalua-
tion of CI and B-lines at peak exercise is useful to stratify
high-risk patients. The increase in B-lines and the inability
of the heart to propel adequate CI during ESE are markers
of vulnerability to worsening HF and cardiovascular death.
Assessment of hemodynamic exercise profiles proved to be
complementary and incremental to clinical findings and
other established prognostic predictors.

The evaluation of the hemodynamic profiles can take
place either invasively or noninvasively.12,13 Catheteriza-
tion identifies 4 hemodynamic profiles that are useful to
recognize whether patients are “wet or dry” based on evi-
dence for pulmonary congestion (if PCWP >18 mm Hg),
and whether their perfusion is likely to be adequate
(“warm”) or critically reduced (“cold”, if CI ≤ 2.2 l/min/
m2).14 Indeed, both invasive and noninvasive evaluation of



Table 3

Univariate and multivariate predictors of the combined end point

Parameter

Univariate analysis

HR (95% CI) p Value

Multivariate analysis

HR (95% CI) p Value

Age 1.00 (0.98−1.03) ns

Male gender 1.54 (0.65−3.68) ns

Diabetes mellitus 2.34 (1.19−4.61) 0.01

Estimated glomerular filtration rate (ml/min/1.73 m2) 1.75 (0.92−3.36) ns

Coronary artery disease 1.09 (0.58−2.08) ns

Hypertension 0.57 (0.30−1.10) ns

Previous HF hospitalization 1.43 (0.76−2.70) ns

New York Heart Association Class 2.01 (1.32−3.06) 0.001

Brain natriuretic peptide (pg/ml) 1.00 (1.00−1.01) <0.0001 1.00 (1.00−1.01) 0.001

Implantable cardioverter defibrillator 3.43 (1.78−6.60) 0.0003

Cardiac resynchronization therapy 2.87(1.52−5.41) 0.001

Rest left ventricular ejection fraction (%) 0.86 (0.81−0.91) <0.0001
Stress left ventricular ejection fraction (%) 0.94 (0.91−0.96) <0.0001 0.99 (0.91−1.07) ns

D Left ventricular ejection fraction (%) 0.95 (0.93−0.98) 0.0006

Rest tricuspid annular plane systolic excursion (mm) 0.97 (1.23−0-07) ns

Peak tricuspid annular plane systolic excursion (mm) 1.01 (0.99−1.21) ns

Rest systolic pulmonary arterial pressure (mm Hg) 1.23 (0.92−1.39) ns

Mitral regurgitation 1.13 (0.58−2.19) ns

Rest E/e’ 1.11 (1.06−1.16) <0.001 1.09 (1.03−1.15) 0.002

Rest cardiac index (L/min/m2) 0.50 (0.30−0.82) 0.007

Stress cardiac index (L/min/m2) 0.45 (0.33−0.61) <0.0001
Rest B-lines 1.02 (1.01−1.07) 0.006

Stress B-lines 1.04 (1.01−1.03) 0.005

Rest hemodynamic profiles 2.08 (1.60−2.70) <0.0001
Stress hemodynamic profiles 2.13 (1.63−2.76) <0.0001 1.62 (1.19−2.21) 0.002
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hemodynamic profiles can predict survival, with increased
mortality in the event of pulmonary congestion and an even
worse outcome when hypoperfusion coexists.11,15 HF exacer-
bations are frequently related to a progressive rise in PCWP
that precipitates pulmonary congestion. Nevertheless, most
patients with chronic HF are clinically stable at rest, with no
signs of extravascular lung water accumulation. In many of
them, however, the exercise may increase PCWP, and the
rise of the filling pressure during exertion can be the driver
toward lung congestion. Exercise stress testing may trigger
Figure 2. Kaplan-Meier survival curves for the composite end point (cardiovasc

presence of hypoperfusion at peak exercise (Peak CI ≤ 4 l/min/m2, Panel A) and p
abnormalities that are not present at rest or worsen any rest-
ing abnormality, such as mitral regurgitation severity.16 An
elevation of PCWP over 25 mm Hg induces the water filtra-
tion from the vascular to the extravascular compartment,
exceeding the attractive force of the oncotic pressure and
resulting in a net increase of extravascular lung water.17

Assessment of peak exercise stroke indexes can be useful to
provide insights into the course of the disease, the pathophys-
iology of the transition from stable HF to decompensated HF
and the outcome.18,19 In chronic stable HF, resting blood
ular death and hospitalization for worsening heart failure) according to the

ulmonary congestion (Peak B-lines ≥ 15, Panel B). CI = cardiac index.
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Figure 3. Kaplan-Meier survival curves (composite end point: cardiovascular death and hospitalization for worsening heart failure): patients were categorized

into 4 hemodynamic profiles according to echocardiography-derived variables measured at peak exercise (cardiac index and B-lines).
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flow is still within the normal range while exhibiting limited
increases during the effort.

Echocardiography allows the estimation of several
important hemodynamic variables at rest and throughout
the exercise, including SV, CO, and LV filling pressures.
Therefore, ESE has the potential to provide a comprehen-
sive and noninvasive evaluation of the hemodynamic
response to exercise. B-lines are a reliable and inexpensive
Figure 4. Incremental prognostic value of peak hemodynamic profiles for predic

worsening heart failure) over demographic and clinical parameters (step 1), brain

(step 3), and resting hemodynamic profiles (step 4). CAD = coronary artery disea

ure; LVEF = left ventricle ejection fraction.
tools for the assessment of extravascular lung water in
patients with HF.20−22 Moreover, detection of B-lines dur-
ing ESE can provide a reliable, noninvasive tool for the
evaluation of incipient pulmonary congestion, demonstrat-
ing a much higher prognostic significance than the presence
of B-lines at rest.23,24

In our study, we observed that the presence of exercise-
induced B-lines >15 was associated with an increased event
ting the composite end point (cardiovascular death and hospitalization for

natriuretic peptide (BNP) >150 pg/ml (step 2), echocardiographic variables

se; CKD = chronic kidney disease; DM = diabetes mellitus; HF = heart fail-



1476 The American Journal of Cardiology (www.ajconline.org)
rate. Interestingly, the prognosis was worsened further by the
coexistence of hypoperfusion and pulmonary congestion dur-
ing exercise, as indicated by peak profile D (wet and cold).
By contrast, peak profile A (dry and warm) described a group
of well-compensated patients with an excellent overall prog-
nosis. From these findings, it is apparent that hemodynamic
profiling by dual assessment of CI and LUS during ESE can
be utilized for the early identification of higher risk patients,
with a latent adverse hemodynamic profile reflecting the evo-
lution toward overt congestion and low perfusion. In particu-
lar, assessment of the ESE-derived hemodynamic profiles
seems helpful to guide the management of HF patients in an
outpatient setting.

Some study limitations should be acknowledged. The
echocardiographic estimation of SV depends on accurate
assessment of LVOT, errors of which are squared during
cross-sectional area calculations, luckily, dimensions of the
LVOT are highly correlated with body surface area, and this
may enable us to achieve better results in LVOT measure-
ments.7 Other limitations include that detection of B-lines
does not necessarily imply their cardiogenic origin25 and that
sometimes the appearance of B-lines depends on other fac-
tors which prevent fluid accumulation, like oncotic plasma
pressure, lymphatic drainage, and perivascular fibrotic
changes of pulmonary vasculature.26 Finally, peak systolic
pulmonary artery pressure and peak E/e’ were available only
in a subset of patients, thus precluding our ability to relate
them to hemodynamic profiling and clinical outcome, how-
ever, the latter are only surrogate estimates of pulmonary
congestion, while B-lines more likely reflect the “wet” status,
that is, the transfer of fluid into the lung tissue.

In conclusion, ESE evaluation is well suited for dual
assessment of CI and LUS and the acquisition of exercise
hemodynamic profiles that portend a prognostic signifi-
cance and may be useful for the early recognition of
impending decompensation that is crucial to guide manage-
ment since prompt initiation of evidence-based treatment
can prevent or slow down further progression.
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